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Supplementary Note S1: Hydrodynamic force simulations for force scaling analysis 

Finite element analysis simulations were carried out using COMSOL Multiphysics 5.3 software 

(COMSOL Inc., Burlington, MA, USA) on a desktop computer with an Intel(R) Core (TM) i7-

8700 CPU at 3.20 GHz, 16 GB of RAM, and an NVIDIA GeForce GTX 1050 Ti graphics card. 

The Creeping Flow module was used to model the hydrodynamic force on the surface of a 

stationary cell positioned at (0,0,ℎ). The built geometry was set up to represent a rectangular 

section of length 𝐿 of the complete microfluidic device where the flow was assumed to be fully 

developed. A pressure gradient boundary condition of Δ𝑝 = 0.63929 Pa was applied between the (0,𝑦, 𝑧) and the (𝐿, 𝑦, 𝑧) planes (𝑄 = 166.7 µL min-1), for a liquid with viscosity of 𝜂 = 8.4×10-4 

Pa∙s. The symmetry plane of the problem (𝑥, 0, 𝑧) was used to simulate only half of the complete 

geometry. We used a free tetrahedral mesh with a minimum element size of 0.2 µm, maximum 

element size of 25 µm, element growth rate of 1.3 and a curvature factor of 0.2, with a resolution 

of 1 in narrow regions. A sphere of radius 𝑎 and centered at (0,0, ℎ ) was used to represent a K562 

cell in the microchannel. The line connecting (0,0,0) and (0,0,ℎ − 𝑎) was refined with a 

distribution of 50 elements, and lines defining the spherical particle surface were set to have 100 

elements. No-slip boundary conditions were applied to all walls, including the stationary cell’s 

surface, but excluding inlet and outlet planes. The total hydrodynamic force on the cell was 

calculated by using an intop1(𝑣𝑎𝑟) operation on the cell surface, where 𝑣𝑎𝑟 was the stress tensor 

on the 𝑥-direction (i.e., spf.T_stressx). A parametric sweep with a stationary study was set up to 

calculate the total force as a function of ℎ, with a total of 10 values (start: 𝑎, end: 𝐻/2). For each 

parameter iteration, a stationary step was selected to determine the flow field and the 

hydrodynamic stress tensor on the surface of the particle. A Generalized Minimal Residual 

(GMRES) iterative solver was used with a maximum number of iterations of 200. A fully coupled, 

automatic (Newton) nonlinear solver for computation and the total runtime was 5 h 12 min 49 s. 
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Supplementary Note S2: Dielectrophoretic force simulations for force scaling analysis 

An independent COMSOL Multiphysics 5.3 simulation from the hydrodynamic study was used to 

compute the position-dependent electromagnetic forces on K562 cells. A frequency domain study 

was carried out using the Electric Currents module to apply an AC signal of 20 Vpp and a 

frequency of 1.3 MHz on parallel gold electrodes of width 𝑤  50 µm, separated by 𝐺 = 75 µm 

(Figure 2b). We used a rectangular block of width  4(𝐺 + 𝑤 ) = 500 µm, depth of 400 µm, and 

height of 𝐻 to represent a fraction of the complete channel geometry. Note that because electrodes 

are slanted by 𝜃 = 30° with respect to the 𝑥-axis of the microchannel (Figure 2b), the width of the 

simulation block spanning the diagonal 𝐴𝐵 (Figure 2b inset) needs not match the width 𝑤 of the 

microchannel to represent the field near electrodes to good approximation. A spherical domain 

centered at (0,− + Δ𝑦 , ℎ) in the rotated coordinate system of Figure 2b was used to represent 

the K562 cell. A value of Δ𝑦 = 1 µm was used to sightly separate the cell’s bottom from the 

electric field singularity at (0,− , 0) when ℎ = 0. A parametric sweep was carried out to find the 

effect of ℎ on the electric force. The value ℎ was varied from 0 to 𝐻/2 (channel half height). The 

symmetry plane (0,𝑦 , 𝑧) was used to simulate only half of the complete geometry. We used a free 

tetrahedral mesh with a minimum element size of 0.01 µm, maximum element size of 15 µm, 

element growth rate of 1.5 and a curvature factor of 0.6, with a resolution of 0.5 in narrow regions. 

In addition, a maximum element of 0.2 µm was used inside the spherical domain to further refine 

the cell volume. The line 𝐴𝐵 and the edges of electrodes were set to have 100 element points, 

while lines defining the spherical particle surface were set to have 100 elements. Moreover, the 

line connecting (0,0,0) and (0,0,ℎ − 𝑎) was refined with a distribution of 50 elements. The total 

time-averaged electromagnetic force (the DEP force) on the cell was calculated by using an 

intop1(𝑣𝑎𝑟) operation on the cell surface, where 𝑣𝑎𝑟 was the stress tensor on the 𝑦 -direction (i.e., 

ec.unTeavy). This value was then multiplied by sin𝜃 to obtain the 𝑥-directed DEP force 

component (Figure 2b inset). Additionally, the flow-orthogonal DEP force in the 𝑧-direction was 

computed via integration of ec.unTeavz. A parametric sweep with a frequency domain study was 

set up to calculate the total force as a function of ℎ, with a total of 29 values (start: 𝑎, end: 𝐻/2). 

For each parameter iteration, a frequency domain step was selected to apply an electric field of a 

given frequency (f = 1.3 MHz), which allowed computation of the average Maxwell tensor on the 

surface of the particle and computation of the total electric force. A Bi-Conjugate Gradient 
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Stabilized (BiCGStab) iterative stationary solver with a maximum number of 10000 iterations was 

used to compute the electric potential and electric field distribution in each case. A fully coupled 

solver was used with an automatic (Newton) nonlinear method for computation, with a runtime of 

21 min 23 s. 

 For all simulations, a multi-shell Maxwell Garnett model was used to represent the cell complex 

dielectric properties. All the dielectric properties are summarized in Table S1. The complete 

complex permittivity properties of 𝜖  were applied to the finite element analysis simulations, as 

well as the multipolar DEP equations. Media outside of the cell spherical domain were assumed to 

have the properties of low conductivity DEP buffer, with a conductivity of 𝜎 = 100 µS cm-1 and 𝜖 = 78. 

Variable Symbol Value 
Cell radius 𝑎 4.85 µm 
Nucleus radius 𝑟  3.5 µm 
Membrane permittivity  𝜖  8.72 
Membrane conductivity 𝜎  1×10-6 S m-1 

Cytoplasm permittivity 𝜖  70.04 
Cytoplasm conductivity 𝜎  0.503 S m-1 
Nuclear envelope permittivity 𝜖  17.05 
Nuclear envelope conductivity 𝜎  9×10-4 S m-1 
Nucleoplasm permittivity 𝜖  50.12 
Nucleoplasm conductivity 𝜎  0.902 S m-1 
Lipid membrane thickness 𝛿  10 nm 
Nuclear envelope thickness 𝛿  40 nm 
Complex membrane permittivity 𝜖  𝜖 = 𝜖 𝜖 − 𝑖𝜎 /𝜔 
Complex cytoplasm permittivity 𝜖  𝜖 = 𝜖 𝜖 − 𝑖𝜎 /𝜔 
Nuclear envelope permittivity 𝜖  𝜖 = 𝜖 𝜖 − 𝑖𝜎 /𝜔 
Nucleoplasm permittivity 𝜖  𝜖 = 𝜖 𝜖 − 𝑖𝜎 /𝜔 

Table S1. K562 cell properties used in the Maxwell Garnett formula. All properties were obtained from [1]. 
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Supplementary Note S3: Flow simulation and particle tracking for the coupled 
hydrodynamic-DEP 3D cell focusing region 

An independent COMSOL simulation was carried out to solve the flow field, electric field, and 

particle tracing. To reduce the complexity of numerical modeling, a simplified 3D version of the 

microfluidic channel was built and meshed (Figure 4a). The 3D mesh mainly consisted of 

tetrahedra elements with triangular 2D elements on boundaries and surfaces. The Navier–Stokes 

and continuity equations were solved to obtain the flow field in the system: 𝜌  𝝂 + 𝝂.∇𝝂 = −∇𝑝 + 𝜂∇ 𝝂, (S1) ∇. 𝝂 = 0, (S2) 

where ρ, ν, p, and η are the fluid density, velocity, pressure, and viscosity, respectively.  

The electric field, E, was obtained by solving the following:  ∇ ∙ (µ 𝑬) = 𝜌 , (S3) 

∇ ∙ (σ𝑬) + ∂ρ∂𝑡 = 0, (S4) 

𝑬 = −∇𝜙 (S5) 

where µ  is the medium permittivity, 𝜌   is the free charge density, 𝜎 is the medium conductivity, 

t is the time coordinate, and 𝜙 is the electric potential. After solving the flow and electric fields, 

Newton’s second law was used to predict the particle trajectory in the flow: 𝑑𝑑𝑡 (𝑚 𝒗𝒄𝒆𝒍𝒍) = 𝑭𝑫𝒓𝒂𝒈 + 𝑭𝑫𝑬𝑷, (S6) 

where 𝑚  is the mass of the cell, 𝒗𝒄𝒆𝒍𝒍 is the cell velocity, 𝑭𝑫𝒓𝒂𝒈 is the drag force applied on the 

cell, and 𝑭𝑫𝑬𝑷 is the dielectrophoretic force applied on the cell. 

Two different sets of parametric sweep studies were performed to obtain optimum flow rate ratios 

for hydrodynamic focusing and optimum electric field voltages applied to z-focusing electrodes. 

For each parametric study, laminar flow, frequency domain, and time-dependent particle tracing 

modules were used to predict fluid flow, electric field of a given frequency, and cell trajectory, 

respectively. For the steady-state laminar flow and time-dependent particle tracing modeling, a 
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GMRES iterative solver was adopted with a maximum number of iterations of 200 and 10000, 

respectively. For the frequency domain model, a BiCGStab iterative stationary solver was used, 

with 10000 as the maximum number of iterations. For each case study, solving the three modules 

resulted in a total runtime of approximately 5 min. 
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Supplementary Note S4: Mesh study 

To validate the selected meshes for the hydrodynamic and dielectrophoretic force calculation, we 

performed a mesh study by varying the number of mesh elements in the respective simulations. A 

K562 cell was simulated and placed at ℎ = 125 µm for both simulations, and the total forces were 

compared against the force convergence value in pN. This difference is presented as a percent 

change in Fig. S1 a,b. The study was halted at a mesh refinement level of 994,321 elements for the 

flow field simulation and 4,198,062 elements for the electric field simulation. At this point, the 

relative percentage differences were calculated as 0.26% for the flow field simulation and 0.477% 

for the electric field simulation when compared to the previous iteration, demonstrating 

convergence and a good trade-off between the number of elements.  

 
Figure S1. Mesh study for the hydrodynamic and electrostatic field simulations. (a) Percent difference in 

hydrodynamic force calculation as a function of the number of mesh elements. (b) Percent difference in 

dielectrophoretic force calculation as a function of the number of mesh elements. 

 

(a)  (b)  
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Figure S2. Geometries and meshes used in the computation of hydrodynamic (a,b) and dielectrophoretic forces (c,d). 

Notice that in the above meshes, only half of the 3D geometry is simulated by exploiting the symmetry of the problem. 

Mesh refinement levels of 994,321 elements for the flow field simulation and 4,198,062 elements 

for the electric field simulation were used. As seen in Fig. S2, the element size is nonlinear in its 

distribution: element size was reduced as one approaches the cell/particle-liquid spherical 

boundary. Details on the mapping distributions are provided in Supplementary Notes 1 and 2. It 

was found that using linear meshing distributions would result in simulations that would not 

converge to a solution, whereas nonlinear meshes that were dense enough resulted in successful 

simulations and increasing accuracy. Refer to Fig. 3d in the main manuscript for an assessment of 

numerical accuracy versus available theoretical models. 
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Supplementary Note S5: Numerical model validation 

To experimentally validate our numerical model, we searched the literature for a study where 

hydrodynamic and dielectrophoretic forces were involved to control the balance position of 

particles within a microfluidic chip. Our validation then consisted of predicting said balance 

positions, given the calculated hydrodynamic and electric stress forces on the surface of a particle. 

The work of Su et al. details the use of a microfluidic rectangular channel with bottom electrodes 

used to mobilize particles and measure their dielectric properties [2]. Fig. 3d in that study 

quantitatively demonstrates the measured particle displacement (or balance position, in µm) due 

to DEP forces versus the applied voltage at 1 MHz of operation. By implementing all experimental 

conditions and physical parameters of Table S1 into our DEP-hydrodynamic model, we were able 

to simulate the predicted particle displacements for the case Q = 2 µl/min. The results of this 

validation are shown in Fig. S3. 

In the case of the applied voltage of 10V, our model predicted a total DEP force of 149.05 

pN in magnitude, whereas the DEP force calculated from Ref. [2] for that case corresponded to 

147.41 pN, which constitutes a difference of only 1.11%. We therefore conclude that our model 

reflects the experimental DEP/flow balance to good approximation and the forces calculated from 

that work. We believe that the combination of these results, along with the theoretical validation 

presented in Fig. 3d, provides compelling evidence for the practical applicability of our model 

with a reasonable level of accuracy. 

 

Figure S3. Experimental validation of the presented numerical model, using reported values from Su et al., 2013 [2]. 

Experimental measurements correspond to the reported displacement of 6 µm particles versus the applied signal 

voltage. Refer to [2] for further details on the experimental conditions used for measurements.  
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Figure S4. K562 cell traveling time in the microfluidic chip as a function of starting 𝑧-position, given by ℎ. A fit to 𝜏~ℎ  was used to estimate scaling laws for the traveling time. 



11 
 

 
Technique Cell types Flow rate 

Separation 
purity 

Cell 
recovery 

Gascoyne et al. 

[3,4] 

Dielectrophoretic Field-

flow-fractionation 

Cancer cells (e.g., 

MDA435, MDA468, and 

MDA 231) and blood cells 

(e.g., T-lymphocytes, 

monocytes, and B-

lymphocytes) 

Up to 4.5 

ml min-1 
>90% 10-92% 

Yan et al. [5] 
Dielectrophoresis-active 

hydrophoretic focuser 

Micro-particles and 

murine erythroleukemia 

(MEL) cells 

Up to 9 mL 

hr-1 
NA NA 

Faraghat et al. 

[6] 

Electrophysiology-

activated cell enrichment 

(EPACE) 

Fibroblasts, Red blood 

cells, MDA-MB-231 

breast cancer cells, and 

Yeasts 

Up to 1 ml 

min-1 
>90% 

Up to 

96.4% 

Luo et al. [7] 

Combined gravitational-

sedimentation-based 

prefocusing and 

dielectrophoretic 

separation 

Human acute monocytic 

leukemia THP-1 cells, 

and yeast cells 

Up to 12.5 

µl min-1 
>90% NA 

Zhang et al. [8] 
Hybrid dielectrophoresis 

(DEP)- inertial sorting 

5 µm and 13 µm 

polystyrene particles 

Up to 100 

µl min-1 

38% to 93.8% 

for 13-μm 

particles and 

62% to 100% 

for 5-μm 

particles 

 

NA 

Pesch et al. 

[9,10] 
Open porous 

microstructures 
Yeast 

Up to 11 

mL hr-1 
>90% NA 

Nie et al. [11] 
Electrode tracks made of 

conducting-PDMS 
HeLa cells, lymphocytes 

Up to 1.2 

mL hr-1 
>90% 80.42% 

 

Table S2. Summary of high-throughput DEP-based cell separation methods. 
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