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High accuracy particle analysis using sheathless
microfluidic impedance cytometry †

Daniel Spencer,‡a Federica Caselli,‡b Paolo Bisegna,∗b and Hywel Morgan∗a

This paper describes a new design of microfluidic impedance cytometer enabling accurate char-
acterization of particles without the need for focusing. The approach uses multiple pairs of elec-
trodes to measure the transit time of particles through the device using two simultaneous different
current measurements, a transverse (top to bottom) current and an oblique current. This gives
a new metric that can be used to estimate the vertical position of the particle trajectory through
the microchannel. This parameter effectively compensates for the non-uniform electric field in
the channel that is an unavoidable consequence of the use of planar parallel facing electrodes.
The new technique is explained and validated using numerical modelling. Impedance data for 5,
6 and 7 µm particles are collected and compared with simulations. The method gives excellent
Coefficient of Variation in (electrical) radius of particles of 1% for a sheath less configuration.

1 Introduction
Microfluidic Impedance Cytometry (MIC) is a widely used label-

free technique for high throughput single-cell electrical analysis

and discrimination2–4. The impedance of single particles is mea-

sured by applying an AC voltage to two pairs of electrodes and

measuring the differential current as a cell transits through the

system. A voltage is applied at several different frequencies and

the change in current is analysed to determine the cell dielec-

tric properties. Microfluidic impedance cytometry has been used

to analyse micro-organisms5–7, erythrocytes8,9, leukocytes10,11,

platelets12,13, and animal and human cell lines14–16. Low fre-

quency (e.g. 500 kHz) impedance is used to size particles because

at these frequencies (and in high conductivity buffer) the particle

volume is related to the real part of the complex impedance sig-

nal, in a similar manner to a Coulter volume measurement. At

higher frequencies, the electrical impedance is influenced by the

cell membrane and the cytoplasmic properties. For the widely

used parallel electrode geometry (Figure 1(a)), the measured

impedance signal also depends on the position of the particle be-

tween the electrodes, i.e. the trajectory of the particle as it flows

through the channel. This is because the electric field in the chan-

nel is not uniform and the particle can influence the current in the
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reference arm of the sensor1. This manifests itself as an error in

the measured “volume” of the particle for off-centre particles (i.e.

close to the top or bottom electrodes).

To obtain high quality (low CV) data, nearly all cytometers

use some form of particle focusing. Typically, particles are fo-

cused using sheath flow17, first introduced in 1968 for the Coulter

counter18. However, sheath flow focusing increases the complex-

ity of the system (in particular for 2-D focusing in planar geome-

tries)17 and consumes significant additional fluid. Microfluidic

particle focusing has also been demonstrated using Dean flows19

and inertial focusing20–22. Inertial focusing requires high flow-

rates and is highly dependent on particle size, so that measure-

ment of heterogeneous populations becomes difficult. Externally

applied forces can also be used to focus particles within the fluid.

For example dielectrophoresis6,23 (DEP) and acoustophoresis24

have been used to focus particles without the use of a secondary

flow. Other novel approaches include combining DEP and inertial

microfluidics25. In sheath-less focusing systems, the magnitude

of the force on a particle (hence the focused position) depends

on the physical properties of the particle including volume and

intrinsic physical/electrical properties. This means that it can be

difficult to optimise any given system for a heterogeneous sample.

Particle focusing is not generally used in MIC; particles move

through the analysis region between the electrodes in a random

manner that reflects the parabolic nature of pressure driven flow.

However, this causes errors in the measurement signals when

particles flow near the electrodes1. Using multiple pairs of elec-

trodes, the SNR can be increased26,27, and the interaction with

immobilised surface antigens can be studied28, however the vari-

1–8 | 1

Page 1 of 8 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



Fig. 1 (a) Diagram showing the structure of a parallel facing electrode microfluidic impedance cytometer. (b) Simulated differential currents for an
insulating 7 µm diameter particle passing through the measurement region (36 µm wide and 45 µm high, 30 µm wide electrodes separated by
50 µm) with three different trajectories: close to the top electrodes (3 µm gap, curve 1), through the middle of the channel (curve 2) and close to the
bottom electrodes (3 µm gap, curve 3). Curves 1 and 3 are different due to an asymmetry in the current flow between the electrode pairs1. (c) shows
a new electrode design where a pair of grounded electrodes are positioned between the measurement pairs to prevent current flow between the
measurement electrode pairs (30 µm wide separated by 10 µm). The simulated differential signal is shown in (d). Parameter values used for the
simulations are reported in the ESI†.

ation in signal with particle position still remains an issue that

limits the accuracy of impedance cytometry. In this work, we

describe a simple approach to compensate for the variation in

signal caused by the random position of a particle. A new chip

design coupled with a signal-processing compensation strategy is

demonstrated. The technique is based on a new metric that en-

ables an estimate of the vertical position of the particle from a

simultaneous oblique current measurement.

2 Operating principle
Figure 1(a) shows the widely used parallel facing 4-electrode de-

sign. Particles are suspended in an electrolyte (e.g. PBS) and are

pumped through the channel at a typical flow rate of 40 µl/min in

a 40 µm × 40 µm channel giving a maximum particle velocity of

the order of 1 m/sec. The impedance signal exhibits an antisym-

metric shape1,29, as shown in the figure. The peak voltage signal

is recorded and is used to determine the dielectric properties of

the particle at that frequency2. As discussed in the introduction,

the electric field within the channel is non-uniform and there-

fore the magnitude of the measured electrical current depends

on particle position. Figure 1(b) shows that not only is the sig-

nal magnitude different, but also the shape of the signal in the

top or bottom half of the channel is different. This asymmetry is

caused by a cross current that flows between diagonally opposite

electrodes that is modulated when the particle passes1.

The velocity of a particle flowing through the channel can be

determined from the transit time, defined as the time between the

positive and negative impedance peaks. The transit time reflects

the position of a particle in the channel, i.e. those near the walls

move more slowly than particles travelling in the centre (Figure

S1(a)†). However, it is not possible to determine the y-z spatial

position of a particle from the transit time; only its radial position.

As shown in Figure 1(b) (see also Figure S1(b)† ), the impedance

signal for an identical particle varies with the vertical position

in the channel (z-axis), and consequently the impedance “error”

cannot be corrected using transit time information alone.

To reduce the magnitude of the cross current and reduce the

error in impedance signal, ground electrodes can be introduced

into the system as shown in Figure 1(c). These grounded elec-

trodes remove the cross currents from diagonally opposite elec-

trodes, reducing the positional dependence of the impedance sig-

nal. However, this method does not completely eliminate the er-

ror, as shown by the simulated signal of Figure 1(d) (see also

Figure S2(a)†). Signals from the off-centre particles are still

higher than those flowing in the centre of the chip (the lower

the electrode-width to channel-height ratio, the higher this effect,

Figure S3†). Knowledge of the particle z-position in the channel

is therefore required to uniquely correct for the height-dependent

impedance variation. This can be achieved by including two pairs

of additional measurement electrodes at each end of the system

as shown in Figure 2. These electrodes provide a second and in-

dependent transit time measurement at an oblique angle (∆tOBQ)

compared with the transverse (top to bottom) transit time, ∆tTSV.

Both the transverse and oblique transit times depend on flow rate

and cell position in the channel but the ratio of ∆tOBQ to ∆tTSV

only depends on the particle height. This ratio can be used to

provide an independent measurement of particle height which

can be used to correct for the impedance signal.
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Fig. 2 (a) Diagram of the improved electrode design which has an additional measurement electrode pair either side of the 6 electrodes of
Figure 1(c). Two differential current measurements are made: a transverse measurement (ITSV) and an oblique measurement (IOBQ). (b)-(d) show
simulated transverse (blue line) and oblique (red line) signals for 7 µm diameter beads passing close to the top electrodes (3 µm gap), through the
centre, and close to the bottom of the channel (3 µm gap). Parameter values used for the simulations are reported in ESI†.
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The system was characterised using finite element simulations

to determine the field and current – details of the computa-

tional model of a typical impedance cytometer can be found else-

where1,30–32 (also see ESI†). The simulations were performed us-

ing the dimensions of the actual experimental microfluidic chip,

which had a channel with approximate dimensions of 36 µm

(wide) × 45 µm (high), with 30 µm wide electrodes and 10 µm

spacing, and using the electrical parameters shown in Table S1†.

Figure 2(b)–(d) shows the real part of the simulated transverse

impedance (blue) and oblique impedance (red) for a 7 µm di-

ameter insulating spherical particle. The three figures show the

impedance for particles close to the top (3 µm gap), (b) in the

centre, and (c) close to the bottom (3 µm gap). Both the trans-

verse ITSV, and oblique differential current IOBQ, is plotted in the

figure for identical particles. For all three particle heights, the

peak position for the transverse current corresponds to approxi-

mately∗ the mid-points of the measurement electrodes (2nd and

4th pairs). The distance between peaks (∆xTSV) is the same in all

three cases (80 µm). The oblique current peaks occur at different

positions as shown in the figure (red), where ∆xOBQ=105 µm,

120 µm and 135 µm for Figure 2(b)–(d) respectively. The par-

ticle transit time ∆t depends on particle velocity, but the ratios

(∆xOBQ/∆xTSV) and consequently (∆tOBQ/∆tTSV) are dimension-

less numbers that relate to particle height in the channel, inde-

pendent of velocity (Figure S2(b)†). This metric can therefore be

used to correct the signal impedance for off-centre particles.

3 Experimental

Microfluidic chips were fabricated as described elsewhere12.

Metal electrodes were lithographically patterned onto glass sub-

strates and channels were made from SU8 using full wafer bond-

ing in bonder. Individual chips were diced from bonded wafers.

The channels had cross sectional dimensions of 36 µm (wide) ×

45 µm (high). Fluidic and electrical connections were made to

the chips using a custom 3-D printed acrylic block. Polystyrene

beads with diameters of 5, 6 and 7 µm (Sigma-Aldrich and Poly-

sciences) were re-suspended to a concentration of approximately

500 beads per µl in PBS containing 0.1% Tween 20 and suffi-

cient sucrose to match the density of the suspending medium

to the density of the particles (1050 kg/m3). Particles were

pumped through the device with a syringe pump at a flow rate of

40 µl/min. Impedance was measured using a Zurich Instruments

transimpedance amplifier (HF2TA, 10kΩ gain) and impedance

scope (HF2IS, 50 kHz filter bandwidth). A signal of 4 V at 1 MHz

was applied to two top electrodes and the transverse and oblique

differential currents were sampled at 230k samples per second.

Data was processed using custom software written in Matlab.

4 Results
Figure 3 shows a scatter plot for 7 µm diameter beads, with the

dimensionless ratio ∆tOBQ/∆tTSV plotted against the cube root of

∗Note that the absolute maximum of the peak shifts slightly due to the slight asymme-

try in the shape of the peak. However, the peak of a Gaussian template is measured,

not the absolute maximum.

Table 1 Fitting parameters of model equation X = a[1+b(Y − c)2].

a b c

5 µm 4.92 1.60 1.50
6 µm 5.96 1.54 1.50
7 µm 6.96 1.54 1.50
Mean - 1.56 1.50

the impedance magnitude at 1 MHz (proportional to particle di-

ameter). The impedance is multiplied by a gain factor to account

for the electronic circuitry. Particles with the smallest impedance

have a value of ∆tOBQ/∆tTSV of approximately 1.5. This value

closely matches the simulations of Figure 2(b) where the ratio

(∆xOBQ/∆xTSV) is 120 µm/80 µm = 1.5. These particles are

located in the mid-point of the channel. Particles passing close

to the top or bottom of the channel have a different values of

∆tOBQ/∆tTSV, with higher impedance signals (see simulations in

Figure 2). Examples of experimental single particle impedance

signals are shown in Figure 3, along with arrows indicating the

position of the particle on the scatter plot. Also shown in the

figure (yellow stars) are the values obtained from numerical sim-

ulations for the same channel geometry demonstrating excellent

correlation.

Figure 4(a) to (c) shows a density plot of ∆tOBQ/∆tTSV vs par-

ticle diameter (cube root of impedance) for three different bead

sizes (measured separately), along with data for a mixed popu-

lation, in Figure 4(d). In each case the same parabolic trend is

observed. This data can be fitted to a scaled X = Y 2 function:

X = a[1+b(Y −c)2] , (1)

where a is particle diameter, and the constants b and c account for

the variation in signal with particle height as determined from the

ratio ∆tOBQ/∆tTSV. Parameters b and c are determined from the

electrode geometry, with c the ratio of ∆tOBQ/∆tTSV at the mid-

point (i.e. 1.5) and b accounts for the change in impedance peak

height as particles move off centre, and reflects the electrode-

width to channel-height ratio. These fitting parameters are listed

in Table 1, and the corresponding parabolas are shown in red in

Figure 4. The constants, b and c should be independent of particle

sizes, which is clear from Table 1 where the difference are minor.

The mean value for constants b and c was then used to calculate

the parabolas shown in Figure 4(d) for the three different particle

sizes, showing an excellent fit with the data. The consistency

in the constants along with the fit in Figure 4(d) demonstrates

that this method can be used to correct any experimental data for

variations in particle height for a given channel size and electrode

geometry.

Figure 5(a) and (b) shows histograms for the data sets shown

in Figure 4, for both individual particle populations and the mixed

sample. As expected the distribution has a significant spread and

skew, as reported previously1. Equation (1) was used to correct

the raw data as follows:

|Zcorrected|
1/3 =

|Zmeasured|
1/3

1+b(Y −c)2
, (2)
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(i)

(ii)

(iii)

(v) (vi) (vii)

(ii)

(i)
(iii)

(iv)

(v)

(vi) (vii)

tTSV

tOBQ (iv)

IOBQ

ITSV

Fig. 3 Middle-right: scatter plot for 7 µm diameter beads, with the dimensionless ratio ∆tOBQ/∆tTSV plotted against the cube root of the impedance
magnitude at 1 MHz (proportional to particle diameter). Impedance is multiplied by a single gain factor to account for the electronic circuitry. The
yellow stars are the values obtained from numerically simulated differential current for the actual dimensions of the chip used in the experiment
(36 µm wide and 45 µm high). (i)-(vii) are experimental single particle impedance signals for the red data points in the scatter plot.
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Fig. 4 Density plot for populations of beads of different sizes, with the dimensionless ratio ∆tOBQ/∆tTSV plotted against the cube root of the impedance
magnitude at 1 MHz (proportional to particle diameter). (a) 5 µm diameter beads, (b) 6 µm diameter beads, (c) 7 µm diameter beads and (d) a
mixture of 5, 6 and 7 µm diameter beads measured together. The fitted parabolas X = a[1+b(Y − c)2] are shown as red lines. For each population,
parameter values a, b, and c are reported in Table 1. In (d), the three parabolas are defined with a =5.0, 6.0, 7.0 and the same parameters b and c
(average values, Table 1).

Fig. 5 Histogram of the impedance of 5, 6 and 7 µm diameter beads measured (a) separately and (b) together. (c)-(d) show the corrected data has
an almost perfect Gaussian distribution. (e) and (f) show density plots of particle velocity vs impedance for the mixture of beads before and after
correction. In (f) each population of beads has the same impedance regardless of velocity and therefore position in the channel.
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where Y = ∆tOBQ/∆tTSV and b and c are the mean values of the

constants in Table 1. The corrected data is plotted in Figure 5(c)

and (d) showing an almost perfect Gaussian distribution (as ex-

pected). Fitting a Gaussian allows the CVs to be calculated as fol-

lows: 1.27%, 0.99%, and 1.24%, for the 5, 6, and 7 µm diameter

beads respectively. This can be compared with the manufacturers’

quoted values of 1.8%, 7.5%† and 1.7%. Figure 5(e) and (f) show

density plots of particle velocity vs impedance for the mixture of

beads (raw data in (e) and corrected data in (f)), demonstrating

that this simple algorithm completely eliminates the height de-

pendent variation in impedance, i.e. all particles of a given size

range have the same impedance irrespective of trajectory through

the channel. For these corrections, the mean value of the param-

eter b was used. The CVs were also calculated for the range of b
shown in Table 1 (1.5 to 1.6) and found to change marginally, to

a maximum of 1.29% for the 5 µm diameter beads (b = 1.6).

Although the absolute magnitude of b and c solely depends

on channel geometry, an optimal design of microfluidic chip and

electrode configuration is governed by a number of conflicting

constraints. These includes: (i) maximising the absolute signal –

this requires a shallow channel but places an upper limit on par-

ticle size and can lead to clogging; (ii) minimising coincidence33

whilst maximising throughput, but this requires a small interro-

gation volume (small electrodes close together). This reduces

the signal magnitude, especially at low frequencies where the re-

sponse is limited by the electrical double layer capacitance.

5 Conclusions

This paper describes a new design of microfluidic impedance cy-

tometer chip together with a signal processing algorithm that

gives high quality impedance signals without the need for any

particle focusing. The design minimises the variation in the

measured magnitude of the impedance signal for off-centre par-

ticles. Further signal processing using simple techniques com-

pletely eliminates this error. Post-processing the data is quick,

and can be done in close to real time. The design therefore solves

one of the fundamental limiting issues in the application of par-

allel facing electrode arrangement for high accuracy and quality

data collection. It will enable new applications of microfluidic

impedance cytometry technology; for example an impedance-

based diagnostic system would not require storage and control

of additional fluids for flow focusing. Although a number of mi-

crofluidic flow-focusing technique have been used for cytometry,

the forces typically scale with particle volume or even size to

forth-power, meaning that these techniques are challenging for

small particle or heterogeneous mixtures. Our approach requires

trivial calibration of a given chip geometry, together with a simple

algorithm to correct the impedance signals that is independent of

particle size and flow rate.

†The 6 µm diameter beads from PolySciences have a much higher reported CV than

the 5 µm and 7 µm obtained from Sigma Aldrich. The value is clearly incorrect.
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