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ABSTRACT 

Ac Electrohydrodynamic Phenomenon in 2D and 3D Microelectrodes 

Raphaela Kethlim Souza Silva 

 

Alternating current electrohydrodynamics (ac-EHD) has been reported as a promising 

technique for enhancing sensor performance by the intimate mixing of the analyte 

solution at the electrode surface. The lateral fluid motion created by the ac-EHD 

phenomenon can be tuned by changing the frequency, voltage, and electrode geometry. 

To date, various studies have been conducted on the use of 2D electrodes based ac-

EHD devices for sensor applications. However, the use of 3D electrodes may provide 

better fluid mixing as compared to the 2D electrodes due to the high surface area of the 

electrodes. To test this hypothesis, 2D and 3D microelectrodes with different sizes were 

designed and fabricated for ac-EHD studies using standard lithography and etching 

processes. Previous methods to achieve 3D microstructures and common issues faced 

during fabrication are also discussed.  

The lateral fluid motion created by the 2D and 3D electrodes after the application of 

different voltages and frequencies was analyzed by tracking the motion of fluorescent 

beads present in the mixing fluid.  Fluorescence microscopy technique was used to 

capture videos of the movement of fluorescent beads in the fluid. The videos were 

analyzed using ImageJ to calculate the speed of fluorescent beads in the case of 2D and 

3D electrodes. Furthermore, a different pattern of the fluid motion was observed in the 

case of 3D electrodes, which highlights the complex fluid movement in the case of 3D 

electrodes as compared to the 2D electrodes.   
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Chapter 1 

Introduction and Literature Review 

1.1 Biosensors 

Biosensors are devices applied to detect the presence or concentration of a biological 

target. The three main elements of a biosensor are shown in Figure 1.1.1. The sample, 

containing the analyte to be detected, interacts with the transducer element, 

functionalized with a bioreceptor unit specific to the analyte. Upon a binding event 

between analyte and bioreceptor, a transducer signal (e.g., the current in an electrode) 

is generated and processed by an electronic system. 

 

Figure 1.1.1: Elements of a biosensor. Adapted from [1]. 
 
If we focus on the interface between sample and transducer, one crucial aspect is how 

these target elements are transported from the bulk fluid (here considering a sample in 

the liquid form) to the transducer. It was suggested that analyte transport, and not only 

the signal transducer, could be one of the key factors hampering the detection limit [2]. 
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A reduced concentration of specific analytes in the sample could increase the response 

time of the sensor due to the slow diffusion of the analytes toward the electrode surface 

[3]. 

One way of overcoming the diffusion limit is through the application of an electric field 

to induce a fluid motion which speeds up the  interaction of the analyte on the electrode 

surface.  

1.2 Electrokinetics 

Electrokinetics includes a group of phenomena where fluid motion is observed upon 

the application of an electric field [4]. The effect is the result of the iteration between a 

charged interface and the surrounding medium. In biosensing, dielectrophoresis, 

electrothermal, and electroosmosis are among the techniques that have been explored 

to manipulate biological analytes [5-8]. The preference for alternative current-induced 

fluid flow over its direct current counterpart has been observed due to the ability to 

operate at lower voltages [9], making it suitable for biomolecules manipulation. A brief 

introduction to the phenomenon mentioned above is as follows. 

1.2.1 Dielectrophoresis (DEP) 

Dielectrophoresis is an electrokinetics phenomenon observed in non-uniform electrical 

fields [10, 11]. The difference in polarizability between the uncharged particles and the 

fluid is the fundament for the movement of particles. Depending on the relative 

polarizability of the particle with respect to the fluid, the particle might move toward 

the region of high electric field gradient (positive DEP, Figure 1.2.1) or away of the 

electrode edge (negative DEP). Some typical applications are the separation [12-14] 

and sorting [15, 16] of particles. 
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Figure 1.2.1: The figure shows a schematic of a polarizable cell in the presence of a 
uniform (A) and a non-uniform (B) electric field. In the presence of a non-uniform 
electric field, the cell experience a net force, and it is pushed towards the direction of 
high electric field gradient (positive DEP). Adapted from [17]. 

 
1.2.2 Alternating Current Electrothermal (ACET) 

Electrothermal induced forces arise from the interaction of a temperature gradient in 

the bulk region of a fluid with a non-uniform ac electric field [18]. The temperature 

gradient (Figure 1.2.2), which induces the free charges density and therefore, the fluid 

motion, can be generated directly by the electric field (joule heating) [19] or external 

sources [20]. The phenomenon is observed at high frequencies (>100 Khz) [21], and 

also depends on high fluid conductivity.  

1.2.3 Alternating Current Electroosmosis (ACEO) 

Different from the electrothermal phenomena, ac electroosmosis relies on the formation 

of an electrical double layer at the electrode-electrolyte interface [22, 23]. Upon the 

application of an ac field, the induced free charges experiment a force due to the 

interaction with the tangential component of the electric field. Different types of fluid 

motions can be obtained by using different combinations of electrode geometry. For 
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instance, it has been shown that local asymmetry is required to induce a directional net 

motion [24]. 

 

 

Figure 1.2.2: The figure shows a schematic of a temperature gradient in the bulk region 
of the fluid. Adapted from [5]. 
 

1.3 Alternating Current Electrohydrodynamics (ac-EHD) 

Upon the application of an altermating current, electrohydrodynamic forces arise from 

a viscous drag on the particle [4]. In ACET and ACEO, the motion of the particles is 

not caused by direct interaction with the electric fields, as occurs for DEP. Instead, the 

movement of free charges affects the surrounding medium, dragging with it the 

particles immersed in the fluid. The magnitude of these forces can be tuned to suppress 

dielectrophoresis and other electrokinetics forces. For instance, at low frequencies 

(typically below 10 KHz) ACEO dominates, while DEP is dominant for frequencies at 

the 10 MHz range or in low conductive medium [25]. A brief discussion about the 

mechanism of the forces in alternating current electrohydrodynamics follows. From this 

point, our focus relies on the electroosmosis forces generated by the 

electrohydrodynamic phenomenon. 
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1.3.1 Alternating Current Electrohydrodynamics Forces Mechanism  

The fluid flow induced by electrohydrodynamic forces has origin in the interaction 

between the electric field and the free charges in the double layer [26]. The application 

of an external potential induces a redistribution of ions close to the electrode surface. 

These charges experience a Coulomb force F, proportional to the charge density and 

the tangential component of the electric field. Within this double layer, the 

concentration of ions is high enough to move the surrounding fluid with them [22]. In 

case of an alternating potential, the charge on the electrode surface and the induced 

double-layer alternate every half cycle. Therefore, the direction of F remains constant 

(Figure 1.3.1). 

The phenomenon is highly dependent on the ac parameters, frequency, and voltage 

[27]. At high frequencies, no flux is generated because an electrical double layer can 

not be formed [28].  

 

Figure 1.3.1: The figure shows a schematic of the electrohydrodynamic phenomenon. 
The black boxes on the electrodes represent the free charges on the double layer. The 
interaction of the free charges in the double layer with the tangential component of the 
electric field (Et) induces a lateral force. Due to the asymmetry, larger forces are 
induced on the larger electrode, which dictates the direction of the fluid, moving 
towards the larger electrode. Adapted from [29]. 
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1.3.2 Alternating Current Electrohydrodynamics Applications in Biosensors 

The forces induced by alternating current electrohydrodynamics has been widely 

explored in biosensor devices due to its tunable properties [9, 29-32]. By selecting the 

appropriate electrode geometry, applied voltage, frequency, and media conductivity, 

the phenomenon can be better adapted for a specific application and biological specie.  

The application of an ac-EHD microfluid device led to the detection of Entamoeba 

histolytica antigens in a five minutes bioassay (capture and detection) [33]. Conversely, 

current widespread methodologies time ranges from 30 min to 2 h.  Similarly, a 13-fold 

improvement in the detection time was reported for cancer biomarkers [34]. The 

reduction in the bioassay time does not affect the sensor sensitivity. In fact, a 200-fold 

improvement in sensitivity was obtained [34]. 

The ability to tune the alternating current electrohydrodynamic forces was explored  for 

selective detection of breast cancer cells in diluted blood [35]. The induced motion 

displaces the week non-specific bound molecules or cells while enhancing the capture 

of target molecules due to the increase of collisions between these molecules and the 

electrode. Under optimal conditions (1 kHz and 100 mV), the application of the 

alternating potential to asymmetric planar and microtip electrode pairs resulted in a 4-

fold decrease in nonspecific adsorption, while kept an efficiency of approximate 87% 

[35]. 

Similarly, the removal of non-specific carboxyl-modified fluorescent beads (Figure 

1.3.2) was observed with the application of forces induces by ac-EHD [30]. Different 

electrodes designs were analyzed. For instance, the asymmetric electrodes with edge to 

edge distance of 1000 µm between inner and outer electrode resulted in maximum 
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capture of specific particles (streptavidin-modified fluorescent beads), in comparison 

with similar devices with distances of 200 µm and 50 µm. 

 

Figure 1.3.2: The figure shows snapshots of a realtime experiment where it is possible 
to identify the capture of specific beads (green) and the physical displacement of the 
non-specific red beads. Adapted from [30]. 

 
1.4 Thesis Outline 

Herein, the main goal of the present study is a comparison between 2D and 3D 

electrodes, analyzing how their different geometries affect alternating current 

electrohydrodynamics induced forces. Fluid motion is characterized by tracking 

fluorescent beads immersed in a phosphate-buffered solution. 

This thesis is divided into four chapters: 

Chapter 1 provides an introduction about the diffusion limit in biosensors and 

motivation for the application of electrohydrodynamic induced forces on these devices.   
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Chapter 2 discuss the design and fabrication of 2D and 3D electrodes, standard 

methods applied to obtain 3D microstructures, and some challenges faced during the 

fabrication of the devices. 

Chapter 3 describes the experimental setup and discuss the result obtained for the 

different electrodes geometries, including an exciting non-predicted motion for the 3D 

devices. 

Chapter 4 summarizes the results obtained in this work. Future work is discussed in 

the scope of prospective applications and remaining challenges. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

19 

Chapter 2 

Fabrication of ac-EHD Devices 

 

2.1 Three Dimensional Electrodes 

 

The need to improve electrodes' performance in sensors and devices has led to different 

modifications in their material and design. In this context, three-dimensional electrodes 

have been used for different applications, such as energy storage [36-39], neural probes 

[40-43], and biosensing [44-46]. A variety of fabrication techniques have been explored 

to achieve the third dimension, which presents a series of advantages in comparison 

with traditional 2D electrodes.  

One traditional method to fabricate these 3D devices is based on etching inside a bulk 

substrate, commonly a silicon or glass wafer. A combination of dry anisotropic and 

isotropic etching was applied to a silicon substrate to achieve tips structures of 63.8 µm 

height in [40]. A thick 4.2 µm layer of photoresist is used to mask the electrode and 

etch the top silicon layer of a Silicon on Insulator wafer.  

A noticeable feature in their fabrication method is the use of sacrificial pillars (Figure 

2.1.1). They surround and protect the main electrode, which obtains a scalloped profile.  
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Figure 2.1.1: (A) Microtip and sacrificial pillars. (B) An alternative process to 
maintain the sacrificial pillars. Adapted from [40]. 

A similar fabrication method is applied in [35]. Microtips of approximate 85 µm height 

and 150 µm base diameter were created by a photolithographic process. A 25 µm layer 

of SU-8 2025 photoresist is patterned on top of a silicon wafer and used as a mask to 

etch through the semiconductor material. The cone-like microtips (Figure 2.1.2 B) 

created by Deep Reactive Ion etching (DRIE) are part of a microfluid device (Figure 

2.1.2 A).  

The application of an ac signal to the electrodes in the microfluidic channel creates a 

tunable fluid motion, observed in the proximities of the electrode surface. The forces 

created by the hydrodynamic phenomenon resulted in a considerable reduction in 

nonspecific adsorption of cells in diluted blood. The authors believe that the presence 

of these microtips creates a complex fluid mixing due to the generation of non-uniform 

local forces.  

A B 
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Figure 2.1.2: (A) Schematic of a microfluid device. (B) Silicon microtips. Adapted 
from [35]. 

 
In other applications, such as drug delivery and neural tissue stimulation, penetrating 

microelectrodes are required. This fact motivates the need for the fabrication of sharp 

microneedles. One way to achieve these structures is by a combination of dicing and 

wet etching. In [47], an initial dice creates square silicon shanks (Figure 2.1.3 A), 

subsequently sharped by HF and HNO3 isotropic wet etching (Figure 2.1.3 B). 

Figure 2.1.3: (a) Square silicon shanks and (b) sharp microneedles after isotropic wet 
etching.Adapted from [47]. 
 

A B 

B 

A 
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Going beyond photolithography and traditional etching processes, computer-aided 

technologies emerged with the advance of 3D printers. Techniques, such as selective 

laser melting (SLM), fused deposition modelling (FDM), and stereolithography, allow 

the fabrication of computer-aided designs (CAD) in a variety of materials.  

However, 3D printing, also known as additive manufacturing (AM), presents a series 

of limitations such as high cost, low speed, and surface roughness [48, 49], which 

makes difficult the adoption of these techniques by the industry. 

After a thorough review of previous methods, we selected an isotropic variation of  

DRIE for our purpose. 

2.2 Electrodes Design 

Previous electrohydrodynamics studies demonstrated that symmetric planar electrode 

arrangements do not generate directional fluid flow [23, 24]. Instead, localized fluid 

vortices are produced in the vicinity of the electrodes’ surface (Figure 2.2.1 A). 

Lateral fluid motion over broken symmetry (Figure 2.2.1 B) was first suggested and 

theoretically derived by [24]. Later on, net fluid flow was observed in a pair of 

electrodes, moving from the small to the large electrode, due to stronger forces on the 

latter [22, 35]. 
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Figure 2.2.1: (A) Diagram showing local vortices created in symmetric planar 
electrodes. (B) In contrast, net lateral motion is created in an asymmetric pair of 
electrodes. Adapted from [23]. 

 
Herein, we designed two different asymmetric electrodes, where the distance between 

the inner and outer electrodes varies between 50 µm and 1000 µm (Figure 2.2.2). We 

fabricated and compared 2D and 3D electrodes, where the latter is characterized by a 

single tip centered in the inner electrode (Figure 2.2.3). 

In order to fabricate these devices, three different masks were designed in L-edit V15 

from Tanner Research. The first one consists of circles with 150 µm diameter, 

positioned in the center of the inner electrode, and it is used to obtain the microtips. 

The second one contains the three device patterns, and it is used during the metallization 

process. The third mask is designed to isolate and protect all the non-essential areas. 

By essential areas, one should understand the electrode pads, input for the ac signal, 

and the electrode top area, where the net flow occurs. In the case of 2D devices, just 
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the second and third masks are necessary. These patterns are transferred to three chrome 

masks by direct laser writing (Heidelberg Instruments uPG501). 

 

 

 

 

 

Figure 2.2.2: (A) Electrode design. (B) Enlarged view of circular electrodes, in detail 
(a), diameter of the inner electrode (250 µm), (b) tip diameter (150 µm), (c) width of 
the outer electrode (30 µm) and (d) edge to edge distance. This one varies between 50 
µm and 1000 µm, according to the specific design. 
 

 

 

 

Figure 2.2.3: Schematic of a 3D electrode. In detail, the microtip in the inner electrode. 
The 2D device presents similar geometry, with the only difference being the flat inner 
electrode (no microtip in this case). 

 
2.3 Device Fabrication 

2.3.1 Fabrication of 2D devices 

A schematic of the photolithography process for the fabrication of 2D devices is 

depicted in Figure 2.3.1. Initially, 4-inch silicon wafers are cleaned for 20 min by 

immersion in a solution of sulfuric acid and hydrogen peroxide (piranha cleaning). 

a 

b 
c 

d 

A B 
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Following, 1 µm thick layer of silicon dioxide is deposited  by plasma-enhanced 

chemical vapor deposition (PECVD). The wafers are spin-coated with a 1.6 µm thin 

layer of AZ5214E and baked for 2 min at 110˚C. Ultraviolet light exposure is carried 

out through a mask aligner  with exposure dose of 1800 mJ/cm2 before the wafers are 

developed for 1 min in AZ700, rinsed in deionized water, and dried by nitrogen flow. 

The residual photoresist is removed by 30 s of oxygen plasma cleaning. 

Next, 10 nm Titanium and 200 nm gold layers are deposited by e-beam evaporation to 

create conductive pathways. The metallization process is followed by acetone lift-off 

carried overnight. Sonication breaks the released metal into small particles and reveals 

the asymmetric electrodes pattern. 

Finally, the last photolithography isolates the non-working areas of the electrode, 

exposing only the connection pads and top area of the electrodes. This time a 2 µm thin 

layer of AZ2020 photoresist is spin-coated over the wafer, following the same recipe 

used for AZ5214E. Ultraviolet light exposure is carried out through a mask aligner (80 

mJ/cm2), and in this case, the wafer is baked for more 2 min at 110˚C, before it is 

developed for 1 min in AZ726 developer. Finally, the wafer is rinsed in deionized water 

and dried by nitrogen flow. The last oxygen plasma is carried before the wafer is sent 

for dicing.  
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Figure 2.3.1: Schematic of fabrication of 2D Devices. The bare silicon wafer in (A), is 
covered by 1 µm of silicon dioxide (B) and 1.6 µm of AZ5214E photoresist (C). UV 
exposure through the second chrome mask (D) transfer the electrode patterns. A 10 nm 
of Titanium and 5 200 nm of gold are deposited by ebeam evaporation (E) and an 
overnight lift-off removes the excess metal out of the pattern (F).  A last 2 µm of 
AZ2020 photoresist is deposited (G) and UV exposure through the third chrome mask 
(H), followed by developing, covers the whole wafer but the pads and electrode top 
area (I).  

 
2.3.2 Fabrication of 3D devices 

The fabrication of 3D devices is similar to the process applied for 2D devices but 

requires a previous extra step to obtain the microtip. A schematic of the microtip 

fabrication is depicted in Figure 2.3.2. 

A 
Silicon wafer 
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Figure 2.3.2: Schematic of microtip fabrication.  The wafer, first cleaned by Piranha 
solution (A) is covered by 800  nm of silicon dioxide (B) and 1.6 µm of  AZ5124E 
Photoresist (C). Following, UV exposure through the first chrome mask (D) patterns 
the wafer with photoresist circles after developing. The non-covered oxide is etched to 
reveal the same pattern (E). Together, oxide and photoresist work as a hard mask during 
DRIE to obtain the tip structures (F). Scanning Electron Microscope  
(SEM) images of tip structures are shown in (H-J). 

Initially, 4-inch silicon wafers are cleaned for 20 min by immersion in a solution of 

sulfuric acid and hydrogen peroxide (piranha cleaning), followed by an 80 nm silicon 

dioxide chemical deposition. Photoresist circles of 150 µm are deposited on top of the 

oxide layer by repeating the same recipe with AZ5214E up to oxygen plasma. 

The remaining silicon oxide not covered by photoresist is removed by plasma etching 

to reveal the same circle pattern also in the oxide layer. The oxide, along with the 

photoresist, behaves as a hard mask to etch the tip structures.  
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2.3.3 Etching 

A standard Deep reactive-ion etching (DRIE) process utilizes a combination of gases, 

such as SF6 and C4F8. The latter provides the passivation layer, which creates verticals 

sidewalls (Figure 2.3.3). In our case, we introduce SF6 alone to etch the silicon slowly. 

Without oxygen, the process loses its anisotropic nature and makes it possible to obtain 

cone-like structures instead of pillars. 

In a non-passivated DRIE, the tips structures are generated by scaled shape functions 

(Figure 2.3.4). Fixing other process variables (RF power, chamber pressure, chamber 

temperature, and others), etching time becomes a key parameter. 

 

Figure 2.3.3:  Schematic of a passivated plasma etching process. C4F8 provides the 
passivation layer, protecting the structure from excessive etching bellow the photoresist 
mask and allowing the formation of vertical sidewalls. Adapted from [50]. 
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Figure 2.3.4:  Schematic of a non-passivated plasma etching process. The bottom part 
indicates a previous passivated process, creating vertical sidewalls. In the absence of a 
passivation layer, scaled shape functions allow sharping the structure. Adapted from 
[51]. 

In order to determine the etching time, the wafer is diced to obtain 18 samples, each 

one containing an oxide pattern. The samples are fixed on top of a 4-inch carrier wafer 

using a small drop of AZ5214E photoresist. Initially, optimum results were obtained 

with 30 min.  

We carried one batch fabrication with this parameter and analyzed the tip structures 

with a scanning electron microscope (Figure 2.3.5). The results indicate the tips are not 

completely etched, and also reflect a factor not taken into consideration before:  non-

uniformity of the etching process. 

The dependence of the etch rate on the amount of material to be etched is usually 

referred to as the loading effect [52, 53]. The increased pattern density of the 4-inch 

wafer (in comparison to the single pattern used during optimization) decreases the 

etching rate. Therefore, a different etch profile was observed. 

 

 



 

 

30 

 

 

Figure 2.3.5: Scanning Electron Microscope images of 3D devices for 30 min (A,B) 
and 35 min (C,D). The results indicate the need for more etching. 

Etch rate non-uniformity is a well-known problem in deep reactive ion etching [54, 55]. 

In an attempt to better represent the pattern density of the wafer, we defined a control 

sample method. In this case, a whole 4-inch silicon wafer is fixed on top of an 8-inch 

carrier wafer. Two samples from another wafer previously prepared under the same 

fabrication process are placed on the sides of the 4-inch wafer (Figure 2.3.6).  

 

 

 

A B 

C D 
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Figure 2.3.6: Schematic of control sample method. The 4-inch wafer is fixed on top 
of an 8-inch carrier wafer, along with two single samples used for control. 

To estimate the etching profile of the structures on the 4-inch wafer, we analyze just 

the control samples, which are easy to remove from the carrier wafer and do not 

require another dicing. 

However, even though the pattern density in this scheme is closer to what we have in 

the 4-inch wafer alone, a different etch rate can be seen when comparing the wafer with 

the control sample (Figure 2.3.7). 

On the top right of the two images, an optical microscope image is displayed. It is clear 

that the difference in profiles observed in the SEM can also be easily identified on the 

optical microscope. Image the devices using SEM takes time, requires dicing, and it's 

expensive. On the other hand, a brightfield microscope does not require any dicing or 

other kind of sample preparation. 
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Figure 2.3.7: Results from control sample method. Different etching patterns are 
observed between the control samples (A) and the wafer (B) due to pattern density. The 
results are for 35 min etching. 

Therefore, we decided to improve the etching time further, estimating the etching 

profile from optical microscope observations. Spatial non-uniformity was observed 

when analyzing the entire wafer. Previous studies addressed pattern density as one of 

the causes for this variation, with higher etching rates in the center of the wafer, in case 

of low pattern density [54]. 

In an attempt to decrease spatial variations, we designed a new set of masks where the 

A column is mirrored (Figure 2.3.8 B). This brings the 50 µm devices closer to the 

middle area. The result indicates less variation in the center of the wafer. 
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Figure 2.3.8: Optical microscope images of the entire wafer. (A) The original configuration 
displays a high etch non-uniformity across the wafer. Only five out of the eighteen tips 
exhibit the preferred etch profile. (B) A new set of masks where the A column of devices 
is mirrored resulted in more etch uniformity. In this case, nine out of the eighteen tips 
display the preferred etch profile. 
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Chapter 3 

ac-EHD Induced Fluid Motion  

To create the fluid motion, the small and big electrodes are connected to a signal 

generator (Agilent 33510B waveform Generator, Agilent Technologies) via their gold 

pads. The device is placed inside an acrylic holder to avoid displacement (Figure 3.1.1 

A), and a PDMS chamber of 0.4 mm thickness and 4 mm diameter aperture is placed 

on top of the electrode working area to create a small reservoir (Figure 3.1.1 B). This 

reservoir is filled with 15 µl of a Phosphate buffer solution spiked with fluorescent 

particles (carboxyl functionalized Suncoast yellow fluorescent microsphere, average 

size 0.97 µm, 2 x 109 beads per ml, dissolved in 1mM PBS). A glass coverslip is placed 

on top of the solution to seal the chamber. 

The acrylic holder, carrying the device, is placed under an optical microscope (ZEISS, 

Axio Examiner.D1) equipped with a dual bandpass filter set (ET-FITC/CY3) and a 40X 

objective.  The fluid motion is captured by a camera (Blackfly S, BFS-U3-70S7C-C, 

51 fps) connected to the upright microscope by a c-mount adapter (Figure 3.1.2). The 

video recorded during the experiment is transferred to a computer and processed 

offline. 

 

Figure 3.1.1: (A) Acrylic holder design to place the device under the microscope. (B) 
In detail, the PDMS chamber deposited on top of the device to create a small reservoir. 

A B 
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Figure 3.1.2: The figure presents a real picture of the setup utilized during the 
experiments. Highlighted, the function generator, camera, and fluorescent microscope. 
On the left side, a zoomed image shows the acrylic holder carrying the device and the 
crocodile connectors utilized to connect the electrodes to the function generator. At the 
bottom, a microscope image of the fluorescent beads already placed on top of the 
device. 

3.2 Characterization of Fluid Motion  

In all videos, a lateral fluid motion was observed from the inner to the outer electrode 

(Figure 3.2.1 – 3.2.4). Upon the application of the ac  signal, an electrical double layer 

is created in the vicinities of the electrode surface. The product of the induced charges 

in the double layer with the tangential component of the electrical field results in a force 

perpendicular to the electrode. The geometric asymmetry generates larger forces in the 

outer electrode, dictating the motion direction. The red fluorescent beads are dragged 

by fluid viscosity. To characterize the fluid motion, we estimate the average maximum 

speed of the fluorescent beads.  
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Figure 3.2.1: The figure highlights three particles position moving in an interval of 
three seconds. Here, the lateral movement is observed on a 2D device, and the distance 
between the inner and outer electrode is equal to 1000 µm. At this distance, the outer 
electrode is not in the microscope field of view. 

 

Figure 3.2.2: In this figure, the same lateral movement is observed on a 2D device, but 
in this case, the distance between the inner and outer electrode is equal to 50 µm. Again, 
three particles are highlighted in a 3 s interval. 
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Figure 3.2.3: This figure shows the fluorescent beads moving on top of a 3D device, 
where the distance between the inner and outer electrode is equal to 1000 µm. For the 
3D case, it is possible to identify a different structure on the inner electrode. Here, the 
microtip does not appear very clear because the focus is kept on the electrode surface. 

 

Figure 3.2.4: This figure highlights the lateral motion of three particles over a 3D 
device in an interval of 3 s. The distance between the inner and outer electrode, in this 
case, is 50 µm. 
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In order to analyze the videos, Fiji software (along with the plugin Trackmate) was 

utilized to characterize the electrohydrodynamic phenomenon. The plugin segments the 

fluorescent spots in the dark background and link their position at each frame, 

generating a track. A series of information can be generated about the fluorescent 

particles. Here, we analyze the maximum velocity occurring in a track, and how this 

varies depending on the design characteristic and experiment parameters  

(frequency and voltage).  

Once Trackmate is initialized, the first screen shows initial coordinates and calibration 

settings. We proceed without any calibration, which means the results obtained are not 

presented in SI units, but in terms of pixels and frames.  

Following, two parameters are required to tune the detector. The estimated blob 

diameter refers to the approximate size of the fluorescent beads, while the second 

parameter, threshold, works as a quality value filter. In this case, every spot with a 

quality value below the threshold is not detected as a particle. Different combinations 

were tested, from which 17 and 1, respectively, showed the best overall results. (Figure 

3.2.5). 

Next, the tracker settings determine how the particles are linked into tracks. We keep 

the linking max distance and gap-closing maximum distance to their default value, 15 

pixels, and modify the gap-closing max frame gap to 0 pixels. Figure 3.2.6 shows a 

preview of the estimated tracks. 

Following, we apply a displacement filter to eliminate small tracks, and a set of X and 

Y locations filters, to analyze only the tracks concentrated around the inner electrode. 

Figure 3.2.7 shows the final results. The tracks color ranges from dark blue to red, 

depending on their starting time.  
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Figure 3.2.5: Fluorescent beads detected by Trackmate appears as a purple circle.  

 

Figure 3.2.6: The beads are linked into tracks, here displayed in yellow. 
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Figure 3.2.7: The tracks are filtered by length and location. In the image, the track 
color varies from dark blue to red, depending on their starting time. 

Once the program completes the tracking, we convert the average velocity data from 

pixels/frame to µm/s multiplying the results by the conversion term Ipx 

𝐼"# =
𝐶"#
𝑂'()

∗ 𝐹, 

Where Ipx is the image pixel size, Cpx is the camera pixel size (4.5 µm), Omag is the 

objective magnification (40 X), and Fr is the frame rate (51.28 fps obtained by ImageJ). 

3.3 Alternating Current Parameters 

Initial experiments showed the best overall results when the ac signal is adjusted for 4 

V and 100 Hz. Experiments with 50 µm 2D devices showed that at a fixed frequency 

of 100 Hz, changing the voltage to 3 V does not result in a fluid motion, and the particles 

remain floating in the solution under Brownian motion. At 3.5 V the particles move 

slightly slower in comparison to the initial 4 V. At 5 V or above, we observed 

electrolysis and bubble formation after 1min.  
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Similarly, keeping the voltage fixed at 4 V and increasing the frequency to 500 Hz and 

to 1000 Hz reduces fluid motion in comparison to 100 Hz. 

 

Figure 3.3.1: The graph shows the average track maximum speed for different ac 
parameters in the 50 µm devices. The adopted value for the experiments is 4 V and 100 
Hz. At higher voltages we observed electrolysis after 1min of the experiment. At lower 
voltages, the particles move slightly slower, and no significant movement was observed 
bellow 3.5 V. Higher frequencies also resulted in lower velocities in comparison to the 
100 Hz adopted. 

3.4 Design Comparison 

In a first approach, we averaged the track maximum speed over the entire video 

duration, approximately one min. Comparing the results obtained for 50 µm and 1000 

µm (distance between inner and outer electrode), higher velocities were observed in the 

first case (Figure 3.4.1). This result is in accordance with previous work, where higher 

speeds are achieved for smaller electrodes [27]. 
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Figure 3.4.1: The figure shows the average track maximum speed obtained for the two 
electrode geometries (50 µm and 1000 µm), also comparing 2D and 3D devices. 

Interestingly, when we further analyzed different time windows of the video, initially 

0 – 10 s and 10 – 20 s, we observed that the speed increases with time. Expanding the 

time window, this time 0 – 30 s and 30 – 60 s, similar time-dependent velocity was 

observed for 2D (Figure 3.4.2) and 3D (Figure 3.4.3) devices. 

 

Figure 3.4.2: Average track maximum speed for 2D devices (50 µm) analyzed at 
different time windows.  

0

20

40

60

80

100

50 𝜇m 1000 𝜇m

Av
er

ag
e 

tr
ac

k 
m

ax
im

um
 sp

ee
d

µ
m

/s
 

2D
3D

0

20

40

60

80

100

120

Total (0 s - 60 s) 0 s - 10 s and 10 s - 20 s 0 s - 30 s and 30 s - 60 s

Av
er

ag
e 

tr
ac

k 
m

ax
im

um
 sp

ee
d

µm
/s

 



 

 

43 

 

Figure 3.4.3: Average track maximum speed for 3D devices (50 µm) analyzed at 
different time windows.  

Especially for 50 µm devices, the average maximum velocity is substantially higher 

during the second 30 s of video, in comparison to the first 30 s for the same device. 

Similar results were obtained for 1000 µm, but in this case, a slight increase in velocity 

was observed. We believe this is due to a larger potential gradient on the electrode with 

smaller spacing. 

Previous studies applying similar electrodes geometries [30, 31] do not report a time-

dependent velocity. The maximum velocity of thirty beads is averaged to obtain an 

estimate for particle velocity in [31]. The authors compare different designs and ac 

parameters, but no analysis was carried out about how the velocity evolves with time. 

A similar analysis was conducted in [30]. They study the effect of electrode geometry, 

voltage, and frequency on the induced fluid motion (and consequently beads velocity), 

but do no report more details about the experiments or the presence of a time-dependent 

velocity.  

The same was noted for different geometries, such as the arrays of asymmetric 

interdigitated electrodes in  [27] and parallel plates in [56]. In the latter one, the flow 
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rate variation over the electrode surface was studied, characterizing stagnation points 

and areas of larger speed. However, the study also did not consider a velocity scaling 

in time.  

To the best of our knowledge, this is the first time that time dependency in ac-EHD is 

experimentally reported for asymmetric electrodes. The importance of these results is 

strongly related to more accurate and trustworthy analyzes. The comparison between 

different designs and parameters might show contradictory results if different time 

windows are compared.  

3.5 Particle Spinning in 3D Devices  

Despite the similar particle velocities obtained for 2D and 3D devices, in all 3D 

electrodes, an exciting feature was observed. The particles, besides moving laterally 

towards the outer electrode, also appear to rotate (Figure 3.5.1, 3.5.2).  

 

Figure 3.5.1:  The figure shows a schematic of the movement of particles in 2D (A) 
and 3D (B) devices. 

A B 
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Figure 3.5.2:  The figure shows the rotation of a particle (highlighted in A) in a 3D 
device (50 µm). 

 

Particle rotation is usually obtained through the use of Janus particles, asymmetric 

particles that are chemically or physically modified on one side. For instance, spherical 

colloids with metal patches displayed helical movement in the electrical field axis [57]. 

The shape of the particle trajectory is tuned by the size and geometry of the patch, while 

the amplitude of the electric field just affects the particle speed. One exciting 

application mentioned for the helical motion is the enhancement of particle transport 

through porous materials. As can be seen by the surface area projection (Figure 3.5.3), 
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the helical motion covers a more significant area in comparison to the linear case, 

increasing the chances of finding the pores.  

 

Figure 3.5.3: Surface area projection of helical and linear motion. Adapted from [57]. 

Other studies explore electrorotation of particles through the application of rotating 

electric [58] and magnetic [59] fields. A combination of AC electroosmosis and 

dielectrophoresis was explored to control the rotation of barium titanate particles in 

[60]. The authors believe the rotation occurs due to hydrodynamic torque generated 

around the particles.  

Herein, we observe the rotation of latex beads using a stationary electric field. 

Therefore, we believe the complexity of the non-uniformity of electric field around the 

microtip is the reason for particle rotation as the phenomenon was observed only in the 

case of 3D devices.  
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Chapter 4 

Conclusions and Future Work 

4.1 Conclusions 

In this thesis, we compared the induced fluid motion over 2D and 3D electrodes by the 

application of an alternating electric field, a phenomenon is known as alternating 

current electrohydrodynamics (ac-EHD). In both devices, we compared two electrodes 

geometries, where the distance between the inner and outer electrode is equal to 50 µm 

and 1000 µm. The ac parameters, voltage, and frequency were selected as 4 V and 100 

Hz. To characterize the phenomenon, we tracked the movement of fluorescent beads 

immersed in a phosphate buffer solution and estimated the beads' average maximum 

speed. 

The two-dimensional devices with 50 µm between the inner and outer electrode 

displayed the overall highest speeds, approximately 76 µm /s.  On the other hand, the 

2D devices with a distance of 1000 µm between electrodes resulted in a velocity of 

almost 50% slower at 37 µm/s. 3D devices obtained similar results in comparison to 

their respective 2D equivalents. We believe an alternative approach to obtain a higher 

speed in 3D devices is through the modification of the size of the outer electrode.  

Despite the similar speed obtained for 2D and 3D devices, a particular rotation of the 

particles was observed only for the three-dimensional case. The rotation is usually 

obtained by the use of modified particles or rotating electric fields, but in this case, it 

was achieved without any physical or chemical modification of the fluorescent beads. 

Due to the use of similar ac parameters and PBS solution for 2D and 3D electrodes, we 
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believe the presence of the microtip creates a complex non-uniform electric field on the 

electrode, leading to an induced rotation. 

4.2 Future Work 

To better understand what is behind the rotation reported for 3D devices, the next step 

is the simulation of the electric field. This characterization is essential to clarify the 

mechanisms behind this particular movement. Besides, a more detailed study of the 

dependence of the rotation with the ac field is necessary to analyze if this particular 

motion can be tuned by the ac parameters (voltage and frequency), similarly to what 

occurs for the particle speed. 

Moreover, the tunable speed reported for the different geometries can be explored for 

different targets in the bioassay.  In order to displace non-target particles without 

affecting the specific bindings, different analytes require different ac-EHD speeds. A 

study of different geometries and optimum ac parameters for different analytes will be 

carried out.  
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