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ABSTRACT  

   

Microfluidic platforms have been exploited extensively as a tool for the 

separation of particles by electric field manipulation. Microfluidic devices can facilitate 

the manipulation of particles by dielectrophoresis. Separation of particles by size and 

type has been demonstrated by insulator-based dielectrophoresis in a microfluidic device. 

Thus, manipulating particles by size has been widely studied throughout the years. It has 

been shown that size-heterogeneity in organelles has been linked to multiple diseases 

from abnormal organelle size.  

Here, a mixture of two sizes of polystyrene beads (0.28 and 0.87 𝜇m) was 

separated by a ratchet migration mechanism under a continuous flow (20 nL/min). 

Furthermore, to achieve high-throughput separation, different ratchet devices were 

designed to achieve high-volume separation. Recently, enormous efforts have been made 

to manipulate small size DNA and proteins. Here, a microfluidic device comprising of 

multiple valves acting as insulating constrictions when a potential is applied is presented. 

The tunability of the electric field gradient is evaluated by a COMSOL model, indicating 

that high electric field gradients can be reached by deflecting the valve at a certain 

distance. Experimentally, the tunability of the dynamic constriction was demonstrated by 

conducting a pressure study to estimate the gap distance between the valve and the 

substrate at different applied pressures. Finally, as a proof of principle, 0.87 𝜇m 

polystyrene beads were manipulated by dielectrophoresis. These microfluidic platforms 

will aid in the understanding of size-heterogeneity of organelles for biomolecular 

assessment and achieve separation of nanometer-size DNA and proteins by 

dielectrophoresis.  
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CHAPTER 1 

INTRODUCTION 

Separation science has been a major tool in analytical chemistry. Separation 

techniques such as electrophoresis (EP) have been used to separate DNA and proteins. 

Organelles such as mitochondria have mainly been separated by differential 

centrifugation or density gradient centrifugation. Lately, dielectrophoresis has been 

proposed to be an excellent tool for the separation of analytes. This electrokinetic 

technique has been combined with the robustness of microfluidic devices made out of 

polydimethylsiloxane (PDMS) to achieve particle manipulation. Insulator-based 

dielectrophoresis (iDEP) uses insulating structures to generate nonuniform electric fields 

across the channel. In this thesis, different types of microfluidic platforms were 

developed to manipulate particles and, in the future, to be applied to biomolecules and 

organelles.  

Manipulation of DNA has gained significant attention for vast technological 

applications such as information storage1 and computing2 as well as health applications 

such as vaccines3 and prognostics.4 Electrophoresis is the primary separation technique 

for the separation of DNA. Agarose gel and capillary EP are the preferred methods to 

separate DNA fragments.5, 6 However, the manipulation of DNA by DEP has also been 

demonstrated.7, 8 In the case of DNA subjected to a DEP force, the polarization 

mechanism of the DNA molecule in an electrolyte solution subjected to a nonuniform 

electric field is not well understood. However, the commonly accepted polarization 

mechanism is the so-called counter ion polarization.9 Nevertheless, DEP theoretical 

models for DNA have matched with experimental responses of kbp and rod-like DNA 
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structures.10, 11 In addition, different groups have demonstrated the manipulation of DNA 

by iDEP. These approaches were achieved by microfabricating different microfluidic 

channel geometries such as nanoslits12 and circular insulating posts.13 Although many 

efforts have been made to manipulate small-size analytes, the challenge still remains to 

manipulate small-size biomolecules by DEP. This challenge arises due to the DEP 

scaling factor, where the force scales with the polarization and size of the analyte. Hence, 

manipulating bioanalytes by DEP might require large potentials for the biomolecules to 

be manipulated by DEP force. One standard method to increase the DEP force is by 

microfabricating insulating barriers to generate high electric fields.14 However, a 

drawback of these devices is the lack of tunability due to their fabrication method, where 

the insulating posts are static (i.e cannot be altered once fabricated).  

Since microfluidics take advantage of simple fabrication processes (i.e, 

photolithography and soft lithography), one can introduce a dynamic valve that may act 

as an insulting constriction to fine-tune the electric field. One approach is to introduce 

pneumatic valves. A pneumatic valve is based on a flexible thin membrane that is pushed 

up or down by pressure or vacuum. Since a nonuniform electric field is required to induce 

a DEP force, the pneumatic valve can act as a flexible insulating constriction that 

generates a gap distance (<1𝜇m) to achieve large electric fields with low electric 

potentials applied. Some groups have explored the concept of introducing pneumatic 

valves for sample manipulation. For example, Sabbagh et al.15 and Kwon et al.16 

microfabricated a normally-open valve to preconcentrate analytes by electrokinesis. Here, 

a normally-closed valve is microfabricated in a microfluidic device to manipulate 

particles. The valve is designed to achieve sub-micrometer gap distances between the 
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valve and the glass substrate. Continually, developing a microfluidic device with multiple 

insulating valves can give a tunable microfluidic platform that can be exploited for 

multiple analytes by tailoring the potentials and valve actuation.  

Resolving the subpopulations of mitochondria is important since abnormal sizes 

in mitochondria have been linked to different pathological issues such as Parkinson's 

disease.17 Mitochondria are typically separated by centrifugation techniques such as 

differential centrifugation18 and density gradient centrifugation.19 Recently, ratchet 

migration has been demonstrated to be a good candidate for the separation of 

mitochondria where a periodic potential is applied to an asymmetrical post geometry to 

induce separation.20, 21 This approach coupled with DEP has been demonstrated for the 

manipulation of mitochondria and liposomes.22 However, this work was lacking high 

throughput separation since no external flow was applied to the system. Therefore, 

developing a ratchet microfluidic device under a continuous flow is required for high 

throughput sample collection.  

In this thesis, two microfluidic platforms for particle separation are discussed: a 

ratchet device and a tunable valve. Chapter 2 reviews the main physical phenomena in a 

microfluidic device and electrokinetic forces acting on a particle. Chapter 3 introduces a 

ratchet mechanism under a continuous flow for the separation of polystyrene beads. 

Chapter 4 introduces a novel microfluidic device that uses a normally-closed valve that 

acts as an insulating constriction when an electrical potential is applied. Finally, Chapter 

5 concludes the thesis and suggests the future work for each project presented here.  
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CHAPTER 2 

BACKGROUND AND THEORY 

2.1. Transport Phenomena in the Microenvironment  

2.1.1.Navier-Stokes Equation 

 The Navier-Stokes equation describes the flow of an incompressible Newtonian 

fluid with a constant viscosity, 𝜂. The Navier-Stokes equation can be expressed as:23 

𝜌 [
𝜕𝒖

𝜕𝑡
+ (𝒖 ∙ ∇)𝒖] = −∇p + 𝜂 ∙ ∇2𝒖 + 𝑭                                      (1) 

where 𝜌 is the fluid density, 𝒖 is the fluid velocity, ∇ is the gradient differential operator, 

𝑝 the pressure field, 𝜂 is the viscosity of the medium, ∇2 is the Laplacian operator, and 𝑭 

is an external acceleration force (e.g., gravity or force due to an external electric field). 

The left side of the equation corresponds to the inertial forces, and the right hand 

corresponds to the fluid pressure, fluid dynamic viscosity, and external forces applied to 

the fluid. The term (𝒖 ∙ ∇)𝒖 = 0 is eliminated from the equation since an incompressible 

fluid is assumed and the equation reduces to:23, 24 

𝜌 [
𝜕𝒖

𝜕𝑡
] = −∇p + 𝜂 ∙ ∇2𝒖 + 𝑭                                             (2) 

2.1.2.Hagen-Poiseuille Equation   

 The Hagen-Poiseuille equation describes the pressure drop in a microchannel. 

Considering a laminar flow in a circular channel, the maximum velocity is at the center of 

the channel, and the velocity is zero at the wall (Figure 1). This is because the velocity 

between the wall and liquid is equal to the velocity of a solid (𝑣 = 0).25 
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Figure 1. Schematic illustration of laminar flow in a circular channel. The flow is from 

left to right. The maximum velocity is at the center of the flow profile, and the velocity 

is zero at the wall.  

 

The velocity 𝑣(𝑎) from zero at the wall to the maximum velocity at the centerline of the 

channel can be expressed as follows:25 

𝑣(𝑎) =
∆𝑝

4𝜂𝐿
(𝑅2 − 𝑎2), where 0 < 𝑎 < 𝑅                                   (3) 

where ∆𝑝 is the pressure difference across the fluidic channel, 𝜂 viscosity of the medium, 

𝐿 is the length of the channel, and 𝑅 is the radius of the channel. The maximum velocity 

at the centerline can be expressed by deriving equation 3 at 𝑎 = 0. The equation is as 

follows:25 

𝑣𝑚𝑎𝑥 =
∆𝑝𝑅2

4𝜂𝐿
                                                             (4) 

Finally, the pressure difference in a microchannel can also be expressed by considering 

the average velocity in the channel (𝑣𝑎𝑣𝑒 =
1

2
𝑣𝑚𝑎𝑥) and the volumetric flow rate (𝑄 =

𝑣𝑎𝑣𝑒𝑅2𝜋). Equating these two expressions into equation 4, we get an equation relating the 

pressure difference and the flow rate with the hydraulic resistance, 𝑅ℎ𝑦𝑑𝑟. The expression 

is as follows:25 
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∆𝑝 = 𝑅ℎ𝑦𝑑𝑟𝑄 =
8𝜂𝐿

𝜋𝑅4 𝑄                                                                  (5) 

2.2.Electrokinetic Transport Phenomena  

2.2.1. Electroosmosis 

 The electroosmotic flow (EOF) is the phenomenon of a bulk flow of liquid in a 

channel when an electric field is applied.26 In a PDMS microfluidic channel, the walls in 

the fluidic channel have negative charges due to the deprotonation of the silanol groups 

when exposed to plasma treatment.27 At an applied potential a the so-called electric 

double layer (EDL) is created. Figure 2a shows a schematic of EDL. The y-axis 

represents the electric potential (𝜓) and is defined as:28 

𝜓(𝑥) = 𝜁𝑒−𝑥/𝜆𝐷                                                      (6) 

where 𝜁 is the zeta potential and 𝜆𝐷  is the Debye-Hückel length, The 𝜆𝐷 determines the 

thickness of the EDL. The thickness is expressed as:24 

𝜆𝐷 = √
𝜀𝑚𝑘𝐵𝑇

2(𝑍𝑒𝑐)2𝑐0
                                                              (7) 

where 𝜀𝑚 is the permittivity of the medium, 𝑘𝐵 is the Boltzmann constant, 𝑇 is 

temperature, 𝑍 is the ion charge, 𝑒𝑐 is the elementary charge, and 𝑐0 is the electrolyte 

concentration. The negative charges on the walls are bound with the positive ions in the 

medium forming the Stern layer. The resulting ion bonding creates a layer with a higher 

positive ion concentration that is termed the Diffuse layer. The immobile layer between 

the wall and the medium is called the Stern layer. The free ions next to the Stern layer is 

termed the Diffuse layer. The Stern and Diffuse layer together are termed electrical 

double layer (EDL). Upon applying an electric field, the ions in the EDL move and 
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generate a flow leading to the liquid motion in the channel. The resulting is a flat profile 

at the cross section, and the velocity is zero at the wall (Figure 2b). The electroosmotic 

velocity, 𝑣𝑒𝑜, is defined by:29 

𝑣𝑒𝑜 = 𝜇𝑒𝑜𝑓𝑬                                                           (8) 

where 𝜇𝑒𝑜𝑓 is the electroosmotic mobility. The 𝜇𝑒𝑜𝑓 is defined as:29 

𝜇𝑒𝑜𝑓 =
𝜀𝑚𝜁

4𝜋𝜂
                                                              (9) 

where 𝜀𝑚 is the permittivity of the medium, 𝜁is the zeta potential, and 𝜂 is the medium 

viscosity. The 𝜁is termed as:  

𝜁 =
𝜆𝐷𝜎

𝜀𝑚
                                                                (10) 

where 𝜎 is the charge density at the surface.  

 

 

 

 

 

 



  8 

 
Figure 2. Schematics illustrating the electric double layer and electroosmotic flow. (a) 

The Stern layer is located at the interface of the PDMS wall, and the cations in the buffer 

are tightly bound to the charged wall. The Diffuse layer is a thicker layer with an excess 

of positive charges. The thickness of the electric double layer can be described by the 

Debye length, 𝜆𝐷. The zeta potential, 𝜁, can be defined as the potential at the Stern layer 

as shown by the black arrow. The electric potential decreases linearly through the Stern 

layer and drops exponentially across the Diffuse layer. (b) Schematic of the 

electroosmotic flow velocity profile. The charge on the walls is negative, leading to the 

enrichment of positive charges in the associated electrical double layer. The velocity is 

uniform throughout the cross section and drops to zero at the liquid-solid interphase.  

 

 

2.2.2. Electrophoresis  

 Electrophoresis refers to the motion of a charged particle in a medium by the 

influence of a uniform electric field.30 Figure 3 represents the electrophoretic force on a 

charged particle. The electrophoretic force, 𝑭𝐸𝑃, on a particle with a charge 𝑞 can be 

expressed as:31 

𝑭𝐸𝑃 = 𝑞𝑬                                                          (11) 

Since the particle is moving upon the application of an electric field, the particle will 

experience a drag force termed Stokes drag force which is expressed as:32 

𝑭𝑑 = 6𝜋𝜂𝑟𝒖                                                         (12) 
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where 𝒖 is the particle velocity and 𝑟 is the radius of the particle. The EP velocity, 𝒗𝐸𝑃, 

can be derived when the 𝑭𝐸𝑃 and the 𝑭𝐷 are balanced as follows:  

𝒗𝐸𝑃 =
𝑞𝐸

6𝜋𝜂𝑟
= 𝜇𝐸𝑃𝑬                                                              (13) 

where 𝑞 is the medium charge, 𝜂 is the medium viscosity, 𝑬 is the electric field, and 𝜇𝐸𝑃 

is the electrophoretic mobility. The 𝜇𝐸𝑃 can be expressed as:31 

𝜇𝐸𝑃 =
𝑞

6𝜋𝜂𝑟
                                                                  (14) 

The 𝜇𝐸𝑃 can also be expressed by considering that the particle radius is much larger than 

the double layer thickness. In this case, the electric double layer plays an essential role in 

controlling the electrophoretic behavior of the particle. The expression is termed the 

Smoluchowski’s equation and is expressed as:33 

𝜇𝐸𝑃
′ =

ε𝜀0

𝜂
𝜉                                                                (15) 

where 𝜀0 is the permittivity of vacuum, 𝜀 is the relative permittivity. Therefore, the 

electrophoretic velocity based on the Smoluchowski expression can be expressed as:33 

𝒗𝐸𝑃 =
𝜀𝑟𝜀0

𝜂
𝜉𝑬 = 𝜇𝐸𝑃

′ 𝑬 𝜉                                                           (16) 

 

 

Figure 3. Schematic of an electrophoretic force acting on a particle. 
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2.2.3. Dielectrophoresis  

 Dielectrophoresis refers to the migration phenomenon when a polarizable particle 

is subjected to a nonuniform electric field. In a microfluidic device, the nonuniform 

electric field can be generated by insulating posts or structures in the fluidic channel. The 

DEP force acting on a spherical particle can be expressed as:34 

𝑭𝐷𝐸𝑃 = 2𝜋𝑟3𝜀𝑚𝑅𝑒[𝑓𝐶𝑀(𝜔)]∇𝑬2                                            (17) 

where 𝑅𝑒[𝑓𝐶𝑀(𝜔)] is the Clausius-Mossotti (CM) factor. The CM factor at low 

frequencies (<50 kHz) is described as:35 

𝑅𝑒[𝑓𝐶𝑀(𝜔)] = (
𝜎𝑝−𝜎𝑚

𝜎𝑝+2𝜎𝑚
)                                                        (18) 

where 𝜎𝑝 and 𝜎𝑚 are the conductivities of the particle and medium, respectively. The CM 

factor dictates the migration of the particle in a nonuniform electric field. If the particle 

conductivity is lower than the conductivity of the medium (𝑅𝑒[𝑓𝐶𝑀(𝜔)] < 0), then the 

particle migrates towards small electric field regions, termed negative DEP. On the other 

hand, if the conductivity of the particle is greater than the conductivity of the medium 

(𝑅𝑒[𝑓𝐶𝑀(𝜔)] > 0) then the particle migrates to the high electric field region and is 

termed positive DEP.  
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CHAPTER 3 

A CONTINUOUS HIGH-THROUGHPUT INSULATOR-BASED 

DIELECTROPHORESIS DEVICE FOR SIZE-BASED PARTICLE SEPARATION 

3.1.Introduction 

 Resolving the subpopulations of organelles is important as size-heterogeneity in 

organelles has been linked to specific diseases such as neurodegenerative diseases,36 

cardiovascular diseases,37 infectious diseases,38 and cancer.39 One of the most vital 

organelles with a significant contribution to any cellular functions is mitochondrion. 

Mitochondria size and morphology is regulated by fusion and fission processes in 

response to the cell environment.40, 41 Distributions of normally sized mitochondria 

average ~600 nm, while abnormally large mitochondria are typically >1 𝜇m and small 

mitochondria <300 nm.42, 43 Abnormally large mitochondria have been linked to diseases 

such as Parkinson disease,17 acute lymphocytic leukemia,44 and microvascular alterations 

in renal allografts.45 Fractionating mitochondria populations by size could thus provide an 

important tool to assess the biomolecular differences in organelle subpopulations.  

 Different separation techniques have been developed to fractionate mitochondria 

by size. Centrifugation techniques such as differential centrifugation44, 45 and density 

gradient centrifugation45-48 and chromatographic techniques such as liquid 

chromatography49 are the major extraction methods to separate organelles in fractions. 

Electrokinetic (EK) techniques such as free-flow fractionation50 and capillary 

electrophoresis51 were developed to alleviate sample contamination (e.g., lysosomes) 

during centrifugation. An effective tool that has been recently exploited for the separation 

of biomolecules is dielectrophoresis (DEP). Since the DEP force scales with the radius of 
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the particle to the third power and the electric field gradient (see equation 17), this 

method has been applied to different analytes of interest ranging from nanometer to 

micron scale.26, 52 For example, the separation of bacteria,53-55 DNA,56-59 proteins,60-63 and 

carbon nanotubes64-66 has been reported in insulator-based dielectrophoresis (iDEP) 

devices.  

 Achieving high-throughput separation is required to recover ample sample for 

analysis to elucidate the role that organelle heterogeneity plays in human biology and 

diseases. Different DEP-based microfluidic devices have been developed previously for 

high-throughput separation. Wu et al. developed a microfluidic platform coupled with 

DEP to separate yeast cells and polystyrene beads with a recovery efficiency larger than 

90%.67 High-throughput was also achieved by microfabricating 3D electrodes in a 

microfluidic device.68 This microfluidic platform was able to separate 106 cells/min at 

flow rates of 10 𝜇L/min. Dielectrophoresis has also been combined with other separation 

techniques for high-throughput separation. For example, Jiang et al. developed a 

microfluidic device that combined hydrophoretic and dielectrophoresis to separate neural 

stem cells.69 This device achieved a throughput of 2.4 x 105 cells/h at 3.5 μL/min. A 

drawback of these devices is that microfabrication is more cumbersome and resource-

intensive since electrodes need to be microfabricated in the microfluidic. 

 Recently, ratchet migration has been demonstrated to be a good candidate for the 

separation of mitochondria. In this migration mechanism, a periodic potential is applied 

to an asymmetrical post geometry to induce separation. Such approach has been 

demonstrated for sorting and separating different particle sizes.20, 21, 70 In the past, we 

designed a ratchet device capable of separating particles in a sub-micrometer regime. We 
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demonstrated the separation of 0.28 and 0.87 𝜇m polystyrene beads, mitochondria, and 

liposomes using this ratchet migration.22 The separation was achieved by applying a 

complex waveform that introduced electrokinetic and dielectrophoretic forces to induce a 

migration mechanism that differs based on the size of the particles.  

 Here, a microfluidic device for the separation of polystyrene particles under a 

continuous flow is presented. The particles are separated by a migration mechanism that 

induces electrokinetic and dielectrophoretic forces on the particles simultaneously. The 

particle migration was assessed by calculating the migration velocities of the particles. 

This device offers the ability of size-tuning by simply modifying the electrical parameters 

and takes advantage of steering particles into opposite directions with similar 

electrokinetic parameters. Furthermore, different HT ratchet device designs are presented 

to demonstrate the ratchet mechanism on a large scale.  

3.2.Experimental Details 

3.2.1. Materials and Chemicals  

 Fluorescently-labeled polystyrene beads, size of 0.28 m (FP0262-2) and 0.87 

m diameters (FP-0852-2), were purchased from Spherotech (Lake Forest, IL, USA). 

Polydimethylsiloxane (PDMS, SYLGARD 184 silicone elastomer kit) was purchased 

from Dow Corning Corp (Midland, MI, USA). 4-(2-Hydroxyethyl)- piperazine-1-

ethanesulfonic acid (HEPES), poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) (Pluronic F108), potassium hydroxide (KOH), and sucrose were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Pure deionized (DI) water was 

collected from an Elga water purification system (Woodridge, USA). Microscope glass 
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slides (75 mm × 25 mm × 1.0 mm) were purchased from Thermo Fisher Scientific Inc. 

(Waltham, MA, USA). Platinum wire (0.3 mm) was purchased from Alfa Aesar (Ward 

Hill, MA, USA). 

3.2.2.Sample Preparation 

 A 10 mM HEPES buffer solution containing 250 mM of sucrose and 1 mM of 

F108 was prepared. The pH was adjusted to 7.4 by 1 M of KOH (the conductivity of the 

solution was 0.03 S/m) and the buffer solution was filtered by a 0.2 μm filter. A 

suspension polystyrene beads containing 0.1 % w/v of 0.87 𝜇m and 0.03 % w/v 0.28 𝜇m 

polystyrene beads was prepared as described below. The bead suspension was 

resuspended by 10 s vortexing. Finally, the bead suspension was diluted with the buffer 

solution by a dilution factor of 30, and the bead suspension was incubated overnight to 

ensure F108 coating on the particles. 

3.2.3. Device Fabrication  

 The microfluidic device was designed via AutoCad (Ver. 2018, AutoDesk, Mill 

Valley, CA, USA), and the photo-mask was purchased through Advance Reproduction 

Corp. (North Andover, MA, USA). Next, the master mold was fabricated by a standard 

photolithographic process using a negative photoresist. Briefly, on a 4” silicon wafer 

(University Wafer, South Boston, MA, USA), a 15 μm thick layer of photoresist (SU-8 

2020, Sigma-Aldrich, St. Louis, MO, USA) was spin-coated, which was then exposed to 

UV light through the photo-mask using a Suss MJB4 Mask Aligner (Suss MicroTech, 

Germany). After exposure, the photoresist was developed using SU-8 developer 

(Kayaku Advanced Materials, Westborough, MA, USA) and baked at 150 ℃ for 30 min 
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prior to use.  

 The PDMS was prepared by mixing base prepolymer and curing agent at a ratio 

of 10:1 (w/w ratio, base prepolymer: curing agent), which was poured on the master 

mold. Then, the PDMS was degassed using a desiccator and cured in an oven at 70 ℃ 

overnight. Next, the cured PDMS was peeled off from the master mold, and 3 holes for 

the reservoirs were punched using Biopsy punches (Henry Schein, Phoenix, AZ, USA), 

one for inlet (1.5 mm), and the other two for outlets (3 mm). The imprinted PDMS was 

cleaned with isopropanol (IPA) and dried in an oven at 70 ℃ overnight. The cleaned 

PDMS piece and a glass slide (25mm x 75mm x 1mm) were bonded by treatment with 

oxygen plasma using a plasma cleaner (PDC-001; Harrick Plasma, Ithaca, NY, USA). 

Then, the channel was coated with the 1mM F108 mixed in the buffer solution, and the 

devices were sealed and stored in 100% humidity conditions prior to be used for 

experiments. 

3.2.4. Device Set-up  

 The common inlet was connected to a 50 µL syringe (Hamilton, NV, USA) via a 

silica capillary (Molex, Phoenix, AZ, USA), and the sample was injected into the device 

using a syringe pump (Harvard Apparatus, MA, USA) at 20 nL/min. A platinum electrode 

was inserted in each outlet and one electrode was connected to the ground, and another 

was connected to high-voltage equipment (AMT-3B20, Matsusada Precision Inc., Japan), 

which applies the potential difference using micro-clamp (LabSmith, Livermore, CA, 

USA). Additionally, in each outlet reservoir, 10 µL buffer solution was added, and 5 µL 

of mineral oil was applied on top of the buffer solution to prevent the drying of outlets 
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due to evaporation of the buffer solution during the experiment.  

3.2.5. Detection and Data Analysis  

 Fluorescence images were obtained using an inverted microscope (IX71, 

Olympus, Center Valley, PA, USA) equipped with a 100 W mercury burner (URFL-T, 

Olympus) with 40× (NA = 0.60) objective, an Optosplit element (Oxford Instruments, 

UK), and multiband fluorescence filter set (exciter Brighline 468-553, dichroic 

FF493/574-Di-01, emitter Brightline 512-630, Semrock, USA). Videos were recorded by 

a CCD camera (QuantEM:512SC, Photometrics, Tucson, AZ, USA) using Micro-

Manager software (version 1.4.7, Vale Lab, UCSF, CA, USA). The Optosplit enabled 

recording fluorescence signals of two different wavelengths simultaneously. The recorded 

videos were processed by ImageJ software71 (version 1.53, NIH) and Mosaic particle 

tracker plugin72 was used to trace the particle migration. The experiment was repeated 

three times, and at least 40 particles were tracked. Then, the migration velocity of 

particles was calculated by an in-house script written in MATLAB (R2020, MA, USA). 

3.3. Results and Discussion  

3.3.1. Working Principle of Migration Mechanism 

 We designed a continuous flow separation microfluidic device combining the 

action of electrokinetic, dielectrophoretic, and hydrodynamic flow. The microfluidic 

device (Figure 4a) contained a periodic array of insulating microposts (Figure 4b) similar 

to a previously reported ratchet device.22 However, particles were introduced into the post 

array region via two inlets employing continuous pressure-driven flow (PDF). In addition 

to the PDF, the applied periodic waveform (see Figure 4c) induced electrokinetic 
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migration and DEP. Large particles experiencing nDEP were trapped at the flat surface of 

the microposts where the electric field was weakest (Figure 4d), on the contrary, smaller 

particles were not trapped because they were not experiencing sufficient nDEP. This 

ratchet separation principle was overlaid here with the PDF component, and we 

investigated suitable parameters for particle separation by size in continuous mode. 

 

 
Figure 4. (a) Schematic of the ratchet device. The device has an inlet and two outlets for 

sample collection. Platinum wires were installed in each outlet. The distance between 

the two outlets was 1 cm, the width of the channel is 2 mm, and the main channel contains 

an array of insulating posts. (b) SEM image shows the insulting posts in the main 

channel. The dimensions of the well-resolved posts are summarized next to the SEM 

image. (c) Waveforms applied for the electrokinetic components inducing ratchet 

migration. Waveform A switch applies ± Uac_1 with a DC potential offset, Udc (here for 

Udc> 0). Waveform B is a sinusoidal signal applied in every second half of the driving 

period of Uac_1 at 10 kHz. Τ indicates the length of one complete driving period. (d) 

Electric field distribution obtained from the COMSOL model. The arrow points to the 

regions of low electric fields, where nDEP occurs for polystyrene beads and 

mitochondria.. 
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 In Figure 5a-g, the working principle of the ratchet migration mechanism is 

explained based on the case of PS particles. During ratchet migration, the large particles 

experienced ratchet migration (assigned negative sign for migration velocity) and the 

smaller particles experienced normal migration (assigned positive sign for migration 

velocity) when subjected to the periodic driving force. This effect was induced by a 

periodic electrical driving force Uac_1 with defined Udc offset, coupled to a higher 

frequency component in the second half period (Uac_2), see Figure 4c, to induce DEP 

trapping and the migration direction reversal for large particles. Overlaid with the PDF 

component, the various forces on the particles were schematically outlined in Figure 5a-b 

in the two half-driving periods. While the PDF component was the same in each driving 

period, the switch of the sign in the electrical potential in the second half period reverses 

the electrokinetic driving forces. The EK force resulted from the sum of electroosmotic 

and electrophoretic contributions.  

 In combination with the PDF, the migration directions of two differently sized 

particles can now be described for each half driving period (Figure 5c-f). We first discuss 

the situation in the top section of the device (Figure 5c-d). In the first half-driving period, 

since EOF was the stronger force dominating the EK migration direction, the net 

direction of the small and large particle migration was toward the top outlet. PDF 

accelerates the migration of both particles toward the top outlet because the direction of 

PDF and EOF components were the same (Figure 5c). As the DEP force was generated in 

the second half driving period, the large particles were trapped at the insulating posts. 

However, the strength of DEP on the small particles was not sufficient to induce trapping, 

thus, the small particles traveled toward the bottom outlet. PDF decelerates the migration 
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of small particles because the migration direction is opposite to the overall electrokinetic 

contribution, but the strength of PDF was weaker than that of the EK force (Figure 5d). 

Overall, the migration of the large particles in the top section resulted in migration 

towards the top outlet, whereas the migration of the small particles resulted in the 

opposite direction.  

 In the bottom section of the device (Figure 5e-f), PDF and overall EK migration 

direction were opposite in the first half-driving period. As a result, both particles were 

migrating toward the top outlet (Figure 5e). In the second half driving period, the large 

particles were trapped at the microposts due to nDEP, and the small particles were 

migrating toward the bottom outlet because the overall EK migration and PDF were in 

the same direction (Figure 5g). The migration direction of the small particles was denoted 

as normal migration because the small particles were not affected by the ratchet 

migration. In conclusion, the magnitude of the resulting migration velocities strongly 

depends on the interplay of PDF with EK components. 
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Figure 5. (a-g) Illustration of forces and the migration direction they induce during the 

first (a) and second half driving period (b). (c-g) Exemplary particle trajectories in the 

two sections of the device. (c-d) top section and illustration of the particle migration in 

the first (c) and second (d) half driving period. Dashed lines indicate particle trajectories, 

and arrows indicate the direction migration based on the respective force. In the first half 

period of waveform A, both particles migrate towards the top electrode since the EOF 

and PDF overcome the EP force. In the second half driving period, waveform B is 

superimposed on waveform A. In this case, the large particle is trapped by the DEP force, 

and the small particle migrates towards the bottom section of the device. (e-g) On the 

bottom section of the device, the two particles migrate towards the top section of the 

device since the EOF is overcoming EP and PDF in the first half driving period. In the 

second half driving period, the large particles are trapped by DEP, and the small particles 

migrate towards the bottom, overcoming EP forces.  

 

3.3.2. Experimental Observation of Migration Mechanism with Model Beads  

 The polystyrene beads migration velocities were assessed from a numerical model 

(not on thesis) and compared to experimentally obtained particle migration under 

identical driving conditions. Figure 6 compared the average velocities for 0.28 𝜇m and 

0.87 𝜇m polystyrene beads as assessed through particle tracking. The velocities were 
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studied for Uac_1 amplitude from 70 V to 90 V and varying DC offsets (Udc =10-30 V). 

Figure 6a-c show the average velocity of large particles assessed in the top section of the 

device. Negative velocities were apparent for the large particles indicating ratchet 

migration. The numerical model supports the ratchet migration of the large particles on 

the top section of the device in good agreement with experimental migration velocities 

showing similar trends. It is noted that the increase of Uac_1 had a negligible effect on the 

migration velocity for the 0.87 𝜇m particles, presumably due to a negligible increase of 

only 20 V. However, the increase in Udc decreases the amplitude and decelerates the 

migration of the particles towards the top outlet of the device. This trend is apparent in 

the model and experiment. 

 Figure 6d-f show the average velocities of the smaller 0.28 𝜇m PS beads at 

different Uac_1 and Udc assessed on the bottom section of the device. Similar trends in the 

variation of Udc are also apparent in model and experiment. In contrast to the large beads 

in the top section, the migration velocities now increase with increasing Udc. This 

behavior is caused by the PDF accelerating the normal EK migration direction in the 

bottom region of the device. In addition, the average velocities at Uac_1=70 V showed 

excellent agreement with the numerical model, whereas the experimental values at 

Uac_1  = 80-90 V deviated slightly from the numerical model. The discrepancy between 

the model and experiment for the demonstrated conditions are attributed to deviations in 

the magnitude of the PDF in experiments, where over the course of the experiment might 

have deviated from 20 nL/min due to evaporation effects and fluctuations in the applied 

flow rates. 
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Figure 6. Average velocities of 0.28 and 0.87 𝜇m diameter polystyrene beads 

investigated experimentally and as obtained from the numerical model. (a-c) large 

particles assessed in the top portion of the device: (a) velocities assessed at Uac_1 = 70 V, 

Udc varying from 10 to 30 V, (b) velocities assessed at Uac_1 = 80 V, Udc varying from 10 

to 30 V, (c) velocities assessed at Uac_1 = 90 V, Udc varying from 10 to 30 V. (d-f) small 

particles assessed in the bottom portion of the device: (d-f) same conditions as (a-c). For 

all conditions, Uac_2 was 1200 V at 10 kHz and the driving period 10 s. At least 40 

particles were traced in each case. Note that velocities for the large particles exhibit 

negative signs corresponding to ratchet-based migration and small particles exhibit 

positive velocities. The opposing sign also indicated opposing migration directions and 

thus separation of the two particle species. The error bars indicate the standard deviation 

of average velocity obtained at each Udc by tracking at least 40 particles. Three devices 

were used. 

 

3.3.4. New Microfluidic Devices for High-Throughput Separation 

 High throughput for the separation of organelles is ideal for biomolecular 

assessment. In this section, three devices were redesigned from our previous 

geometries.73 The contactless device (Figure 7a-c) has a PDMS barrier that separates the 

electrode channel (filled with gallium) and the fluidic channel. This design was 

elaborated to avoid exposing the sample directly to the electrode as well as to collect the 
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heterogonous sample from the two outlets (Figure7d-e). The first device is a larger scale 

to the device shown in Figure 4a. The device keeps the same outlet scale; however, in one 

design, it adds a gradient next to the channel. The contact device (Figure7f-h) has a larger 

post array (5 mm in width and 1 cm in length) than the other two devices. In this device, 

an electrode channel is introduced to create an electric field in the ratchet area. The 

electrode channel is filled with liquid gallium and stops at the barrier post due to the 

viscosity of the gallium. Furthermore, this device has three outlets that will be used to 

collect heterogeneous sample, and the third outlet will be used as a waste outlet.  

 

 

Figure 7. Schematic overview of the contact, contactless, and continuous devices and 

optical images of injected gallium. (a) Schematic overview of the contactless device. (b) 

Optical image of the injected gallium. (c) Zoom image into the electrode channel, PDMS 

wall, and ratchet area (d) Schematic overview of the continuous device. (e) Zoom image 

into the ratchet area. (f) Schematic overview of the contact device. (g) Optical image of 

the injected gallium. (h) Zoom image into the electrode channel, barrier post, and ratchet 

area. 
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3.4.Conclusion and Future Direction 

 Various HT devices were designed and fabricated for high-throughput separation. 

In this work, 0.87 and 0.28 𝜇m polystyrene beads were manipulated by applying a 

complex waveform. Here, the larger particles demonstrated ratchet migration (negative 

migration), and the small particles demonstrated normal migration (positive migration). 

In addition, various HT devices were designed to be applied for HT separation. The 

contactless and contact devices were successfully filled with gallium, indicating that the 

geometry was not faulty. In the future, these devices will be tested using polystyrene 

beads and finding the experimental conditions for high throughput. In addition, numerical 

models will be developed for each device to aid in the experimental parameters.  
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CHAPTER 4 

A TUNABLE INSULATOR-BASED DIELECTROPHORESIS SYSTEM FOR THE 

SEPARATION OF PARTICLES 

4.1. Introduction  

Insulator-based dielectrophoresis (iDEP) has been used for the manipulation of 

many analytes.74 These devices typically employed insulating constrictions, post arrays, 

or other geometrical features to induce a nonuniform electric field to manipulate various 

analytes. However, when scaling down to biomolecules, challenges arise in manipulating 

particles by dielectrophoresis. The main challenges emerge since the DEP force scales 

with the particle radius and polarization properties (see equation 17) of the particle. 

Hence, nm size particles and low polarizable particles exhibit low DEP force. Therefore, 

to generate high electric fields, one needs to apply large electric potentials or 

microfabricate nanoconstrictions.14 However, large potentials can cause Joule heating,75, 

76 and fabricating nanoconstrictions can be time-consuming and expensive.57  

Nevertheless, biomolecules have been manipulated by DEP even though the 

theoretical background is not well understood. For example, DNA molecules of different 

sizes have been manipulated by a nanopipette,77, 78 silicon nanotweezers,79, 80 and 

insulating constrictions.12, 56-58, 81, 82 In addition, proteins have also been manipulated by 

nanopipettes83 and insulating barriers.61-63, 84-86 However, these demonstrations required 

frequencies magnitudes in the MHz range and media conductivity in the order of 106 

𝜇S/cm. The application of these frequencies can induce Joule heating87 and sample 

deterioration.88, 89 In addition, high conductivity buffers can change the morphology of 

biological samples.90-92 To alleviate the issue of large potentials to invoke high electric 
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fields, a normally-closed valve was microfabricated to act as an insulating constriction 

when a potential is applied to fine-tune the electric field gradient. 

Microvalves have been used in different microfluidic applications such as cell 

sorting93 and on-chip chemical synthesis.94 Typical microvalves can be actuated 

electrokinetically,95-97 mechanically,98-100 and pneumatically.101, 102 Interesting 

applications such as pre-concentration of DNA16 and peptide sample injection103 have 

been demonstrated using a pneumatic valve in a microfluidic device. In addition, 

pneumatic valves have been used to generate nanoconstrictions by pushing down the 

valve for preconcentration and trapping of analytes.15, 16 In the past, we designed a 

normally-open valve that acted as an insulting constriction when deflected into the 

channel for the tunability of the electric field gradient to manipulate polystyrene beads 

and DNA.104 Here, we further optimize the valve by designing a normally-closed valve to 

fine-tune the electric field and valve actuation.  

 In normally-closed valves, the membrane is actuated by application of a vacuum 

to the control channel.105 This type of valve has been extensively used for active mixing 

from a standard solution with a sample106, 107 and fluid control.108 Here, a normally-closed 

valve is microfabricated in the microfluidic device that acts as a dynamic insulating 

constriction when a potential is applied across the channel. The tunability of the electric 

field gradient is investigated by building a numerical model. The regulation of the valve 

was investigated by a pressure study. Finally, a proof of principle experiment was 

realized by manipulating 0.87 𝜇m polystyrene beads by fine-tuning the electric field 

gradient changing the deflection of the valve.  
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4.2. Experimental Section 

4.2.1. Material and Chemicals 

  The 0.87 𝜇m polystyrene beads (FP-0852-2) were purchased from Spherotech 

(Lake Forest, IL, USA). The fluorescein sodium salt were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). The chemicals to prepared the buffer solution were the same as in 

chapter 3. The microscope glass slides and platinum wires were also the same as in 

chapter 3.  

4.2.2.Microchip Fabrication 

Two silicon master wafers were fabricated by photolithography. For the control 

layer, a 6:1 w/w ratio of PDMS to curing agent was prepared and poured onto the silicon 

wafer. For the fluid layer, a 15:1 w/w of PDMS to curing agent poured onto the wafer 

and spin coated (30 s at 1900 rpm) to yield a thickness of 20 𝜇m. The control and fluidic 

layers were put in the oven for 30 min at ~70 C to semi-cured the PDMS. After 30 min, 

the control layer was peeled off from the wafer, and the vacuum valves were punched 

with a 1 mm Biopsy punch (Henry Schein, Phoenix, AZ, USA), and the control layer was 

manually aligned on the fluidic layer using a stereomicroscope. Figure 8 shows a 

schematic representation of the assembled microfluidic device. The dimensions of the 

control channel and valves are summarized in Table 1. After alignment, the PDMS 

control and fluidic layer were put back in the oven overnight to fully cure the PDMS. 

After curing, the PDMS was peeled off from the silicon wafer, cleaned with IPA, and 

blow-dried with nitrogen gas. The PDMS slab and glass slide were put in the oxygen 

plasma (PDC-001; Harrick Plasma, Ithaca, NY, USA) and exposed for 1 min at high 
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frequency setting. After plasma exposure, the PDMS and glass slide were placed in the 

oven at 70 ℃ for 20 min. After 20 min, the PDMS and glass slide were bonded together 

and filled with the HEPES buffer solution containing sucrose and F108. After filling the 

device, the device was stored in a humid environment.  

 

 

Figure 8. Schematic representation of the top view of assembled microfluidic. The zoom-

in image shows one section of the valve assembled. Table 1 shows the dimensions of the 

control channel and the fluidic channel.  

 

4.2.3. Sample Preparation 

 A 10 mM HEPES buffer solution containing 250 mM of sucrose and 1 mM of 

F108 was prepared. The pH was adjusted to 7.4 by 1 M of KOH (the conductivity of the 

solution was 0.03 S/m), and the buffer solution was filtered by a 0.2 μm filter. A 

suspension of polystyrene beads containing 0.1 % w/v of 0.87 𝜇m was prepared. The 

bead suspension was resuspended by 10 s vortex. Finally, the bead suspension was 

diluted with the buffer solution by a dilution factor of 30, and the bead suspension was 
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left overnight to ensure F108 coating on the particles. 

4.2.4. Device Set-up 

The vacuum line, connected to the control channel, was connected using stainless-

steel pins (2 cm, IDEX Corporation, USA). A MFCS-EZ system (Fluigent, France) was 

used to induce vacuum. The MFCS-EZ was controlled by the Fluigent software. Platinum 

electrodes were connected on the two outlets and attached by micro-clamps to a high 

voltage amplifier (AMT-3B20, Matsusada Precision Inc.) driven through a Multifunction 

DAQ card (USB X Series, National Instruments, TX, USA) programmed by LabVIEW 

2014 (version 14.0, National Instruments). 

4.2.5. Detection and Data Analysis 

 Fluorescence images were acquired with an inverted microscope (IX71, Olympus, 

Center Valley, PA, USA) equipped with a 100 W mercury burner (U-RFL-T, Olympus, 

Center Valley, PA, 54 USA) and a fluorescence filter set (0.87𝜇m beads: exciter 

ET470/40, dichroic T495LP, emitter ET525/50, Semrock, USA). Images and videos were 

captured by a CCD camera (QuantEM:512SC, Photometrics, Tucson, AZ, USA) and 

Micro-Manager software (version 1.4.7, Vale Lab, UCSF, CA, USA). The obtained 

videos were processed by ImageJ software. The fluorescence intensities of the actuated 

valves and channels heights were measured by ImageJ.71 

 

 

 

 



  30 

4.2.6. Numerical Modeling 

 A numerical model was constructed using COMSOL Multiphysics 5.4. Briefly, a 

geometry of an actuated valve was drawn in COMSOL. To solve the electric field 

gradients, the Electric Current module was used. The detailed parameters for the 

numerical model are summarized in Appendix A. 

4.3. Results and Discussion 

4.3.1. Numerical Model Results 

 The changes in the electric field gradient were simulated using COMSOL 

Multiphysics. Figure 9a shows the geometry used in the COMSOL model. The gap 

distance from the valve to the glass substrate (dgap) was changed from 0.1-10 𝜇m, and the 

simulation was run for each dgap (0.1-10 𝜇m). Figure 9b shows the electric field gradients 

for different dgap at 25 V (adapted from 1000 V/cm) across the channel. The numerical 

model demonstrates the tunability of the electric field by reaching the necessary 

magnitudes to manipulate different biomolecules using the literature values.109, 110 For 

example, Swami et al.111 manipulated single-stranded DNA (~200 bases), Sano et al.112 

and Camacho-Alanis et al.57 manipulated λ-DNA (48.5 kbp) with electric field gradients 

with a magnitude of ~1018 V2/cm3. The numerical model reached the same order of 

magnitude at 1 𝜇m (~1018 V2/cm3) compared to the orders of magnitude compared above. 

The numerical model indicates that the electric field gradients to manipulate these 

biomolecules were reached at 1 𝜇m. The gradient values can also be compared with the 

electric field gradient values reported to manipulate proteins. For example, the protein 

streptavidin has been manipulated by iDEP by different researchers by applying an 
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electric field gradient average of ~1018 V2/cm3.84-86, 113 The experimental responses at the 

gradient magnitudes were in good agreement with our numerical model magnitudes at 

dgap=1 𝜇m. All in all, the numerical model suggests the tunability of the electric field 

gradients by an insulating valve. The numerical results were compared to electric field 

gradient values in the literature modeled to manipulate biomolecules by iDEP reaching 

the same electric field gradient magnitudes to manipulate the analyte.  

 

 

Figure 9. Schematic of COMSOL geometry and electric field values calculated from the 

COMSOL model. The electric field gradients were calculated by applying 1000 V/cm 

across the channel with a gap distance of 0.1-10 𝜇m. 

 

4.3.2.Operation of Dynamic Constriction and Pressure Study 

 A normally closed valve consists of a control and a fluidic layer (Figure 10). The 

control layer is attached to a vacuum system. The thin membrane lifts into the control 

chamber at an applied vacuum (Figure 10a). The thin membrane is comprised of a stem 

valve that relaxes on the glass substrate when a vacuum is not applied. When the valve is 
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in the closed position, the fluid is stopped by the valve (Figure 10b). When the valve is 

actuated, the fluid continues to flow through the fluidic channel (Figure 10c).  

 

 

Figure 10. Schematic representation and fluorescence microscopy images of a normally 

closed valve in open and closed position. (a) Schematic representation of a normally-

closed valve in open and closed position by an applied vacuum. The height of the control 

layer (hCL) is 40 μm, the height of fluidic layer (hFL) is 20 μm, the width of stem valve 

(wv) is 10 to100 μm, and the height of thin membrane (hTM)=10 μm. The cross-section 

of the image is indicated by the red dash line on Figures b and c. (b) Fluorescence 

microscopy images of a normally closed valve in closed position. The dye is stopped at 

the closed valve. (c) Fluorescence microscopy image of a normally closed valve in open 

position. The valve is actuated at 500 mbar, and the dye continuously flows throughout 

the microfluidic channel. 

 

To understand the tunability of the valve, the valve pressure threshold (𝑝𝑡ℎ𝑟𝑒𝑠ℎ) 

with respect to the aspect ratio was studied. The 𝑝𝑡ℎ𝑟𝑒𝑠ℎ is defined as the vacuum applied 

when the thin membrane touches the control layer wall. The aspect ratio, 𝑎, of each 

individual valve was calculated as follow: 

𝛼 =
𝑙𝑝𝑤𝑝

𝑙𝑣𝑤𝑣
                                                                   (18) 

where 𝑙𝑝 is the length of the patch, 𝑤𝑝 is the width of the patch, 𝑙𝑣 is the length of the 

valve, and 𝑤𝑣 is the width of the valve. The 𝑝𝑡ℎ𝑟𝑒𝑠ℎ was experimentally determined by 
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applying a pressure starting at 50 mbar and increasing the pressure by 50 mbar until the 

actuation of the valve was visible. It was noted that a high aspect ratio requires less 

vacuum (200 mbar) to be actuated (Figure 11a). For example, the largest valve dimension 

(valve A) with an aspect ratio of 16 requires the largest vacuum (500 mbar). In addition, 

since the microfluidic design has multiple valves D, the pressure threshold was 

investigated with respect to the valve location. Figure 11b shows the pressure threshold 

with respect to the valve location. The 𝑝𝑡ℎ𝑟𝑒𝑠ℎ decreases for the D12, D22, and D32 valve 

location. The valve located at D41, D42, and D43 show similar 𝑝𝑡ℎ𝑟𝑒𝑠ℎ. The similar 𝑝𝑡ℎ𝑟𝑒𝑠ℎ 

for the D41, D42, and D43 can be explained by the locations of the valves. The valves are 

located next to the fluidic outlets, where the extra pressure in the outlets aid in the 

actuation of the valves.  

 

 

Figure 11. Pressure threshold versus aspect ratio and valve location. (a) Pressure 

threshold versus aspect ratio. The graph shows the pressure threshold versus aspect ratio 

showing that a higher aspect ratio requires less pressure for the valve to actuate. (b) 

Pressure threshold versus valve location. The graph shows the pressure versus valve 

location, indicating no correlation with the valve location. The error bars show the 

average 𝑝𝑡ℎ𝑟𝑒𝑠ℎ of three different devices. Each valve was tested at least three times. 
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 The dgap in relationship with applied pressure was assessed by examining the 

fluorescence intensity of an actuated valve. The distances achieved by the actuated valve 

were calculated from a calibration curve (Figure 12a). The calibration curve was acquired 

by measuring different channel heights (2, 10, 15, and 20 𝜇m) filled with sodium 

fluorescein dye. Figure 12b shows the gap distances of a 25 and 75 𝜇m width valve with 

respect to different vacuum pressures. The 25 𝜇m width valve reaches a minimum 

distance of ~10 𝜇m at 100 mbar and a maximum distance of ~25 𝜇m at 700 mbar. The 

increase in dgap is in accordance to our understanding of a pneumatic valve where the dgap 

increases when vacuum applied increases. In the case of the 75 𝜇m width valve, the dgap 

increases at applied vacuum from 100 to 300 mbar but decreases the deflection distance 

after 400 mbar. This contradicts the trend observed for the 25 𝜇m width valve. One 

explanation can be attributed to the malfunction of the 75 𝜇m valve width. For example, 

since the dimension of the 75 𝜇m valve are larger (valve patch: wv=300 and wp:=300, and 

valve dimension: wv=75 and wp=100) compared to the 25 𝜇m width valve (valve patch: 

wv=250 and wp=250, and valve dimension: wv=25 and wp=100) the actuation for the 25 

𝜇m valve width create less stress to the thin layer. Compared to the largest valve, where 

the pneumatic pressure generates more stress to the thin layer since the valve is 

substantially larger. Therefore, by applying this stress to the thin membrane, a rupture on 

the thin membrane might have happened, generating lower dgap distances. In conclusion, 

this experiment demonstrated the fine-tuning of a 25 𝜇m valve. However, ideally, dgap in 

the nm regions should be achieved by the valve. This might be able to achieved by 

applying small vacuum magnitudes. Nevertheless, the valve geometry needs to be 

redesigned to achieve sub-micrometer gap distances. To measure the channel heights, 
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microfluidic devices with submicrometer channel heights need to be available. The 

resolution limit of a negative SU-8 photoresist is ~1 𝜇m. However, reaching these heights 

might be challenging and may require fabrication optimization. 3D printing technology 

can also be used to print a channel height in the sub-micrometer regions since the height 

resolution has been demonstrated for sub-micrometer regions by this technology.114  

 

 

Figure 12. (a) Calibration curve acquired from the measurement of different channel 

heights filled with a fluorescence dye. The error bars originate from the average 

measurement of two devices. (b) Calculated distances from the calibration curve. Each 

data point represents the average value from three different devices. The errors 

originated from valve actuation variations. Each valve was tested three times. 

 

4.3.3. Proof of Principle Experiment for Electric Field Gradient Tunability 

 As a proof of principle experiment, 0.87 𝜇m polystyrene beads were manipulated 

by iDEP. The iDEP trapping behavior of the particles for various applied potentials was 

analyzed by measuring the fluorescence intensity in the regions near the actuating valve. 

The fluorescence intensity is indicative of the polystyrene beads concentration due to 

nDEP trapping in a small pressure-driven flow. The particles were subjected to different 
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potentials (100-1000 V at 10 kHz). The valves (15, 25, and 75 𝜇m valve width) were 

deflected at different vacuum pressures (25, 50, and 75 mbar). 

 Before discussing the experimental outcomes from the study mentioned above, 

two experimental cases are presented in Figure 13 to discuss the experimental outcomes 

summarized in Figure 14. Figure 13a is representative of the case of a valve actuated by 

an applied vacuum of 75 mbar, and Figure 13b corresponds to the scenario where the 

applied vacuum is 25 mbar during the electric field application and small pressure-driven 

flow component. A blue dashed rectangle represents where the fluorescence intensities of 

the trapped particles were measured experimentally. This region was selected since it 

corresponds to the region of the largest electric fields. For both scenarios, the PDF is 

acting from the bottom to top.  

 Considering Figure 13a, the valve is actuated by applying 75 mbar creating a dgap 

increasing the apparent PDF. This increment in the flow streams more particles into the 

fluidic channel, increasing the particle concentration in the channel. Continually, by the 

application of 1000 V at 10 kHz, a nonuniform electric field is generated, repelling the 

particles from the large electric field gradients and trapping the particles by balancing 

nDEP repulsion with the PDF in the opposite direction. The particle repulsion is not large 

enough to push back the particles from the measuring area (blue dashed rectangle).  

 In Figure 13b, the apparent PDF is slower compared to Figure 13a since the dgap is 

smaller at 25 mbar. Diminishing the PDF lowers the particle concentration in the channel. 

In this scenario, the application of 1000 V at 10 kHz generates a higher magnitude 

electric field gradient since dgap is smaller. Here, particles are repelled further away from 

the measured area (blue dashed rectangle) due to the higher electric fields. However, 
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some particles are still trapped (overcoming the PDF) in the measured area (Figure 13b) 

due to the non-uniformity of the electric field gradient perpendicular to the flow direction 

and due to the valve distortion during actuation.  

 

 

Figure 13. Schematics representing polystyrene beads subjected to different electrical 

parameters and valves subjected to different pneumatic pressures. A PDF is acting on 

the particles in addition to DEP in the direction indicated. (a) Schematic representation 

of trapping position for polystyrene beads subjected to 1000 V at 10 kHz. The vacuum 

applied is 75 mbar. (b) Schematic representation of trapping position for polystyrene 

beads subjected to 1000 V at 10 kHz. The vacuum applied is 25 mbar. The measured 

area (blue dashed rectangle) is the area selected to determine the fluorescence intensity 

of the particles. The pressure flow is from bottom to top. The DEP force shows the 

repulsion of the particles from the valve by negative DEP.. 

 

 After introducing the two main experimental scenarios in Figure 13, the 

experimental results can now be discussed in detail. Figure 14a-c show the iDEP trapping 

behavior of the 0.87 𝜇m polystyrene beads for various applied potentials (experimental 

conditions summarized above).  

  From Figure 14a-c, we can see that from 100-500 V there seems to be some or no 

particle trapping for each tested applied vacuum and valve. However, after gradually 

increasing the voltage from 600-1000 V, the 0.87 𝜇m PS particles started to concentrate 

near the measured area. The gradual increase leading to particle concentration after 500 V 
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can be explained by the DEP force acting on the particles being large enough to start 

trapping the particles at 600 V.  

 Continually, the largest particle concentration is observed at a pneumatic pressure 

of 75 mbar. This was noticed for the three valves tested (15, 25, and 75 𝜇m). On the other 

hand, applying a pneumatic pressure of 25 mbar resulted in less particle trapping for the 

three valves tested. This outcome can be explained by the different particle repulsions 

achieved from the created electric field gradients at the pneumatic pressures of 75 and 25 

mbar. The lower pneumatic pressure (25 mbar) invokes larger electric fields (small dgap), 

repelling the particles further away from the measured area (blue dashed rectangle), 

overcoming the PDF. Compared to the electric field gradient generated by the gap 

distance at an applied vacuum of 75 mbar, the electric field gradient is estimated to be 

lower due to the larger dgap reached. An example of the relationship between dgap and 

electric field gradient is summarized in Figure 9b. It is important to notice that the PDF 

also plays a role in the observed particle concentration since the flow rate becomes 

smaller at a valve actuated at 25 mbar, streaming fewer particles into the channel. On the 

other hand, the particle flux increases by actuating the valve at 50 and 75 mbar. 
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Figure 14. Fluorescence intensity variations versus different applied pressures. The 

intensities refer to the brightness of the polystyrene beads trapped at a selected region on 

the channel measured. The fluorescence intensity of the particles was measured near the 

perimeter of the valve. (a) The width of the stem valve is 15 𝜇m. (b) The width of the 

stem valve is 25 𝜇m. (c) The width of the stem valve is 75 𝜇m. The error bars are the 

average intensity measurements of two different devices. The valve was actuated three 

times. 

 

4.4.Conclusion and Future Work 

 A microfluidic device with a normally closed valve was presented for the fine-

tuning of the electric field gradient. The valve tunability was demonstrated by a 

numerical model indicating that at lower 𝑑𝑔𝑎𝑝 the electric field increases. The numerical 

model results were compared to different electric field gradient models from the literature 

to manipulate bioanalytes. In addition, a pressure study was realized to understand the 

tunability of the valve with respect to the vacuum applied to the system. Finally, a proof 

of principle experiment demonstrated the fine-tuning of the electric field gradients to 

manipulate polystyrene beads by nDEP.  

In the future, more experiments need to be developed to test the separation 

capabilities of this microfluidic device. Furthermore, new microfluidic devices can be 

designed by applying the pressure studies presented in this chapter. Finally, further 

studies need to be conducted to reach the nm gap distance when actuating the valve. 
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Reaching nm gap distances on demand will be crucial for separation science since one 

microfluidic device will be tunable for different analytes. The ability to fine-tune the 

fields in a microfluidic device will be cost-effective since one device can be tested for 

multiple analytes. Finally, manipulating small-size analytes by DEP will be achieved 

without applying high electric potentials.  
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CHAPTER 5 

CONCLUSION AND FUTURE DIRECTIONS 

 In summary, two microfluidic platforms were presented for the manipulation of 

particles. In Chapter 3, the ratchet device demonstrated the separation of 0.27 and 0.87 

𝜇m PS particles. The large particles demonstrated ratchet migration, and the small 

particles demonstrated normal migration, effectively steering the two particle species into 

opposing directions. The large particle showed some deviation from the numerical model. 

This systematic error can be attributed to the fact that the PDF was not the same 

throughout experimentation. However, the ratchet migration was in good agreement with 

the numerical model showing that by increasing Udc, the average velocities of the large 

particles decrease. It was noted that changing Uac_1 did not affect the increase or decrease 

in average velocities. The small particles showed good agreement with the numerical 

model. It was noted that the velocities of the particle increase when increasing Udc. In 

addition, different ratchet designs were introduced for high throughput separation. In the 

future, the new ratchet design will be tested experimentally with beads and mitochondria. 

Numerical models will be adapted to aid in the experimental work. This work is crucial in 

developing high throughput microfluidic devices for separating organelles by size for 

biomolecular assessment. 

 Chapter 4 introduces a normally-closed valve that acts as an insulating dynamic 

constriction when applied to an electric potential. This chapter demonstrated the 

tunability of the valve and the electric field gradients by a COMSOL model and 

experimental work. The model demonstrated the tunability of the gradients by calculating 

the electric field gradient of different 𝑑𝑔𝑎𝑝 in a range from 0.1 to 10 𝜇m. Similarly, two 



  42 

pressure studies were conducted to understand the tunability of the valve experimentally. 

The first study demonstrated that higher aspect ratios required less vacuum to actuate the 

valve. The second study estimated the 𝑑𝑔𝑎𝑝 reached by different valves at certain vacuum 

pressures by correlating fluorescence intensities with distances achieved by the valve. 

Finally, the electric field gradient tunability was investigated by manipulating particles by 

iDEP at different pressures and potentials. The experiment demonstrated electric field 

tunability by the actuation of the valve. In the future, we aim to manipulate a PS bead 

mixture and biomolecules. In addition, new valve geometries will be explored to fine-

tune the dgap to reach nm distances. In summary, this thesis presents microfluidic 

platforms for the manipulation of analytes that in the future will aid in developing a new 

tool for analyte manipulation by DEP. 
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APPENDIX A 

COMSOL SIMULATION DETAIL FOR CHAPTER 4 
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Items Variables Detailed Description 

Parameter  Electric Potential, 

V0 

25 V, Calculated from (1000 V/cm)(0.025 

𝜇m)=25 V 

 Electrical 

conductivity, 𝜎 

0.03 [S/m] 

 Relative permittivity 80.2 

 Dynamic viscosity 0.001158 [Pa*s] 

 Density 997.0479[kg/m3] 

Geometry Mesh: Extremely 

Fine 

 
 

 

 

 

 

 


