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I. INTRODUCTION

When a dielectric particle is placed in a medium of different electrical properties and is subjected to a spatially nonuniform electric field, a force is exerted on the particle. This force called the dielectrophoretic (DEP) force, may be used to manipulate and characterize many types of particles, such as biological cells under special conditions [START_REF] Pethig | Review Article Dielectrophoresis: Status of the theory, technology, and applications[END_REF].

Here we calculate the DEP force on a homogeneous spherical particle in non-uniform fields, which are generated by two practical microsystems beyond the most commonly used to perform DEP experiments. The point-plate electrode structure (Fig. 2) enables to generate highly non-uniform field suitable for particle manipulations such as feedbackcontrolled DEP levitation [START_REF] Kaler | Dielectrophoretic spectra of single cells determined by feedback-controlled levitation[END_REF]. The four electrode chamber (Fig. 1) is another microsystem configuration used in dielectrophoretic experiments such as cell sorting and trapping [START_REF] Pethig | Review Article Dielectrophoresis: Status of the theory, technology, and applications[END_REF]. First we introduce the force calculation approaches and describe the electrode systems, where the particle of interest is placed. Then the results for the force obtained from the dipole approximation are presented and compared with the corresponding results obtained from the rigorous Maxwell stress tensor method both for verification and for determination of higher order force terms contribution to the total dielectrophoretic force.

II. DIELECTROPHORETIC FORCE CALCULATION

In the particle electromechanics theory, the simplest and most direct approach to calculate the force and the torque is a two-step process known as the effective dipole moment method, whereby first one calculates the dipole moment induced in the particle by the electric field and then the force on the particle follows from standard formulas of classical electrodynamics [START_REF] Jones | Electromechanics of Particles[END_REF]. Consider a homogeneous spherical particle with relative permittivity " 2 and conductivity 2 immersed in a dielectric fluid with relative permittivity " 1 and conductivity 1 . According to the effective dipole moment method, the DEP force expression is given by, F = (p (1) • r)E, where p (1) = 4⇡" 1 K (1) E, [START_REF] Jones | Electromechanics of Particles[END_REF] where p (1) is the effective dipole moment, E the imposed electric field and K (1) = (" 2 " 1 )/(" 2 + 2" 1 ) the complex frequency-dependent Clausius-Mossotti factor. The complex permittivity of different materials in the system is given by " i = " 0 " i j i 2⇡f where j 2 = 1, " 0 the vacuum permittivity and f the electric field frequency.

Equation [START_REF] Jones | Electromechanics of Particles[END_REF] for the force on a dipole is not exact for any situation of particle in a non-uniform electric field. This approximation breaks down in some situations described by Jones [START_REF] Jones | Electromechanics of Particles[END_REF]. The particle shape effect was partly treated in [START_REF] Ogbi | Numerical Identification of Effective Multipole Moments of Polarizable Particles[END_REF].

Here electric field non-uniformity effect is examined. The multipole moment expansion enables to extend the dipole moment approach, introducing higher-order terms [START_REF] Jones | Electromechanics of Particles[END_REF]:

F = N X n F (n) = p (1) • rE + p (2) • rrE + . . . (2)
where p (1) , p (2) are the first multipole moments [START_REF] Jones | Electromechanics of Particles[END_REF]. A practical method for the multipole moments factors estimation for any particle shape has been introduced in [START_REF] Ogbi | Numerical Identification of Effective Multipole Moments of Polarizable Particles[END_REF].

From (2) a force expression may be derived for spherical particles using linear multipoles, given by [START_REF] Jones | Electromechanics of Particles[END_REF] 
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where

K (n) = (" 2 " 1 )/(n" 1 + (n + 1)" 2 )
is the generalized Clausius-Mossotti factor. Another method for calculating the DEP force used by Sauer and Schlögl and studied in [START_REF] Rivette | A note on the electrostatic force and torque acting on an isolated body in an electric field[END_REF] is based on integration the Maxwell stress tensor over the surface of the particle.

A. Particle in a slightly non-uniform electric field

A variety of four-electrode configurations and correction factors for the field strength are available in the literature, and it is well established that the most homogeneous fields are generated by the electrodes of polynomial geometry where the polynomials defining the electric potential are derived from Laplace's equation analysis [START_REF] Pethig | Review Article Dielectrophoresis: Status of the theory, technology, and applications[END_REF]. A spherical particle with relative permittivity " 2 = 2.55F/m and conductivity 2 = 10 2 S/m, suspended in a fluid medium with relative permittivity " 1 = 77.8F/m and conductivity 1 = 10 3 S/m, is placed on the vertical symmetry axis of the four electrode chamber with the particle center at heights H = 80µm and H = 160µm above the electrode plane. The distance distance between opposing electrode tips is d = 400µm. The 3d electric field distribution is first calculated solving the Laplace equation in the system (without the cell) using the finite element analysis software COMSOL Multiphysics. The force is then estimated according to the dipole moment and Maxwell stress methods and the results are shown in Fig. 3.

B. Particle in a highly non-uniform electric field

The same particle and surrounding fluid medium properties as in subsection II.A. are considered. The particle is subjected to a highly non-uniform field generated by a pointplate electrode, with a distance d between the point and the plane electrode of 100µm, as shown in Fig. 2. The particle is positioned near the point (region of high field gradients), with its center at h = 80µm above the plane electrode. To calculate the electric field distribution to which the cell will be exposed in this chamber, we first solved the Laplace equation (with the suspending medium but without the cell) using the finite element method. Introducing a polar coordinates (r, , z) and taking advantage of the electrode structure symmetry, only a 2d calculation in the (r, z) plane is needed. The spherical particle of radius R = 15µm is positioned on the central axis.

III. NUMERICAL RESULTS

The force experienced by the particle placed in the slightly non-uniform electric field of the four-electrode chamber is calculated using the dipole approximation and the Maxwell stress tensor integrated over the surface of the particle and the results are shown in Fig. 3. As suggested by the plots, the effective dipole method produces a result globally consistent with the Maxwell stress tensor approach. When the particle is closer to the electrodes (H = 80µm), the dipole moment method slightly overestimates the force at low frequencies with respect to the corresponding values for the Maxwell stress tensor analysis, while the approximation appear to be more accurate when the particle is far from the electrodes (H = 160µm).

The force experienced by the particle placed in the highly non-uniform electric field generated by the point-plate electrode system is calculated using the dipole approximation, the higher-order (quadrupole, octopole,...) moments and the Maxwell stress tensor. The results are shown in Fig. 4. It 

F ( 1) +F (2) F ( 1) +F ( 2) +F (3) F(MT) f c Fig. 4. Force calculation results using the multipole moment and Maxwell stress tensor methods.

may be seen from the data that, the force value in the more accurate Maxwell stress tensor spectra are shifted with respect to the corresponding values for the dipole analysis. It may be seen from the data that the higher-order term contribution corrects the dipole approximation witch underestimates the total force in particular at low and high frequencies. However, the crossover frequency f c value matches well in different calculations. According to the dipole mo-

ment model f c = 1 2 ⇣ ( 1 
2 )( 2 +2 1 ) ("2 "1)("2+2"1) ⌘ 1/2 . This frequency point at which the DEP force changes sign is of particular significance for the dielectric parameters identification from DEP spectra [START_REF] Huang | Membrane changes associated with the temperature-sensitive P85gag-mos-dependent transformation of rat kidney cells as determined by dielectrophoresis and electrorotation[END_REF].

IV. CONCLUSION

We have calculated the dielectrophoretic force acting on a spherical particle in slightly and highly non-uniform electric fields generated by four polynomial electrodes and pointplate electrodes, using the dipole moment method, higherorder moments (quadrupole, octopole,..), comparing the results to the accurate Maxwell stress tensor analysis, showing that higher-order terms enables to correct the force estimation related to the electric field non-uniformity effect.

Fig. 1 .

 1 Fig. 1. A spherical particle placed in microsystem of polynomial electrodes.
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 2 Fig.2. Point-plate electrode system and a particle.
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 3 Fig. 3. Force calculation results using the effective dipole and the Maxwell stress tensor methods, for H = 80µm (left) and H = 160µm (right).