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Abbreviations

ACEO:  AC electro-osmosis 

CM: Clausius Mossotti

DEP: dielectrophoresis

DRIE: Deep Reactive Ion Etching

ET: Electro Thermal

isoDEP: Isomotive dielectrophoresis

nDEP: negative dielectrophoresis 

pDEP: positive dielectrophoresis 

Keywords

Dielectrophoresis, Electrothermal flow, Electrothermal hydrodynamics, Isomotive 

dielectrophoresis, Joule heating  
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Abstract

Isomotive dielectrophoresis (isoDEP) is a unique dielectrophoresis (DEP) geometrical 

configuration where the gradient of the field-squared ( ) is constant. IsoDEP analyzes ∇𝐸2
rms

polarizable particles based on their magnitude and direction of translation. Particle translation is 

a function of the polarizability of both the particles and suspending medium, the particles’ size 

and shape, and the frequency of the electric field. However, other electrokinetics act on the 

particles simultaneously, including electrothermal hydrodynamics. Hence, to maximize the DEP 

force relative to over electrokinetic forces, design parameters such as microchannel geometry, 

fabrication materials, and applied electric field must be properly tuned. In this work, scaling law 

analyses were developed to derive design rules, relative to particle diameter, to reduce unwanted 

electrothermal hydrodynamics relative to DEP-induced particle translation. For a particle 

suspended in 10 mS/m media, if the channel width and height are below 10 particle diameters, 

the electrothermal-driven flow is reduced by ~  times compared to a channel that is 250 500

particles diameters in width and height. Replacing glass with silicon as the device’s underlying 

substrate for an insulative-based isoDEP reduces the electrothermal induced flow approximately 

20 times less. 

Color online: See article online to view Figs. 1–5 in color.
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1. Introduction

Dielectrophoresis (DEP) is the movement of polarizable particles when exposed to a non-

uniform AC electric field. Non-uniform electric fields can either be generated by means of (i) 

insulator structures or (ii) microelectrodes [1, 2]. The dielectrophoretic response of bio-particles 

are a function of their dielectric properties, which is influenced by their structural, morphological, 

and chemical characteristics. Therefore, each bio-particle has its own dielectric signature which has 

been demonstrated for a variety of cells [3]. DEP has been extensively used for selective separation 

and concentration of bio-particles and, since DEP depends on the bio-particles’ intrinsic electrical 

properties, electrokinetic manipulation techniques do not require any labeling.  DEP has trapped, 

manipulated, or sorted  nanoparticles [4, 5], proteins [6], DNA [7, 8], viruses [5], and enabled 

particle patterning [9, 10] which has paved the way to other electrokinetic patterning techniques 

[11]. 

An important feature of DEP lies in its analytical capabilities. However, straightforward 

analytical application of DEP is nontrivial using traditional coplanar microelectrode designs and 

fabrication techniques. This is because the electric field within DEP systems is inherently, and 

purposefully, non-uniform whose force is proportional to the gradient of the field-squared ( ). ∇𝐸2
rms

In traditional DEP systems the force exerted on a particle is spatially non-uniform, typically by 

orders of magnitude over relatively short distances. For example, using coplanar electrodes the DEP 

force is greatest close to the surface of the electrodes but exponentially decreases with height above 

the electrode plane. Consider a 25 μm gap between  two coplanar electrodes, the magnitude of the 

DEP force is approximately 100 times less for a particle 10 μm above the electrode edge compared 

to a distance of 1 μm [12]. Hence, an analytical DEP system is nontrivial because particles at 

different locations will be subjected to different DEP forces. To simplify analysis   must be ∇𝐸2
rms
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constant within the region of interest. Inspired by Pohl’s design [13], Williams’ group introduced a 

DEP based analytical microfluidic device named isomotive dielectrophoresis (isoDEP) using 

extruded two dimensional features with a specific contour [14] that produced a constant DEP force. 

The primary advantage of isoDEP is that the response of a particle is uniform throughout the 

analytical space can be obtained via particle tracking; this concept is analogous to how particle 

rotation is used to measure particle dielectric properties through measuring their rotational speed 

[15, 16]. Other designs have followed the premise of the isoDEP design and have been used 

successfully for single-cell analysis applications [17, 18].

In addition to DEP, the applied AC field will also induce other electrokinetic phenomena such 

as: (i) Joule heating [19-22]; (ii) AC electro-osmosis (ACEO) where the induced flow is generated 

by the action of an electric field on induced diffuse charges near a polarizable surface [23, 24]; and 

(iii) AC electrothermal hydrodynamics which occurs when the field interacts with  fluid temperature 

gradients [25]. Such forces generate non-desirable fluid motion that impacts of the desired 

performance of isoDEP devices. Unwanted electrokinetics can be reduced through analysis of 

device dimensions, material properties, media properties, and the magnitude of the applied AC 

field. The goal of this study is to determine their impact on particle translation relative to particle 

translation caused by DEP forces within an isoDEP device, thereby enhancing  its analytical 

capabilities. 

IsoDEP produces a uniform DEP force using two different configurations: an electrode-based 

and an insulator-based arrangement In Allen et al.’s work [14], the electric field required to induce 

the DEP effect was approximately 68 kV/m and 50 kV/m for the electrode-based and insulator-

based versions, respectively. In general, the insulative-based design might require higher applied 

voltages to achieve the same DEP effect. This is due to the larger distance between the electrodes 
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(on the order of millimeters) which requires higher voltages to achieve the same field strength 

compared to the electrode-based design. At these large fields (> 50 kV/m) cell death may occur if 

cells are exposed for several minutes or at low frequencies [26-28]; however, this is not the case for 

isoDEP where the field is applied to an individual cell for less than a minute . In addition, high 

electric fields cause Joule heating which, in turn, causes the local temperature-induced variations 

in the conductivity ( ) and permittivity ( ) of the suspending medium causing electrothermal σm 𝜀𝑚

forces [12, 19]. Jaeger et al.[29] found that the electric field induced temperature rise is proportional 

to conductivity of the medium, which impacts studies with biological cells as they require 

suspension in conductive media (typically larger than 0.1 S/m). Although reducing the conductivity 

of the suspending media can mitigate Joule heating, it’s not the ideal solution when considering cell 

viability [22]. 3D extruded electrode designs have been proposed to reduce Joule heating 8–10 times 

lower than planar electrode designs, because it requires lower electric fields to obtain same DEP 

effect along the channel’s depth [30]. 

AC electro-osmosis (ACEO) is generated from the movement of ions in the electric double layer 

at the interface between electrode and media. ACEO can be prominent at lower frequencies 

(typically below 10 kHz) due to the frequency depenent polarization of the electrdoe double layer 

which disperses at higher frequencies [21]. Fortunately, ACEO can be considered negligible in 

isoDEP as the tangential component of the electric field at the electrode surface is significantly 

weaker due to the inherent geometrical configuration of isoDEP, especially compared to other 

microelectrode geometries like interdigitated electrodes [14, 31]. 

The most significant undesired electrohydrodynamic force that occurs in an isoDEP device is 

derived from electrothermal (ET) hydrodynamics [25, 32, 33]. Therefore, purpose of this 

manuscript is to develop design rules for the geometrical configuration of an isoDEP system and 
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develop scaling laws [22] to minimize ET flow relative to isoDEP-induced particle translation for 

both microelectrode and insulative platforms. These design rules are based on analytical 

predictions, putting into account how the DEP and ET velocity scale with electrode size, applied 

voltage, fluid conductivity, and the size of the particles. This approach can be applied to other DEP 

systems that want to reduce unwanted ET flow.

2. Methods

In this section, we will be developing the electrokinetic and heat transfer equations, with some 

simplifying assumptions, and apply them to isoDEP device geometry. First, we will derive particle 

translation due to isoDEP in terms of particle diameters per second for a given device length scale 

and applied potential. Second, for a given particle translational velocity we determined the resultant 

Joule heating due to the applied field for a given device configuration and channel length scale 

using analytical conduction relationships based on the device geometry. Last, electrothermal 

hydrodynamics was estimated from calculated temperature gradients. ET motion is presented 

relative to isoDEP translation for a range of microchannel geometries. 

IsoDEP devices have two general configurations. First is a microelectrode-based isoDEP device 

where the microchannel wall itself serves as the electrode; one method of fabricating this type of 

device is to perform DRIE of doped silicon bonded between two glass substrates [14, 17]. The 

second configuration is an insulative-based device where the microchannel walls are formed from 

electrically insulative materials (ex: SU8, PDMS, or glass [1, 34]) and the electric field is applied 

through the channel itself. The curvature of the isoDEP microchannel walls needs to follow the 

curvature illustrated in Figure 1A. The largest channel width occurs at and is defined as 𝜃 = 60° 

the characteristic width, r60 (Fig. 1A). For the insulative device  refers to the distance between the 𝐿

device origin and the downstream electrode (Fig. 1A) [14, 35]. The insulative isoDEP device is less 
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expensive due to more simplistic fabrication methods (ex: soft lithography) compared to extruded 

microelectrode-based platforms; however, a significantly higher voltage is required from the 

insulative platforms for comparable DEP performance due to the longer distance between the 

electrodes. 

Several geometric parameters were defined for the proceeding analysis. The microelectrode 

device (Fig. 1B) has a microchannel height h, a lid and base thickness of , and an electrode wall 𝑡𝑚𝑒

thickness of . The insulative device (Fig. 1C) has a microchannel height h, top insulative 𝑡𝑤𝑎𝑙𝑙

thickness , and a substrate thickness .𝑡𝑖𝑛𝑠 𝑡𝑏𝑎𝑠𝑒

If the channel configuration follows that of Figure 1A the applied electric potential will yield a 

constant  (refer to [14] for derivation). The potential will be in one of the following forms (in ∇𝐸2
rms

cylindrical coordinates)

            for electrode-based (1)𝑉 = 2
3 𝑘 𝑟

2
3 

sin (3𝜃/2)

                   for insulative-based (2)𝑉 = 2
3 𝑘 𝑟

2
3 

𝑐𝑜𝑠 (3𝜃/2)

where , and  is the characteristic electrode spacing (  for 𝑘2 = ∇(|𝐸|2) =  
9
4

(∆𝑉)2

 (𝛿)3 𝛿 = 𝑟60

microelectrode-based and  for insulative-based devices), and  is the potential difference 𝛿 = 𝐿 ∆𝑉

between the origin and . The length scale guides overall electrokinetic behavior and, thus, should 

be selected based the performance of desired particle translation. First, the magnitude of gradient 

field-squared will determine the field strength required to translate a particle of radius, a, with a 𝑘2

velocity, , expressed as an increment of n particle diameters per second. Assuming 𝜈 =  (2𝑎) 𝑛

Stokes drag and that the particle has reached terminal velocity, the particle’s dielectrophoretic 

velocity is related to n with 
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. (3)𝒗DEP =
𝑭DEP

6𝜋𝜇𝑎 =
2𝜋𝜀𝑚𝑎3𝑅𝑒[𝑓𝐶𝑀](𝑘2)

6𝜋𝜇𝑎 = (2𝑎)𝑛

These relationships were used to correlate k2 with particle size, particle translation, device length 

scale, and the applied potential.

Next, the required is found for a desired isoDEP particle translation and device geometry. Then  𝑘2

temperature gradients were estimated from the input field strength (which is a function of ) and 𝑘2

the heat transfer properties of the device. Heat conduction was assumed to be the dominant mode 

of heat transfer due to the nature of Joule heating being accompanied with a low Nusselt number 

[20, 23, 36]. The heat conduction model was used to find the temperature at the microchannel walls 

and the maximum temperature in the center of the channel; hence, the temperature gradient within 

the channel itself can be subsequently calculated.

For simplification of the heat transfer model, a rectangular channel geometry of a fixed width, w, 

is used. The outside wall temperature, , is assumed to be the same around the device perimeter 𝑇𝑤𝑎𝑙𝑙

(isothermal).

The heat transfer model herein combines two approaches: (i) heat transfer resistance models for 

calculations through the solid material and (ii) analytical estimations for the relationship of the 

channel wall temperature and the maximum temperature. The resistance models are illustrated in 

Figure 2. The lid material is attributed with a thermal resistance, , which is in parallel with the 𝑅𝑙𝑖𝑑

resistance attributed to the base material . Resistance is related to conduction shape factor, S, 𝑅𝑏𝑎𝑠𝑒

with  where K is the material thermal conductivity. The shape factor of the lid and base 𝑅 =
1

𝑆𝐾

assumes the microfluidic channel as an isothermal rectangular parallelepiped buried in semi-infinite 

medium having an isothermal surface; for this case the doncution shape factor will be [37, 38]
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(4)𝑆 = 1.685 𝐿𝑐[𝑙𝑜𝑔 (1 +
𝑡𝑠

𝑤)] ―0.59
(𝑡𝑠/ℎ ) ―0.078

where  is microchannel length and  is the substrate thickness (either , , or ). The  𝐿𝑐 𝑡𝑠 𝑡𝑚𝑒 𝑡𝑏𝑎𝑠𝑒 𝑡𝑖𝑛𝑠

electrode-based version included another resistance element that takes into account heat transfer 

through the conductive wall features, . The equivalent resistance network, 𝑅𝑤𝑎𝑙𝑙 = 𝑡𝑤𝑎𝑙𝑙/(𝐾 ℎ 𝐿𝑐)

Req, is related to the heat generated inside of the microchannel, q, with  where 𝑞 = (𝑇𝑤𝑎𝑙𝑙 ― 𝑇𝑜)/𝑅𝑒𝑞

To is the outside ambient temperature. For simplicity, To is set to zero such that subsequent 

temperature calculations will reflect those above ambient conditions. The wall temperature can be 

related to device parameters from 

 (5)𝑇𝑤𝑎𝑙𝑙 =  𝑅𝑒𝑞 𝑞 = 𝑅𝑒𝑞(𝜎𝑚𝐸2)(𝛿 ℎ 𝐿𝑐) = 𝑅𝑒𝑞(𝜎𝑚 𝑘2𝑟)(𝛿 ℎ 𝐿𝑐)

where m is fluid conductivity, , and  or  for an electrode-based or insulative-|𝐸|2 = 𝑘2𝑟 𝛿 = 𝑟60 𝐿

based device, respectively. Both insulative and electrode-based maximum temperatures are linearly 

proportional to r. The wall temperature will be independent of channel length, Lc, as this term in 

Eq. (5) will cancel with itself from Req.

The maximum temperature at the center of the microchannel at a given radial location is calculated 

using a 2D solution from from J.H. VanSant [39] where the temperature, T,  inside of a rectangular 

isothermal perimeter (Twall) with volumetric heating, , heated, is a function of its position (using 𝑞′′′

Cartesian coordinates, x,y) 

    (6a)
(𝑇 ― 𝑇𝑤𝑎𝑙𝑙)𝐾

𝑞′′′ ℎ 2
2 =  

1
2(1 ― 𝑌2) ―2 × ∑∞

𝑛 = 0

( ― 1)𝑛cosh [(2𝑛 + 1)
𝜋
2𝑋]cos [(2𝑛 + 1)

𝜋
2𝑌]

[(2𝑛 + 1)
𝜋
2]3

cosh [(2𝑛 + 1)
𝜋
2𝐵]

where, . This expression simplifies for the temperature at the center of the 𝑌 =
𝑦

ℎ
2
,  𝑋 =

𝑥
ℎ

2
, 𝐵 =

𝑤
ℎ

channel, Tmax at x = 0 and y = 0,  with
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    (6b)
(𝑇𝑚𝑎𝑥 ― 𝑇𝑤𝑎𝑙𝑙)𝐾

𝑞′′′ ℎ 2
2 =  

1
2 ―2 × ∑∞

𝑛 = 0
( ― 1)𝑛

[(2𝑛 + 1)
𝜋
2]3

cosh [(2𝑛 + 1)
𝜋
2𝐵]

where volumetric heating (i.e., Joule heating) is  . 𝑞′′′ = 𝜎𝑚𝐸 ∙ 𝐸

Hence, after  is calculated, the temperature gradient can be calculated between the center of 𝑇𝑚𝑎𝑥

the channel and the wall (described in sections 2.1 and 2.2); only the temperature gradients along 

the direction of the electric field were considered for ET flow (Fig. 3) since it is proportional to 

 (see section 2.3).∇T ∙ E

2.1 Insulative-based device temperature gradient

The temperature gradient ( ) along the direction of the channel is needed for the insulative-∇𝑇
based design (Fig. 3B); this can be estimated by taking the derivative of Twall in Eq. (5) with 
respect to the radial direction, resulting in 

 (7)
∂𝑇𝑤𝑎𝑙𝑙

∂𝑟 = 𝑅𝑒𝑞(𝜎 𝑘2)(𝐿 ℎ 𝐿𝑐)
 

which includes the substitution of  = L.  In insulative isoDEP device is the equivalent heat 𝑅𝑒𝑞

resistance of  and  in parallel (Fig. 2B), i.e., . The gradient of Tmax, , 𝑅𝑙𝑖𝑑 𝑅𝑏𝑎𝑠𝑒  𝑅𝑒𝑞 = (𝑅𝑏𝑎𝑠𝑒 × 𝑅𝑙𝑖𝑑

𝑅𝑏𝑎𝑠𝑒 + 𝑅𝑙𝑖𝑑) ∂𝑇𝑚𝑎𝑥

∂𝑟

can be similarly calculated

The representative temperature gradient of the insulative platform, , is taken as the average of ∇TI

these

 (8) ∇𝑇𝐼 =  
∂𝑇𝑤𝑎𝑙𝑙

∂𝑟 +
1
3(∂𝑇𝑚𝑎𝑥

∂𝑟 ―  
∂𝑇𝑤𝑎𝑙𝑙

∂𝑟 )

Heating is proportional to radial position, . For ET flow analysis heating 𝑞′′′ = 𝜎𝑚|𝐸|2 = 𝜎𝑚  𝑘2 𝑟

will be evaluated at  . Since  acts in equal and opposite directions on either side of the 𝑟 = 𝐿 ∇TI ∙ 𝐸

origin (Fig 3B), the net effect will be  
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                 (9)(∇𝑇𝐼 𝐸2)𝑛𝑒𝑡 = 2∇𝑇𝐼 𝑘2(𝐿)𝑠𝑖𝑛 30 = ∇𝑇𝐼 𝑘2 𝐿

2.2 Electrode-based device temperature gradient

The wall temperature for the electrode-based device is determined by substituting  into Eq. 𝛿 = 𝑟60

(5) with  (Fig. 2A) and choosing . Next, is  𝑅𝑒𝑞 = ( 𝑅𝑤𝑎𝑙𝑙 × 𝑅𝑏𝑎𝑠𝑒 × 𝑅𝑙𝑖𝑑

𝑅𝑤𝑎𝑙𝑙 (𝑅𝑏𝑎𝑠𝑒 + 𝑅𝑙𝑖𝑑) + 2𝑅𝑏𝑎𝑠𝑒 × 𝑅𝑙𝑖𝑑 ) 𝑟 = 𝑟60 𝑇𝑚𝑎𝑥 

calculated from (6b) also at . The temperature gradient for the microelectrode system in the, 𝑟 = 𝑟60

,  is calculated using with ∇TE

 . (10)∇𝑇𝐸 = (𝑇𝑚𝑎𝑥 ― 𝑇𝑤𝑎𝑙𝑙)/(1
2 𝑟60)

Similarly,  was be at withn  leading to ∇TE 𝐸2 𝑟 = 𝑟60 𝐸2 = 𝑘2 𝑟60

 (11)∇𝑇𝐸 𝐸2 = ∇𝑇𝐸 𝑘2 𝑟60

2.3 Electrothermal flow 

The non-uniform electric field driving the DEP force will also act on both bound and free charges 

inside the suspending media which respond differently to the field, resulting in a non-zero body 

force on the media

 (12)𝑓ET =  𝜌𝑚𝐸 ―
1
2|𝐸|2∇𝜀𝑚

where  and  are the suspending media’s volume charge density and the permittivity, 𝜌𝑚 𝜀𝑚

respectively. The first and second terms on the right-hand side express the Coulomb force on the 

free and bound charges, respectively. The free charges relate to the conductivity of the media and 

represent the conduction force, while the bound charges relate to the permittivity and represent the 

dielectric force. Following the analysis from Castellanos et al. 2003 [22], the non-zero time-

averaged electrothermal force will be 
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 (13)〈𝑓ET〉 =
1
2𝑅𝑒(𝜎𝑚𝜀𝑚 (𝛼 ― 𝛽)

𝜎𝑚 + 𝑖𝜔𝜀𝑚 )(∇𝑇 ∙ 𝐸)𝐸 ∗ ―
1
4𝑅𝑒 (𝜀𝑚 𝛼 |𝐸|2∇𝑇)

where , and  . The dot product  in (13) shows that only the component of the 𝛼 =
∂𝜀𝑚

𝜀𝑚∂𝑇 𝛽 =
∂𝜎𝑚

𝜎𝑚∂𝑇 ∇T ∙ E

temperature gradient that’s parallel to the applied field will contribute to the ET force in the 

Coulombic term. The first term dominates at  low AC frequencies whereas the dielectric term has 

a relatively minor contribution to the generated force [22]. In our analysis we consider only the first 

part in Eq. (13) because relative variations in conductivity  are usually much greater than (∆𝜎 𝜎)

relative variations in permittivity  [22]. Figure 3 shows the direction of the applied electric (∆𝜀 𝜀)

and the temperature gradients for each isoDEP configuration. For microelectrode systems (Fig. 3A), 

the relevant temperature gradient is generated along the width of the microchannel as the electric 

field is applied in the same direction; in insulative-based devices (Fig. 3B) the relevant ET force is 

generated along the microchannel length in the direction of the applied field.  

After the gradient of the temperature is calculated, the ET fluid body force is calculated with 

(14)𝑓ET ≈
𝑀 ∇𝑇 𝜀 𝐸2

𝑇

where T = 300 K and M, a dimensionless factor that predicts the variation of the ET hydrodynamics 

body force with frequency, ≈ 6.6 when , [22]. The quantity  is determined from the 𝜀𝜔 𝜎 ≫ 1 ∇𝑇 𝐸2

previous temperature gradient calculations (see sections 2.1 and 2.2). Finally, the electrothermal 

fluid velocity is calculated with

(15) 𝑣ETH ≈
𝑓ET 𝐷2

ℎ

32 µ

where the hydraulic diameter is .𝐷h =
2 𝑟60 ℎ
𝑟60 + ℎ
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A MATLAB program was used to calculate  and for a range of system inputs. The 𝑣DEP 𝑣ETH 

suspending media conductivity ( ) was set to . The channel height and width were 𝜎𝑚 10 mS/m

varied from two particle diameters to 200 particle diameters. Calculations were conducted for a 1 

m particle traveling at n = 1 particle diameters per second. It will be later shown that the results 

can be scaled for different particle sizes, DEP velocities, and media conductivity. 

For the electrode-based device, the lid and base were composed of the same material and thickness 

(0.5 mm glass). However, the conductive wall was assumed to be silicon with a thickness of 5 mm 

and thermal conductivity of 150 W/(m∙K). 

For the insulative-based device, the base was assumed to be either 0.2, 0.5, or 1 mm thick glass or 

0.5 mm silicon. The lid was either a glass coverslip (0.2 or 1 mm) or PDMS (1 mm). Glass and 

PDMS were considered to have the same thermal conductivity (1 W/(m∙K)) in our model, while 

water has 0.6 W/(m∙K). The thickness of both the base and lid were varied to investigate whether it 

significantly influences minimizing ET effects. 

In addition, device parameters such as base material type (either silicon or glass) and lid material 

type were varied while fixing the microchannel heights, width ( ,  ( ), and 𝑤 = 3ℎ) 𝑘2 1014V2 m3 𝜎𝑚

.  (10 mS/m) 

3. Results and Discussion

Figure 4 shows the relationship between , particle size, the desired translation velocity (n), system 𝑘2

length scale (), and applied voltage. For example, if a particle of a size 1 µm needs to translate at 

a speed of 10 µm/s under the applied DEP force, will requires  value of  (Fig. 𝑘2 1.51 x 1015V2 m3

4A). Hence, by using a 20 source, the characteristic length scale of the device will be 84 µm Vrms 

(i.e.,  for an insulative-based device or  for an electrode-based device).              𝐿 ≈ 84 µm 𝑟60 ≈ 84 µm
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The impact of microchannel dimensions is shown in Figure 5. In general, microelectrode devices 

perform better than insulative devices for similar microchannel dimensions (Fig. 5A,B). Further, 

smaller microchannel dimensions (w and/or h < 10 particle diameters) will yield a more favorable 

performance, i.e., . For insulative isoDEP devices (Fig. 5B,C) the electrode length scale 𝑣DEP ≫ 𝑣ETH

may be relatively large (L > 100 m) such that a small microchannel height becomes critically 

important. Coplanar electrodes could perhaps be integrated into the insulative-based device to 

reduce the distance between the electrodes and the origin (resulting in a smaller L) thus reducing 

unwanted ET flow. Increasing the lid thickness from 0.21 mm to 1 mm and base thickness from 0.5 

mm to 1 mm in insulative isoDEP device decreased the  ratio by approximately 3.7% 𝑣ETH/𝑣DEP

and 7% respectively. In addition, the ratio of velocities  was approximately 10 times less 𝑣ETH/𝑣DEP

using a silicon substrate (Fig. 5C) compared to a glass substrate (Fig. 5B) for insulative isoDEP 

devices. Further, Figure 5 results are scalable. If particle speed is increased to n = 10, the the ratio 

of velocities should be multiplied by 10. If fluid conductivity is increased by 10, multiply the results 

by 10. If the particle size is increased by 10, multiply the results by 100. 

Deep reactive ion etching (DRIE) of highly-doped silicon wafers to fabricate the electrode-based 

isoDEP device for microchannel heights greater than 20 µm can be challenging due to extended 

etching times and sidewall roughness generated during the etching process. However, some post-

DRIE processing techniques suitable for ~10 µm etching depths, [40] might be used to smooth the 

scalloping effect. Electroplating of metals can be adapted for microchannel heights below 20 µm; 

however, achieving the desired vertically-straight and parallel microchannel sidewalls required for 

isoDEP field is challenging. 

Insulative-based devices offer a low-cost fabrication alternative (soft lithography, hot embossing,  

etc.) but the distance between the electrodes are relatively larger compared to electrodes-based 
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devices, hence requiring greater applied voltages. High gain amplifiers can be used but typically 

cannot reach high frequencies (limits typically less than 10 MHz) which is a disadvantage because 

some cells phenotypes, such as cytoplasm properties and lipid formation, can only be investigated 

at higher frequencies ~ 40-80 MHz [41]. 

Intuitively, the key design parameters to reduce ET flow is to facilitate heat transfer normal to 

the electric field direction and reduce heat transfer in the direction of the field. Moreover, heat 

transfer is connected to the volumetric heat flux ( ) which is constrained by the microchannel 𝑞′′′

height and width. Hence, for a given  ET flow reduction can be achieved by either having a 𝑘2

material of a high thermal conduction ( ) or decreasing the height (h), wall thickness ( ), width 𝐾 𝑡𝑤𝑎𝑙𝑙

of the microchannel, and the base thickness. Further,  is reduced for smaller particles 𝑣ETH/𝑣DEP

moving at the same relative speed n. The use of smaller particles will decrease the size of the 

microchannel and electrode spacing thereby reducing volumetric heating.  

4. Concluding Remarks

The premise of isoDEP device is to analyze cell subpopulations relying on DEP particle translation; 

however, due to unwanted electrokinetic motion, particularly ET flow,  the operation of isoDEP 

can be compromised. In this study we developed scaling law analysis to obtain design rules to 

maximize DEP-induced particle motion relative to ET flow. Our results recommend that in order 

to reduce the effects of ET flow, for both electrode-based and insulative based devices, the height 

and width of the microchannel should be less than 10 particle diameters. In addition, designs that 
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facilitate heat transfer normal to the field direction is benefitial; for example, using a silicon base 

enhances the performance of insulative-based isoDEP devices.
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Figure legend

Figure 1. (A) Illustration of the isoDEP microchannel geometry. Cross-sectional view of the (B) 
microelectrode device with electrodes serving as the walls and the (C) insulative device Variables 
for the analysis herein are labeled.  

Figure 2. Schematic diagram of heat transfer resistance model for (A) the microelectrode-based 

device where the silicon is serving as electrodes separated by a gap and (B) insulative based 

device where the electrodes are a distance L from the origin.

Figure 3: The electric potential (solid red) and resultant electric field (dashed blue) for the (A) 

microelectrode and (B) insulative isoDEP systems. The primary direction of their respective 

electrothermal body force component is shown.

Figure 4: (A) Graph of the required gradient of field-squared, k2, for the isoDEP system to have 

a particle translate at n particle diameters per second. (B) Contour plot of k2 for a given system 

length scale and applied voltage.

Figure 5: Contour plots of the resulting for different isoDEP systems: (A) 𝜈ETH 𝜈DEP 

microelectrode, (B) insulator, and (C) insulator with silicon base. Results are for a 1 m particle 

traveling at n = 1 diameters per second. Axis scaling is with respect to particle diameter. Note: 

These results are scalable for different particle speeds, particle sizes, and fluid conductivity; refer 

to manuscript for more information.
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Figure 1. (A) Illustration of the isoDEP microchannel geometry. Cross-sectional view of the (B) 
microelectrode device with electrodes serving as the walls and the (C) insulative device Variables for the 

analysis herein are labeled.   
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Figure 2. Schematic diagram of heat transfer resistance model for (A) the microelectrode-based device 
where the silicon is serving as electrodes separated by a gap and (B) insulative based device where the 

electrodes are a distance L from the origin. 
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Figure 3. The electric potential (solid red) and resultant electric field (dashed blue) for the (a) 
microelectrode and (b) insulative isoDEP systems. The primary direction of their respective electrothermal 

body force component is shown. 
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Figure 4. (a) Graph of the required gradient of field-squared, k2 , for the isoDEP system to have a particle 
translate at n particle diameters per second. (b) Contour plot of k2 for a given system length scale and 

applied voltage. 
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Figure 5. Contour plots of the resulting νETH / νDEP for different isoDEP systems: (A) microelectrode, (B) 
insulator, and (C) insulator with silicon base. Results are for a 1 μm particle traveling at n= 1 diameters per 

second. Axis scaling is with respect to particle diameter. Note: These results are scalable for different 
particle speeds, particle sizes, and fluid conductivity; refer to manuscript for more information. 
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