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Abstract 

Insulator-based electrokinetics (iEK) integrates insulating structures within microchannels 

to induce local curvature in electric field lines, resulting in regions of high field intensity. 

This technique has been employed in various applications, such as DNA enrichment, 

liquid biopsy, biomarker screening, and protein folding analysis, among others. In this 

paper, we present a new electrokinetic particle manipulation technique using insulating 

paper fibers to generate high electric field gradients. The technique involves confining 

nonwoven fiberglass paper channels and copper tape electrodes within thin PDMS sheets 

fabricated using a low-cost paper-PDMS technique called “Microfluidic pressure in paper” 

(μPiP). We apply an AC electric field perpendicular to the flow direction to 

dielectrophoretically trap and separate different polystyrene particles within the paper 

channels. We further present a 2D computational model of the paper structure and 

introduce the concept of a 3D “paper unit cell” to analyze the formation of regions with 

high electric field gradients within the paper structure. This model will be useful for 

researchers studying paper-based electrochemical sensors, paper-based free-flow 

electrophoresis and isotachophoresis devices, and lateral flow assays. This new platform 

enables the development of robust, low-cost, and portable next generation microscale 

electrokinetic systems for a wide variety of sample purification, quantification and liquid 

handling applications. 

1. Introduction 

Insulator-based electrokinetics (iEK) has received significant attention as a tool for 

developing high-throughput microfluidic devices for biomolecule manipulation. The iEK 

technique integrates insulating structures within a microchannel, which induce local 

curvature in the electric field lines, resulting in regions of high field intensity when an 

electric field is applied to the channel. These regions can be utilized to selectively trap 

suspending particles, cells, and biomolecules in the surrounding flow field. An essential 

feature of iEK is its purely physical nature, which eliminates the need for any chemical 

reaction, making iEK-based devices simpler to fabricate compared to chemical assay-

based devices. In addition, iEK can manipulate a broad range of particles, from 

nanoparticles to macromolecules [1]. Since the biomolecules are not in direct contact with 

the electrodes, iEK can trap and maintain the viability of sensitive cell lines, such as 

mammalian cells, making iEK one of the few technologies suitable for developing high-

throughput mammalian cell screening devices [2]. Over the years, iEK has been 

employed in diverse applications, such as liquid biopsy, DNA enrichment, analysis of 
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neural stem cells, biomarker screening, protein folding analysis, and molecular sensing 

[1–13]. 

A wide range of insulating structures and curved channels have been employed by 

various groups to generate a non-homogeneous electric field distribution. One of the 

earliest reported uses of iEK-based manipulation of biomolecules was in 1989, when 

Masuda et al. utilized a set of insulating pillar structures to trap two cell species, followed 

by the application of a pulsed voltage to initiate cellular fusion [14]. In 2000, Cummings 

and Singh introduced a novel microdevice containing a set of evenly spaced insulating 

posts etched into a glass microchannel [15]. This insulating post geometry has since 

become popular in iEK applications, enabling the trapping and separation of micro and 

nanoparticles, differentiation between dead and live bacteria, and the trapping of proteins 

and nucleic acid molecules. The Lapizco-Encinas group has made significant 

contributions to the advancement of microdevices based on pillar structures by optimizing 

the electrode geometry and studying the effects of suspending media conductivity and 

pH on particle trapping [3–5,16–23]. Recently, this group has reported an innovative pillar-

based iEK technique to separate highly similar micron-sized particles based on surface 

charge, enabling the separation of cells based on size, genus, or strain [16]. Georg R. 

Pesch analyzed the effects of post and medium geometries, aspect ratios, and materials 

on electric polarization, the resulting disturbances, and the possibility of DEP particle 

trapping [49-50]. The Ros group proposed an approach that utilizes a combination of 

micron-sized triangular and nano-sized rectangular posts within the same microchannel 

to create nano-constrictions and reduce the electric potential required for trapping [24]. 

The Morgan group used insulating pillars to combine deterministic lateral displacement 

(DLD) with dielectrophoresis (DEP) to continuously separate 100-nm, 500-nm, and 1-μm 

particles [25,26]. 

Another technique for creating a non-homogeneous electric field in a microchannel 

involves fabricating insulating structures within the microchannel wall. The Hayes 

research group is a pioneer in this approach and has developed iEK devices based on 

saw-tooth geometric gradients. These devices use microchannel walls with pointed 

triangular teeth-like patterns as insulating field curvature-inducing structures [27]. The 

saw-tooth structures gradually increase in size down the channel and create zones of 

increasing electric field, which have been successfully utilized for selective manipulation 

of bacterial species, concentration of viruses, trapping of Aβ amyloid fibrils, and 

separation of human blood cells and biomarkers [6,7,28,29]. The Buie research group 

has developed a 3D constriction-based iEK technique to discriminate between the strains 

of pathogenic Streptococcus mitis and Pseudomonas aeruginosa and has shown that the 

3D constrictions require a lower voltage thus reducing Joule heating [30]. 

In addition to insulating structures, the microchannel geometry itself can be used to 

generate non-homogenous electric field by fabricating curved channel walls. The Xuan 

research group has leveraged the electric field distortion formed by the curvature of the 

channel walls to achieve continuous size-based separation of microparticles [31–33]. 



Moreover, iEK systems based of insulating microporous membranes and naturally 

occurring macroscopic porous materials have been reported to manipulate cells and 

microparticles [34–37].  

Herein, we report a new, low-cost and scalable iEK-based particle manipulation technique 

that leverage the insulating properties of paper fibers to generate zones of high electric 

field gradients. Recently, we have reported a low-cost, reliable, and scalable paper-PDMS 

fabrication technique called “Microfluidic pressure in paper” (μPiP) where we utilize a 

laser to rapidly cut paper fluidic channels at micron-scale resolution [38]. We then confine 

and chemically seal these paper channels within the PDMS membranes using a 

combination of corona plasma treatment and benchtop thermal press. We utilize the μPiP 

to confine nonwoven fiberglass paper channels and copper tape electrodes within thin 

PDMS sheets. We apply a flow of polarizable microparticles directly within the nonwoven 

channel and simultaneously apply an AC electric field perpendicular to the flow direction. 

Using a combination of micro computed tomography (Micro-CT) and finite element 

analysis, we then present a computational model to demonstrate micro-scale DEP force 

formation dynamics within nonwoven structure. We further investigate the effect of paper 

microstructure on DEP force growth dynamics and develop the concept of a "Paper Unit 

Cell" by employing a micrograph of paper to create a three-dimensional model of a small 

volume of the paper structure. Similar unit cell models have been used for stochastic 

modeling of microstructures to study cross-correlation of fiber volume fraction of adjacent 

mi-crostructures [51]. This 3D model provides a detailed representation of the internal 

structure of paper and illustrates the process of the formation of regions with high electric 

field gradients that occur between two individual paper fibers. We further analyze the 

effect of fiber density within a unit cell on DEP force growth. This model will be a useful 

tool for researchers studying the properties and behavior of paper in various applications 

such as lateral flow assays, paper-based electrochemical sensors and, paper-based free-

flow electrophoresis and isotachophoresis devices. Motile bacteria move through 3D 

porous media remains completely unknown [52] and our study attempts to bridges gaps 

in knowledge of bacterial motility in unconfined electrical charged porous structure. 

Finally, we demonstrate dielectrophoretic trapping and separation of two different 

polystyrene particles using fiberglass paper. This new platform offers a cost-effective and 

scalable alternative to traditional insulator-based electrokinetic fabrication techniques. 

We believe this will have significant implications for the development of practical 

applications in a variety of fields, including microfluidics, biosensing, and lab-on-a-chip 

technologies. 

 

 

 

 

 



 

  



2. Theory 

When an electric field is applied across a paper channel, the paper fibers act as insulating 
structures and generate an electric field gradient. The DEP force acting on a spherical 
particle moving through the paper structure is dependent on this electric gradient and can 
be expressed as [39,40]:  

 

Where, εo, εm, r and ∇|E|2 are the permittivity of free space, dielectric constant of the 
media, the radius of the particle and the gradient of the electric field squared respectively 
and Re[K(ω)] is the real part of Clausius–Mossotti factor (CMF) [39,40]: 

 

Equation 2, describes the polarizability of a particle (p) in a medium (m) and is based on 
the complex permittivity ε*, which can be expressed as [40,41]: 

 

Where, ε is the dielectric constant, and σ is the electrical conductivity of the medium and 

ω is the frequency. The complex K(ω) factor has an imaginary component which is out 

of phase with the applied electric field and exerts a torque on the particle that can be 

detected by particle electrorotation [41]. More importantly, the DEP force is dependent 

on the in phase real part of the K(ω) factor as shown in equation 1. 

In addition to the DEP force, a particle flowing through a fluid experiences a drag force. 
For a pressure driven laminar fluid flow through a micron scale channel, the Navier-
Stokes’ equation can be simplified, and the drag force can be approximated by the 
following equation [42–44]: 

  

Where, η and v are the fluid viscosity and velocity respectively. In order to trap a particle, 
the DEP force must be equal or stronger than the drag force [43,44]. Therefore, a tapping 
zone inside the porous structure of paper is formed when: 
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3. Methods 

3.1 Device Fabrication and Micro-CT Analysis 

The fabrication workflow for paper based dielectrophoretic trapping device is based on 

our recently developed fabrication technique called microfluidic pressure in paper (µPiP) 

[38]. The entire fabrication process, from design to device takes less than 10 minutes to 

complete. The fabrication begins by first cutting a microfluidic straight channel geometry 

(4 mm wide, 40 mm long) from a sheet of Craneglas® 230 paper (Neenah Filtration) using 

a CO2 laser cutter (LS-2440, Boss Laser). A set of two copper tape electrodes (9 mm 

wide, 30 mm long, 3M™) are placed on the axial direction of the paper channel with 1 

mm gap between them. Each paper channel and copper tape electrodes are then sealed 

between two thin flexible polydimethylsiloxane (PDMS) sheets (0.5 mm, McMaster-Carr). 

Fluidic channel inlets/outlets are hole punched on the top PDMS sheet using a 0.75 mm 

biopsy punch (Ted Pella, Inc.). The two sheets are then oxidized and irreversibly bonded 

together using oxygen plasma generated with a handheld tesla coil (Electro-Technic 

Products, Model BD-20AC) and a bench top heat press (Dulytek DW 400). Copper wires 

are used to connect electrodes to an external voltage generator. The final device 

assembly is depicted in Figure 1. The paper channels were soaked in 3% w/v BSA 

(Sigma) in diH2O for twenty minutes and dried prior to experimental use. To investigate 

the porous structure of the insulating fibers and the resulting distribution of the DEP force, 

Micro-CT scans of the paper substrate were captured using the SkyScan 1272 bench top 

micro-CT scan. CTvox software was used to generate 3D images from the scanning 

results (1.5µm voxel size, 800 ms exposure time) and the resulting micrographs were 

digitally converted into a 3D structure and used as a computational domain for finite 

element analysis via a finite element Multiphysics software (COMSOL Inc., Burlington, 

MA). 



 

Figure 1: A) Fully assembled µPiP-DEP Device. B) Region of interest for electric field 

application and DEP force generation 

3.2 Experimental Setup and Operation 

DEP trapping experiments were performed using fluorescent polystyrene micro-particles 

with diameters of 1 µm (dragon green) and 4 µm (flash red), obtained from Bangs 

Laboratories, Inc. The particles were suspended in deionized water and then diluted to a 

concentration of 8×105 1 µm particles and 2.45×105 4 µm particles per mL (conductivity: 

1 μS/cm, pH: 6.8). To minimize particle agglomeration, 5 wt% Tween 20 was added to 

the solution. 

A 2D quadruple electrode device was fabricated using a previously reported technique 

[40]. Briefly, chromium and gold were vapor-deposited on a glass cover slide using an e-

beam (Lesker PVD 75 Electron Beam Evaporator), and the electrodes were etched on 

the glass cover slide using a wet-etching technique. A function generator (Rigol DG4102) 

was used to deliver a 20 V sinusoidal peak-to-peak voltage to the quadruple electrodes. 

For paper-DEP experiments, the function generator was connected to a 40-dB gain RF 

amplifier (Mini-Circuits, ZHL-5W-1+) to deliver a 6.2 V sinusoidal peak-to-peak voltage to 

the copper electrodes. A syringe pump (Chemyx Fusion 100) was used to flow the particle 

solution at a rate of 4 µL/min through the paper channel. A handheld thermal camera 

(FLIR TG165) was used to observe any Joule heating effects, and no increase in 

temperature was observed at the operating voltage range. 

 



4. Results and Discussions 

4.1 Finite Element Analysis 

This section outlines the finite element analysis method we developed to investigate the 
trapping mechanism of particles within the porous structure of paper. We first captured a 
micro-CT scan image of a paper channel using a benchtop CT scanner, which we then 
converted into a 3D image (Figure 2a). The 3D image revealed that the paper's fiber 
orientation is anisotropic, with one particular axis having a higher fiber orientation than 
the others. To generate a maximum gradient and minimum fluidic resistance, we directed 
the fluid flow towards the fiber direction and applied an electric field across the fiber 
orientation direction. 

Next, we employed a finite element Multiphysics software (COMSOL Inc., Burlington, MA) 
to explore the formation of electric field gradient zones within paper pores. The model 
consisted of a 2D representation of the paper porous structure generated from the 3D 
micro-CT image. This 2D approximation has been previously used to model electric field 
gradient in iDEP devices based on the assumption that electric potential is relatively 
consistent across the small depth of the fluidic channel [6,45]. The boundaries of the 
paper fiber structures were set as insulators, and water was assigned to the bounded 
domain. One side of the paper structure, parallel to the fiber direction, was defined as 
ground, and a range of voltage potential (0-10 V) was applied to the other side. The 
distribution of electric potential was determined using the Laplace equation [45]: 

   

Where, φ is the electric potential and the electric field was determined by [46,47]: 

 

Figure 2b and c represents the results for the gradient of the electric field squared (∇|E|2) 
for the paper structure. The figures demonstrate that paper structures produce regions of 
high electric field gradient, similar to those of traditional iDEP devices, which can be used 
to trap, isolate, and concentrate particles from a suspending medium. 

One key observation from the finite element analysis result is that the trapping zones 

formed within paper structures are more heterogeneous in nature compared to traditional 

iDEP devices. Trapping zones are defined as specific locations within the paper structure 

with a high DEP force that can trap a moving particle. To better understand the DEP force 

growth dynamics between different trapping zones, the increase in DEP force expressed 

as ∇|E|2 with the increase in applied voltage was measured and plotted at two different 

trapping zones using the COMSOL model, as shown in Figures 2c and 2d. Figure 2d 

demonstrates that there is almost a 10-fold difference in DEP force between the two 

different trapping zones. This heterogeneity in the electric field gradient produced in paper 

is due to the fact that paper fibers consist of a wide variety of overlapping structures, 

ranging from parallel and perpendicular aligned fibers that form porous flow regions to 

converging/diverging sharp and rounded fiber ends that occur at the entrance and exits 

𝛁𝟐𝝋 = 𝟎    (6) 

𝐄 = −𝛁𝝋    (7) 



to these flow regions. Previous research has reported that insulating structures with a 

sharp end, where the radius of curvature (ROC) changes rapidly, constrict the electric 

field and produce a larger electric field gradient compared to rounded ends, where the 

ROC change is more gradual [18,47]. In addition, the distance between two insulating 

structures varies from one trapping zone to another which also influences the DEP force 

growth. 

 

Figure 2: A) Micro-CT scan of a paper-based DEP device. B) Electric field gradient 

distribution inside porous paper structure. C) Two different trapping zones within paper 

channel and pore-scale DEP force generation for different applied voltages. D) DEP force 

growth curves for the two trapping zones. 

4.2 Unit-Cell Analysis 

While a 2D slice gives us an initial understanding of the paper structure, a 3D model 

provides a much more comprehensive view of its internal and external features, allowing 

for a more in-depth comprehension of DEP force growth. Therefore, we have developed 

a 3D unit cell model that can accurately represent paper structure. Figure 3a illustrates 

the microscopic arrangement of glass-fiber paper, where each paper fiber is 

characterized by a cylindrical shape with a diameter of 5 microns. Based on this 

knowledge, we have constructed a 3D unit cell for paper, comprising three randomly 

dispersed cylinders, each with a 5-micron diameter as demonstrated in Figure 3b. 

Subsequently, we utilized the finite element analysis method to apply an external electric 

field and measure the DEP force between paper fibers. Figures 3c and d represent the 



isometric and front views of the paper unit cell subjected to an external electric field. As 

can be seen from these figures, the region of high electric field gradient, i.e., DEP force, 

is formed between the adjacent paper fibers. This is because as the electric field lines 

pass through this structure, they must converge/diverge the most at these regions, thus 

creating regions of high field gradient. More interestingly, the formation of trapping zones 

within paper structures appears to be similar to those formed in a traditional pillar-based 

iDEP device (Figure 3e). In both cases, the trapping zones are formed between two 

adjacent insulating structures. Therefore, particle trapping in paper occurs in a manner 

like that in an insulating pillar-based device. 

 

Figure 3: Investigation of porous structure of paper. A) Microscopic image of glass-fiber 

paper. B) 3D model of a unit paper cell. C) Isometric view of induced DEP force generated 

within the unit cell. D) Front view of the unit cell with induced DEP force. E) DEP force 

distribution in a traditional iDEP device. 

Based on the findings from unit cell analysis, we posit those physical properties such as 

fiber diameter, density, and structure play an important role in DEP force growth within a 

paper channel. In the case of the same paper type, DEP force growth will differ based on 

the distance between two insulating fibers, i.e., fiber density within a unit cell. To test this 

hypothesis, we constructed unit cells that have different fiber densities (number of fibers 

within a fixed volume) as shown in Figure 4a. We then calculated the average DEP force 

within the unit cell. This result was plotted in Figure 4b, which illustrates that the DEP 

force growth will increase with an increase in fiber density. However, this increase is not 

linear and approaches a plateau as we increase fiber density. From this analysis, we 

concluded that the heterogeneity we observed in our 2D analysis was due to the 

heterogeneity in fiber density within the paper channel. In the future, we plan to develop 



a physics-based model that considers different paper fiber features to generate the 

electric field distribution and velocity profile for a particular structure. 

 

Figure 4: Investigation of fiber density on DEP force dynamics. A) Unit cells with 2,3,4, 

and 5 cylindrical fibers. B) DEP force growth dynamics for unit cells with different fiber 

density. C) DEP for generated within unit cells with different fiber densities for 10V applied 

electric field 

 

4.3 Separation of PS Particles Using Paper-DEP  

 

Figure 5: Comparison of PS particle assembly using AC DEP between paper DEP and 

traditional 2D electrode-based DEP devices. The particle assembly shows a similar trend 

between paper and 2D electrode DEP devices. The smaller green particles exhibit 

positive DEP at low frequency and get released from both the planner electrodes and 

paper pores after 400 kHz. The larger red particles exhibit negative DEP throughout the 

applied frequency range. 



We now present an experimental demonstration of paper-based dielectrophoretic particle 

trapping and separation and compare it to a traditional 2D thin-film electrode array with 

quadrupole structures (Figure 5). We used two different fluorescent PS micro-particles 

with diameters of 1 µm (dragon green) and 4 µm (flash red) suspended in deionized (DI) 

water medium. For paper DEP, PS particles were flowed through paper at a constant 

flowrate of 4 µL/min and for the thin-film device, 5 µL of particle suspension was pipetted 

on the electrode array. A function generator was used to deliver 20 V sinusoidal peak-to-

peak voltage to the alternate quadrupole electrodes and the other two electrodes were 

grounded. For paper DEP, the function generator was connected to a 40-dB gain RF 

amplifier to deliver 6.2 V sinusoidal peak-to-peak voltage to the copper electrode. As with 

RC circuits, DEP systems have a fixed cutoff frequency (determined by the thickness 

and composition of the insulating membrane), preventing testing DEP on particles 

over a wide frequency range [48]. The DEP behavior of the PS particles was 

experimentally determined using the quadruple electrodes for a range of AC frequencies 

(100 kHz to 1 MHz). As shown in Figure 5, the 4-micron red particles experience negative 

DEP within this frequency range. For the 1-micron green particles, the particles 

experience positive DEP at low frequencies and reach the crossover frequency (COF) at 

around 400 kHz, experiencing a weak negative DEP force afterward. When we compare 

this finding with our paper-DEP device, we observe that at low frequencies, the green 

particles are getting trapped in the paper pores, and as we approach COF, the particles 

get released from their trapping zones, indicating that the magnitude of the drag force is 

higher than the DEP force at these frequencies. In the case of the red particles, we 

observe that more and more particles are getting trapped within the paper pores as we 

increase the frequency. This is because the particles are experiencing a high negative 

DEP force within the applied frequency range, and because of the constant flow rate, 

there is a constant flux of particles entering the trapping zone. Therefore, with time, more 

and more particles get trapped. Hence, paper-DEP can be used to selectively trap, and 

separate particles based on their COF.   

Conclusions 

In conclusion, we have demonstrated a new DEP mechanism that leverages the 

insulating properties of paper fibers to generate regions of high electric field gradient and 

DEP force within the paper structure that acts as trapping zones for microparticles. We 

have utilized finite element analysis to develop a 2D model of a paper channel and 

presented the concept of a 3D "paper unit cell" to investigate the effects of fiber structure 

on pore-scale trapping zones. Our results indicate that the density of fibers plays a crucial 

role in the growth dynamics of DEP force, leading to varying DEP force for different 

trapping zones under a given applied electric potential. This heterogeneity can be 

mitigated by designing paper substrates with homogenous fiber density. Additionally, our 

simulation results indicate that the location of trapping zones formed within paper unit cell 

are similar to those generated in traditional pillar-based devices. Additionally, we have 

successfully demonstrated particle trapping and COF-based separation using AC DEP 



and compared paper-based DEP with a 2D electrode-based DEP device. Our findings 

highlight the potential of our low-cost and scalable iEK-based particle manipulation 

technique to revolutionize the field of microfluidics by making it more accessible to 

researchers and industries alike. 
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