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Relevant for
Ø Product quality enhancement (separation of conducting

and non-conducting carbon nanotubes)
Ø Waste recycling (metal recovery from scrap)
Ø (Bio-)analytical chemistry
Ø …

Standard methods:
Ø (Density-gradient) centrifugation, Elutriation, Electrophoresis, Inertial

Separation, Filtration, …
Ø Methods based on density differences fail when particles are very small or

densities are close together (for example, different plastics …). 
Electrophoresis requires particle charge and filtration is usually not material 
selective.

Movement of charged and uncharged matter in inhomogeneous electric fields.

Just chillin
whoo…

field gradient ∇|E|

Homogeneous field:
No Effect.

Inhomogeneous field:
DEP!

Movement velocity:
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Speed and direction of movement is
given by the dielectrophoretic mobility:

R – Particle size
Re[fCM] – Relative particle polarizability

Re[fCM] > 0
Positive DEP

Re[fCM] < 0
Negative DEP

Depends
on 
material!

Ø Simplififcation of filter with microchannel model structure
Ø Simulation with COMSOL and experiments with 1 µm polystyrene

particles and yeast cells (8 µm) in polydimethylsiloxane channels
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Figure 1. Scheme of the microfluidic system that serves as model porous medium (a). The microchannels have a height of
120 µm and a width of 2.8 mm. An array of insulating posts with cross-sectional diameter hS is located in the center of the
channel. They are placed a distance of d apart. The entire array has a length of 8 mm. The fluid velocity vector~vF results from
the pressure-driven volume flow Q through the channel. Elongated dust blockers are located in front and behind of the post
array. The electric field E0 = DV/L across the array is generated by applying a voltage DV using two platinum electrodes
(blue). Fluid inlet and outlet is realized using PTFE tubing (red) and fluid transport is achieved using a syringe pump.
Triangular support structures are located in the channel to prevent it from collapsing. Principle of positive DEP (pDEP) particle
trapping in the post array (b). The electric field is disturbed by the posts so that it shows maxima at the openings in each line of
posts at the points that are on a line perpendicular to the flow and applied field direction. Particles experiencing positive DEP
will become immobilized at these field maxima that act as particle traps. Snapshot of a microchannel with polystyrene model
particles without (c) and ten seconds after application of the electric field (d); see also supplementary movie S 1.

reports used silica glass beads as filtration matrix, whereas we used a monolithic sponge. Interestingly, two recent publications
from our group indicate that the trapping dynamics are directly influenced by the pore structure35 and pore size36 of the porous
medium.

The main reason for the high throughput achieved in the filtration devices compared to conventional microfluidic devices
usually used in DEP is the possibility to use a separation matrix with a large fluidic cross section. Electrode-based microfluidic
devices can only have a maximum fluidic cross section in order to generate high enough field gradients37; very similar,
classical polydimethylsiloxane-based microfluidic devices can only have a maximum channel height, limited by the production
mechanism38. Instead, we propose that by employing a real porous medium as a filtration matrix we can emulate a vast number
of parallel microchannels (thus the fluidic cross section of such devices is much larger) while simultaneously being easy to
handle and cheap to produce.

As a consequence of our preliminary DEP filtration work2, we here scrutinize the filtration process by simulative and
experimental investigation of particle trapping in model porous media. This allows for gaining a better understanding of the
underlying phenomena and their quantification. By this we can relate separation performance with operational parameters and
geometrical dimensions. A quasi two-dimensional array of insulating posts in a microfluidic channel is employed as porous
medium (Fig. 1 a) and particles are transported through the channel due to pressure driven flow. This gives in principle the same
trapping dynamics but the structure is much easier to describe. Using standard finite element (FE) simulations (trajectories
of mass-less particles through a stationary fluid and electric field), we investigate the influence of key design (post spacing
and post size) and operational (throughput, field strength, and particle diameter) parameters on the separation. We verify key
results by experiments using polymeric model particles in microfluidic polydimethylsiloxane (PDMS) channels. This allows
for direct visualization of the occurring processes. Further, by separating live yeast cells from salt buffer we show that the
predictivity of our model is also valid for biological samples. To demonstrate the direct scale-up possibility of our model, we
separate yeast cells from salt buffer using positive DEP in real alumina sponges at high throughputs (of up to 600 mLh�1). We
demonstrate that the scaled-up process shows similar parameter dependencies as the separation process in the model filter. The
direct scale-up possibility using real samples is an important step towards actual high-throughput DEP filtration that could
tackle a wide range of current (cell-)separation challenges, such as the separation of circulating tumor cells from whole blood3.
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PS and Eq. (2): 

R
2

= 0.91

b. Experimental data, d = 100 µm

Fit from simulation
PS, hS = 262 µm
PS, hS = 390 µm
PS, hS = 520 µm
Yeast, hS = 262 µm

Figure 3. Separation efficiency h as a function of x = (DV )2d2
Ph�1

S Q�1Re [K]. a: Simulated separation efficiencies (empty
symbols) for a variety of parameters Q = 0.05–0.1mLh�1, dP = 0.2–1µm, DV = 350–4000VRMS, and hS = 130–1200µm at
Re [K] = 0.52 and d = 100µm. The fit according to Eq. (2) shows a high R2 of 0.98 using Re [K] = 0.52. b: Comparison of the
fit from panel (a) with experimental data obtained using 1 µm polystyrene (PS) particles. Using the same
C =�24.6⇥103 V2

RMShm�2 and comparison with the PS experiments gives a slightly lower R2 of 0.91. The red circles of
panel b are equal to the data points presented in Fig. 2 a. The blue and green data points at hS = 390µm and 520 µm were
recorded at DV = 700–1050VRMS and Q = 0.1–0.2mLh�1. Particle size dP = 1µm in all experiments. Again, a value of
Re [K] = 0.52 was assumed for the PS particles to match the experiments with the simulation. The yellow stars show the
separation efficiency of yeast cells (dP = 5µm, Q = 0.6mLh�1, hS = 262µm and DV = 700–1050VRMS). Here, a value of
Re [K] = 0.18 was assumed to obtain a match between the fit and the experimental data. The Methods section gives a detailed
explanation on how we obtained the values of Re [K] for yeast and PS. In all cases, error bars show one standard error. If error
bars are not visible, they are smaller than the symbols. A version of panel (b) containing a numbering scheme and a
corresponding table that contains the respective hS and DV values can be found in the supplementary information (Fig. S 12 and
Tbl. S 2).

and 520 µm and different values of DV and Q) revealed a good accuracy of the prediction (Fig. 3 b). Again, this is remarkable,
because only Re [K] was required as a fitting parameter and the resulting value of Re [K] = 0.52 falls well within reasonable
range (see Method section). The d2

P dependence in h (x) was not experimentally investigated because a change in dP is always
accompanied by a change in Re [K] due to the nature of the effective conductivity of polystyrene particles39. It is thus not
possible to solely change dP and we could easily fit all resulting data points to the existing simulation fit by assuming some
(reasonable) value of Re [K]. Albeit being one of its key properties, investigating the non-selective size dependency of the
separation efficiency at this stage does not yield new scientific insight. This is because size is not an independent variable and
we cannot change it without inevitably changing Re [K] (which is our fitting factor).”

We were further able to demonstrate that this fit can be readily transferred to other particle systems by separating yeast
cells from KCl buffer solution (Fig. 3 b, stars), which is a common example for DEP bio-particle separation41–43. These
baker’s yeast cells have an approximate size of dP = 5µm. Literature reports of their Re [K]-value greatly varies over the entire
possible spectrum (�0.5 to 1 depending on frequency and medium conductivity), which is common for biological systems. We
have assumed Re [K] = 0.18 in order to match the fit and the experimental separation efficiencies, which is a very reasonable
assumption (cf. for example Ref. 10, Fig. 11.7, or Ref. 40, Fig. 2A, we use a medium conductivity of 2.5⇥10�4 Sm�1 and
15 kHz frequency). The match between different particle systems and the simulations is remarkable. This shows that the
predictive ability of the fit is not limited to a specific model particle but also valid for real particle systems.

What we have presented so far was limited to throughputs below 1 mLh�1 and allowed us to identify and characterize the
pDEP model. For bridging the discussed throughput gap we would now like to show that the results using model porous media
are easily transferred toward much higher throughputs in macroscopic filtration media.

Scale-up: Cell separation in a high-throughput porous medium
In order to demonstrate that the design rules established for microfluidic channels are directly transferable to the scaled-up,
more complex system (Fig. 4 a), we performed yeast cell separation in ceramic filter (open cell foam, mullite, 83 % porosity,

6/15

DEP Filtration – Concept

Porosity: 83%, pore size 130 µm
2 cm2 cross section

∆V = 300-1400V
Q = 0.05-0.4 mL/h
d = 100 µm

dP = 8 µm
1 - 9 mL/min

Ø DEP Trapping: Immobilization of particles in 
field traps (currently only non-selective)!

DEP 
Separator

Ø Field trap: local maximum
of the electric field

Ø Aim: Find a configuration
that generates a lot of
field maxima for trapping!

FTQFDJBMMZ XJUI SFTQFDU UP UIF VOEFSMZJOH HFPNFUSZ PG UIF NBUSJY 	JJ
 PQUJNJ[F UIF NBUSJY TUSVD�
UVSF UPXBSET B NPSF FċDJFOU TFQBSBUJPO 	UIBU JT BQQMZ MFTT WPMUBHF BDIJFWF IJHIFS UISPVHIQVU
BOE TFQBSBUJPO FċDJFODZ
 BOE mOBMMZ 	JJJ
 JOWFTUJHBUF UIF JOnVFODF PG PQFSBUJPOBM QBSBNFUFST
PO UIF TFQBSBUJPO�

ɨJT UIFTJT JT DPNQPTFE PG UISFF DPOUFOU DIBQUFST� ɨF PWFSBMM BQQSPBDI UP VOEFSTUBOE BOE
PQUJNJ[F UIF USBQQJOH CFIBWJPS JO QPSPVT NFEJB JT WFSZ TJNJMBS UP UIF BQQSPBDI UBLFO XIFO
USZJOH UP VOEFSTUBOE BO VOLOPXO UFDIOJDBM EFWJDF� ɨF PWFSBMM EFWJDF 	UIF mMUFS y
 XJMM CF
UBLFO BQBSU UP UIF TNBMMFTU VOJU� ɨJT VOJU XJMM CF JOWFTUJHBUFE JO EFUBJM UP VOEFSTUBOE IPX JU
XPSLT� 8IFO UIF NFDIBOJTN JT VOEFSTUPPE JU DBO CF PQUJNJ[FE BOE QVU CBDL UPHFUIFS�

5P CF NPSF TQFDJmD� ɨF TFQBSBUPS DPOTJTUT PG B MJRVJE nPXJOH UISPVHI B QPSPVT NFEJVN
UIBU JT TBOEXJDIFE CFUXFFO UXP FMFDUSPEFT UIBU HFOFSBUF BO FMFDUSJD mFME� ɨF TFQBSBUPS XJMM
CF TJNQMJmFE CZ SFQMBDJOH UIF SFBM DPNQMFY QPSPVT NFEJVN CZ BO BSSBZ PG QPTUT BT B NPEFM
mMUFS UIBU BSF JOTUFBE QMBDFE CFUXFFO UIF UXP FMFDUSPEFT 	DG� 'JH� ���
� "T B mSTU TUFQ B TJOHMF
QPTU XJMM CF JOWFTUJHBUFE� #FDBVTF QBSUJDMFT BSF USBQQFE EVF UP UIF FMFDUSJD mFME HSBEJFOU JU JT
IFMQGVM UP TUVEZ IPX UIF FMFDUSJD mFME HSBEJFOU 	EVF UP UIF QPTU QPMBSJ[BUJPO
 XJMM CF JOnVFODFE
CZ UIF TIBQF PG UIF NBUFSJBM CPVOEBSZ J� F� CZ UIF HFPNFUSZ PG UIF QPTU� ɨJT JT EPOF JO $IBQUFS
�� *O $IBQUFS � UIF NBDIJOF JT BMSFBEZ QBSUMZ SFBTTFNCMFE� IFSF UIF JOUFSQMBZ CFUXFFO FMFDUSJD
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disassemble

... & understand electric 
field distortion
(Chapter 4)

vF ... & understand particle
trapping
(Chapter 5)

resassemble

optimized ideal design (Chapter 6)

optimized 
real design

outlook

Preliminary results (Chapter 1)
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1.6 What to expect from this thesis 9

Scattering of electric field at 
material boundary generates
field traps!

Conclusion and Outlook

Ø Two setups: Microfluidic setup for understanding
and observing (microscope!); macroscopic filter
setup for high-throughput separation

Ø Next steps: Selective separation (e.g., trap metal in 
a metal-plastic mixture)

Ø Decrease particle size (nanoparticles)


