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ABSTRACT

This paper describes a simple method to predict the 
electrical impedance spectrum of single & cultured cells in 
micro-devices. It can be used for the rapid design of micro-
sensors as well as for more fundamental studies about the 
interactions of electric fields with bio-cells. The finite 
element (FEMLAB) and the transport lattice (HSPICE) 
methods are coupled through the MATLAB environment 
for fast calculations of electrical impedance spectra (EIS). 
The impedances of simple test structures have been 
simulated and compared with their corresponding analytical 
solution. In the [10Hz-10GHz] frequency range, the 
maximum error was found to be lower than 6%. The 
geometry of our micro-device has been optimised with this 
method and the effects of various biological parameters 
have been analysed. This work has been performed in the 
framework of LIMMS, a joint laboratory between the 
CNRS (France) and the Institute of Industrial Science 
(University of Tokyo-Japan). 

Keywords: lab-on-a-chip, impedance sensing, modeling, 
single cell analysis 

1 INTRODUCTION 

Recent advances in the understanding of cellular 
behavior in microenvironments have allowed the design 
and fabrication of micro-devices containing living 
organisms. Cell work has traditionally been done with 
equipment that is many orders of magnitude larger in size 
than a cell. As a consequence, it is difficult for a cell to 
maintain a microenvironment (i.e.: diffusion distance, 
stress, etc…) and it is assumed that its behavior in macro-
scale devices is different to in vivo conditions.  

On the contrary, micro-devices made from the proper 
materials (e.g.: gas-permeable polymers) allowing adequate 
oxygenation (without stirring or bubbling) and uniform 
nutrients diffusion are the perfect tools to conduct cell-
based experiments at the micro-scale. The rich assortment 
of living micro-devices [1-5] that can be built using Bio-
MEMS techniques have important applications in 
fundamental cell biological studies, tissue engineering, cell 

separation and culture devices, diagnostics, high-throughput 
drug screening tools, and cellular bio-detection. 

Living cells have many interesting properties: they offer 
miniature size, biological specificity, signal amplification, 
surface binding capability, self-replication, multivariate 
detection, and other benefits. Their engineering requires 
rapid characterization methods. While current optical and 
chemical detection techniques [6-8] can effectively analyze 
biological systems, a number of disadvantages restrict their 
versatility. As examples: most samples must be chemically 
altered prior to analysis, and photobleaching can place a 
time limit on optically probing fluorophore-tagged samples. 
Purely electronic techniques provide solutions to many such 
problems, as they can probe a sample and its chemical 
environment directly over a range of time scales, without 
requiring chemical modifications [9-10].  

One example of electronic detection is electrical 
impedance spectroscopy (EIS) [11-13]: examining 
permittivity as a function of frequency. EIS is a non-
invasive method for characterizing cells suspensions or 
tissues. Because currents will pass either around or through 
cells depending on the frequency, EIS can be used to 
observe the structure and arrangement of cells.  

In this paper, we described in the next section our 
micro-sensor, its fabrication process as well as our first 
prototypes. In section 3, our numerical model and its 
implementation are described. In section 4, we present 
several test cases to validate our modeling. Finally, we give 
our results concerning the optimization of the micro-sensor 
with this CAD tool.  

2 MICRO-SENSOR 

Micro-devices are typically fabricated in silicon or glass 
substrates. Techniques for processing these materials are 
well established and have been improved in the 
microelectronics industry. However, such manufacturing 
methods require clean room environments and can be very 
expensive. For this reason, there has been tremendous 
interest in the use of polymeric materials for device 
production. In addition to the lower costs associated with 
polymeric materials, micro-device processing involves 
reduced cycle times, thus further reducing the cost of a 
particular device. Polymers also offer a wide range of 
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material properties, including hardness, hydrophobicity, 
and surface or bulk chemistries that can be adjusted to a 
specific applications. One important property is the 
biocompatibility of the material. Biocompatible materials 
are materials designed to exist and perform specific 
functions within living organisms. 

Glass Substrate 

Outer
Electrode

Inner ElectrodePDMS µ-Fluidic 
Channel

Figure 1: 3D schematic of the micro-EIS sensor showing 
the outer electrodes (3D) and inner electrodes (flat). 

Our fabrication process includes the patterning of gold 
electrodes on a glass substrate and the molding of 
polydimethylsiloxane (PDMS) for the micro-fluidic parts. 
PDMS has been chosen since it is inexpensive, optically 
transparent, can be micro molded and has excellent O2 and 
CO2 permeability. It is also considered to be biocompatible 
and has been shown to be non-toxic to several cell types. 
The fabrication process has been detailed elsewhere [14] 
and allows the deposition of metal on PDMS [15]. The 3D 
schematic of the micro-sensor is given in Fig. 1.  

Figure 2: First prototype of the micro-fabricated EIS sensor. 

One can observe that the outer electrodes are 3D 
electrodes in order to induce a uniform electric field in the 
sensing area. On the contrary, the inner electrodes are flat. 
Fig. 2 shows our first prototype. We can see the silicon 
pipes from where cells are introduced in the micro-device. 
The drive and receive cables of the impedance analyzer can 

be directly connected to the glass substrate thanks to the 
micro-SMA/BNC connectors. The use of four-electrode set-
up increases the linearity, accuracy and sensitivity of the 
measurement [16]. First, we want to know how to design 
the geometry of the sensor to obtain the highest sensitivity. 
More precisely, our purpose is to determine the size of the 
outer and inner electrodes and their location in the sensing 
area.

3 MODELING STRATEGY 

Traditional approaches use Laplace equation in 
combination with the finite element (FE) [17]. Recently, 
this problem has been solved using Kirchhoff laws and 
transport lattice (TL) method [18].  

In our approach, the advantages of these two methods 
are coupled. Indeed, the system being studied (i.e.: the 
micro-fluidic device) is divided into small finite elements 
(i.e.: triangles in 2D, tetrahedra in 3D) using the automatic 
mesh generator of FEMLAB (COMSOL). The initial mesh 
is refined around small geometrical features like the cell 
membrane (Fig. 3).  

Figure 3: Triangular FEM mesh obtained with FEMLAB 
showing the automatic refinement of the cell membrane. 

Then, the data structure is exported to the MATLAB 
(MATHWORKS) environment where the TL is defined. In 
our implementation, the nodes of the TL correspond to the 
nodes of the FE mesh (Fig. 4). Finally, the TL is solved by 
Kirchhoffs laws, using HSPICE (SYNOPSIS) giving 
electrical currents and voltages through the lattice. 2D 
results are presented in this paper and we are currently 
working at the implementation of the 3D models. The 2D 
TL is composed of basic electrical elements (Fig. 4), 
consisting of a resistance (Ri) in parallel with a capacitance 
(Ci) where the subscript “i” defined the region of the system 
(i.e.: PDMS, electrodes, micro-channel medium, 
membrane, cytoplasm). For a 3D implemetation, Ri and Ci

are given by: 

Ri =l2/σi/V and Ci=εi*V/ l2 (1)

Silicon pipe 

SMA-BNC adaptator 
PDMS layer 

Cytoplasm

Micro-channel

Membrane
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with l is thickness, V is the volume of the local ith element, 
σi  and εi are the local electrical conductivity and 
permittivity. For a 2D space divided in triangles, their 
values are: 

Ri=L/2/Σk=1,2[(Ak
j/L*1)*σk

j ]  (2) 

Ci=2*Σk=1,2 [(Ak
j/L*1)*εk

j ]/L  (3) 

with i the index on the edges of the FE mesh, A k
j is the 

third of the surface of the jth FE triangle connected to the kth

edges, Σk=1,2[.] is the summation on the adjacent A k
j defined 

for each FE edges (Fig. 3), L is the length of the impedance, 
the section is calculated with and equivalent width (Ak

j/L)
and a thickness equal to one meter. 

Figure 4: Details of the transport lattice. TL and FE nodes 
are located at the same position. Barycenters of triangles 
defined the surface represented by the local RC element. 

4 VALIDATION AND OPTIMIZATION 

First, we have compared the results (in terms of 
characteristic frequency or voltage) obtained by i) the FE 
method (FEMLAB), ii) the Weaver’s approach [18] using 
HSPICE and iii) our own method with the corresponding 
analytical results. Plate capacitors with: i) one material, and 
ii) two different materials inserted as slab in series (Fig. 
5a), or as a disk in a square (Fig. 5b) have been simulated.  

a) b)

Figure 5: Test structures consisting in plate capacitors with 
different materials inserted as a) slab in series, or b) a disk 

in a square 

We have studied the effect of the lattice density on the 
results. Table 1 gives the details of these validations. For 
the simulation of our sensor (130 000 RC elements), it takes 
about 12 minutes. 

Structure Error (%) 
Plate Capacitor (1 material) 1.5 
Plate Capacitor (2 slabs) 2.7 
Plate Capacitor (1 disk in a square) 5.5 

Simulation Type Time (s.) 
HSPICE 12 
FEMLAB 1560 

Table 1: Simulation errors compared to analytical models 
and typical simulation times (800 triangles or 2500 RC 
elements) using an Intel Celeron 1.8Ghz. 

PDMS

Glass

Gold
Gold

Cell

Figure 5: 2D cross-section of the simulated device. The 
outer electrodes are either planar or 3D. 

Second, we have analysed the influence of several 
geometrical parameters on the variation of the impedance 
(∆R/R=[Zwithout Cell – Zwith Cell]/Zwithout Cell) due to one cell. 
Fig. 6 gives the 2D cross-section of the device used for the 
simulations. We have investigated: i) the height of the 
micro-channel (Fig. 7a), ii) the widths of the outer and 
inner electrodes and iii) the distance between the outer 
electrodes (Fig. 7b).  
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Figure 7: Calculated influence of: a) the height of the 
channel, b) the distance between the outer electrodes on the 

impedance spectrum from 1Hz to 10GHz. 

In Fig. 7, one can see that the decrease of the micro-
channel thickness and the increase of the distance between 
the outer flat electrodes improve the sensitivity at low 
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frequency while they deteriorate this sensitivity at 
intermediate frequencies (Mhz). The simulation have also 
shown (not presented in this paper) that the width of the 
outer flat electrodes has no effect on the sensitivity at all 
frequencies; that the best sensitivity is obtained when the 
inner electrodes are close to each others; and that the widths 
of the inner electrodes has to be small at low frequencies 
and large at intermediate frequencies. As a result of this 
work, we have defined an optimised sensor.  

For a geometrical configuration giving the highest ∆R/R
at low and intermediate frequencies, we have studied the 
effects of: i) the radius of the cell, ii) the conductivity of the 
extra-cellular medium and cytoplasm (Fig. 7a), iii) the 
thickness of the membrane (Fig. 7b). 

One can observe in Fig. 8a that the increase of the cell 
membrane thickness has no effect on the sensitivity at low 
and intermediate frequencies. It only shifts the sensitivity 
curve to higher frequency since the cell is less transparent 
to the electrical current. In Fig. 8b, one can observe that the 
increase on the conductivity of the cytoplasm has no effect 
at low frequencies and increase the sensitivity at 
intermediate frequencies.  
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Figure 8: Calculated influence of: a) the thickness of the 
cell membrane, b) the conductivity of the cytoplasm on the 

impedance spectrum from 1Hz to 10GHz. 

Our simulations show also (not presented in this paper) 
that the increase of the conductivity of the extra cellular 
medium increases the sensitivity at both low and 
intermediate frequencies. Finally, the increase of the radius 
of the cell increases the sensitivity more at low frequencies 

than at intermediate frequencies. For these simulations, we 
have used the following values as default parameters: 
εPDMS=2.65ε0; σPDMS=0.5x10-17Sm-1; εGlass=4.2ε0; σGlass=10-

14Sm-1; εElectrode=0Fm-1; σElectrode=4.5x105Sm-1;
εElectrolyte=80ε0; σElectrolyte=0.12Sm-1; εMembrane=9.04ε0;
σMembrane=10-6Sm-1; εCytoplasme=50ε0; σCytoplasme= 0.53Sm-1).

We are currently designing the electronic 
instrumentation to record the EIS (30kHz-30MHz) of these 
single or cultured cells in order to ensure a high accuracy of 
the experimental data and to provide the end-users with a 
compact, autonomous and inexpensive system. 
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