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Abstract

Manipulations by contact of objects between 1 mm and 1 mm are often disturbed by adhesion between the manipulated object and the gripper.

Electrostatic forces are among the phenomena responsible for this adhesive effect. Analytical models have been developed in the literature to

predict the electrostatic forces. Most models are developed within the framework of scanning probe microscopy, i.e. for a contact between a

conducting tip and a metallic surface. Models are reviewed in this work and compared with our own simulations using finite elements modeling.

The results show a good correlation. The main advantage of our simulations lies in the fact that they can integrate roughness parameters. For this

purpose, a fractal representation of the surface topography was chosen through the use of the Weierstrass-Mandelbrot function. Comparisons with

experimental benchmarks from the literature show very good correlation between experimental results and simulations. It demonstrates the

importance of surface topography on electrostatic forces at very close separation distances.
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1. Introduction

This work was achieved within the framework of micro-

manipulations (i.e. manipulations of objects between 1 mm and

1 mm) with contact [1]. In this context, perturbations related to

adhesive surface forces were observed. This leads sometimes to

the impossibility of releasing the object. Beside contact and

pull off forces, three main surface forces have been identified:

capillary, van der Waals and electrostatic forces. Many attempts

have already been made to evaluate them [2–5]. Electrostatic

forces have been more specifically related to the jumping on

contact phenomenon. It causes the object to jump on the gripper

when trying to grasp it and may be responsible for an inaccurate

positioning of the object between the end-effectors of the

gripper. In the present work, the attention is focused on the

electrostatic forces in the case of a contact between conducting
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materials. This restriction is due to the fact that to this date no

reliable theory has been formulated on what happens during

insulator–conductor and insulator–insulator contacts. When

two metals are brought in proximity they acquire opposite

charges through a process called contact charging. They

exchange electrons in order for their Fermi levels to get to an

equilibrium state. Electrostatic forces are therefore long range

forces.

During micromanipulations, contact can be seen as

occurring at the scale of the object (microscale) or at the

scale of the surface roughness (nanoscale). The present work is

mostly at the nanoscale because no experimental results are

available at the microscale for electrostatic force measures.

The applicative scale is, however, the microscale. The

application is to find solutions for the design of a microgripper

such as the one developed by ref. [6](Fig. 1) in order to avoid

adhesion.

We investigate analytical models and develop our own

simulation tool using the finite element software Comsol. The

main advantage of the simulations is that it can integrate the

surface topography factor through a fractal representation of
c forces in micromanipulations: Review of analytical models and
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Fig. 1. Microgripper developed by the Laboratoire d’Automatique de Besançon

(LAB) [6]: (a) gripper and (b) zoom on gripper.
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the surface. The following section is a review of the available

analytical models found in the literature for predicting the

electrostatic forces. Most of these models have been

developed within the framework of scanning probe micro-

scopy for a conducting tip in proximity with a metallic

surface. Most models are restricted in their applicable

separation distance range. To go beyond the latter, we

propose to make use of two-dimensional axisymetric finite

elements simulations. The third section is dedicated to the

modeling principles used for the simulations. The results

obtained are compared with the analytical models. The main

originality of the developed simulation tool is that it can

integrate roughness parameters in order to include roughness

factors in the simulations. We chose a fractal representation of
Fig. 2. Representation of th
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the topography which is explained in the fourth section. It is

indeed necessary to characterize rough surfaces by intrinsic

parameters which are independent of all scales of roughness

such as the fractal parameters. The results including rough-

ness parameters are compared with experimental benchmarks

of the literature in Section 5. An application case is given in

Section 6.

2. Review of analytical models

The main assumption for the analytical models developed

in literature is that the surfaces are smooth involving for the

models not to take surface topography into account. This is a

very strong assumption since, not matter how carefully or

expensively a surface is manufactured, it can never be

perfectly smooth. The second assumption defines the

materials as conductive involving that the potential is

uniformly distributed along the surface, the electric field is

normal to the surface and the charges only carried by the

surfaces of the materials (no volumic charges). The fact that

no charge is present between the contacting objects is the

third assumption. In Fig. 2, the different geometries involved

in this work are presented, plane-plane contact, sphere-plane

contact, sphere ended cone-plane contact and hyperbole-

plane contact. The plane-plane model [7] gives the

electrostatic pressure. The experience shows, however, that

it is very difficult to determine the area of contact in real

configurations. The planar model is thus very restricted in

terms of applications. Three sphere models [7–12] have been

developed from the general expression given by ref. [13],

depending on the separation distance range. These models are

often used to get a quantitative assessment of the electrostatic

forces between the probe and the substrate in scanning probe

microscopy. For conical tips, the uniformly charged line

model [14] (where the cone is approximated by a charged line

of constant charge density) and the asymptotic model [11]

have been developed. An expression for the hyperboloid

configuration has been given by refs. [15,16]. Finally, tilted

conical tip models have also been presented by ref. [17]

where the issue of the tilting angle in electrostatic

interactions in AFM is discussed. The contribution of the

cantilever has been considered by refs. [18,19]. Table 1

summarizes and briefly defines the different terms used. The

analytic expressions are given in Table 2.
e involved geometries.
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Table 1

Definitions

Term Definition Values

e0 Free space permittivity (m�3 kg�1 s4 A2) 8:85� 10�12

er Relative permittivity 1.00054 for air

R Sphere radius (m) 10 nm–100 mm

d Separation distance (m) 1 nm–100 mm

U Potential difference (V) 0.5–20 V

u Cone half aperture angle (rad) Till 20�

L Length of tip (m) 10–500 mm

A Area of contact (m2)

rmax Maximum distance to the axis (m)

d Truncated cone height (m)

l Plane width (m)

Fig. 3. Simulation of a contact between a conical tip and a plane: (a) modelling

and (b) solution.
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3. Simulation tool

During micromanipulations the contact potential difference

(CPD) between the gripper and the manipulated object depends

on the intrinsic properties of the materials in the case of

conducting materials. Electrons in a metal have a certain energy

level and stay in the metal at rest. There is a minimum energy

level defined for each metal that its electrons have to acquire in

order to be able to leave it. This energy is defined as the work

function. Two pieces of different metals placed sufficiently

close to exchange electrons will reach thermodynamic

equilibrium by equalizing the height of their Fermi levels.

Equilibrium is reached by the establishment of a contact

potential. The result is an attractive electrostatic force between

the objects in proximity. The electric potential U in the

surrounding environment obeys Laplace’s equation:

DU ¼ 0 (1)

The electric field is obtained from the gradient of U.

E ¼ �grad U (2)

A two-dimensional axisymetric simulation is performed

using the commercial simulation tool Comsol to model the

geometry and to solve the partial differential equation Eq. (1)

with the finite elements method. The outer boundary conditions

insure the electric insulation of the domain which results in no
Table 2

Review of analytical models

Contact type Expression

Plane-plane Fplane ¼ e0U2A

2d2

Sphere-plane Fsphere1 ¼ pe0RU2

d for R� d

Sphere-plane Fsphere2 ¼ pe0R2U2

d2 for R� d

Sphere-plane Fsphere3 ¼ pe0
R2U2

dðdþRÞ for R� d�L

Conical tip (charged line)
Fchffi

l2
0

4pe0
ln L

4d

� �
for R� d with l0

Conical tip (asymptotic) Fas ¼ pe0U2 R2ð1�sin uÞ
d dþRð1�sin uÞ½ � þ k2 ln dþ

�h
Hyperboloid tip Fhyp1 ¼ pe0U2k2 ln 1þ L

R

� �
� ðd�R=t

dðLþ

h
Hyperboloid tip

Fhyp2 ¼ 4pe0U2 ln 1þðrmax =RÞ2ð1þðR=dÞÞ½
ln 2ðð1þhtipÞ=ð1�htipÞÞ
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normal component of the electric field on the outer boundaries.

The potential U is applied on the boundary delimiting the tip in

order to simulate the potential difference between the tip and

the surface while the contacting flat surface is grounded (see

Fig. 3). The electrostatic pressure is calculated using Eq. (3).

Felec ¼
e0erE

2

2
(3)
Refs.

[7]

[7–10]

[10,11]

[11,12]

¼ 4pe0U ln 1þcos u
1�cos u

� �� ��1 [14]

L
Rð1�sin uÞ � 1þ Rcos 2usin u

dþRð1�sin uÞ

�i
with k2 ¼ 1

½ln ðtan ðu=2ÞÞ�2
[11]

an u2ÞL
dÞ

i
with k2 ¼ 1

½ln ðtan ðu=2ÞÞ�2
[19]

�
with htip ¼

ffiffiffiffiffiffiffi
d

dþR

q
[15,16]
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Fig. 4. (a) Validation of simulations with the sphere models for a sphere of radius 10 mm and a potential difference U ¼ 10 V. (b) Validation of simulations with the

conical models for dimensions of the tip L ¼ 125 mm, R ¼ 25 nm, u ¼ 9:46� (half aperture angle) and a potential difference U ¼ 10 V. (c) Validation of simulations

with the hyperboloid model for R ¼ 100 nm, u ¼ 6� and a potential difference U ¼ 10 V.
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We are able to calculate the total force acting on the two

geometries by integrating the force for all the contributions

brought by each element in the model.

3.1. Validation

In order to compare simulations results and analytical

models, the electrostatic force is plotted as a function of the

separation distance. This is done for a wide range of separation

distances in order to visualize eventual restrictions. As we

observed in the reviewing part of this work, the main restriction

for most analytical models lies in the range of applicable

separation distances. For the plane-plane contact, the results

between simulations and analytic formulation are in perfect

correlation with less than 1% error. For the sphere-plane

contact, Fig. 4 a also shows a very good correlation between

analytic expressions and simulations even though errors start

to appear for large separation distances (d ¼ R). Please refer to

Table 2 for the analytic expressions of the different models. For

the sphere ended-conical geometry, the results depend on the

used model. From Fig. 4 b, and as expected by the restrictions

of the model, the uniformly charged line model only correlates

simulations for separation distances larger than the apex radius

(reliability interval of the model). We observe a very good

correlation between the asymptotic model and the simulations

on all separation distances range. Further simulations showed

that modifying the length, aperture angle or tip radius does not

significantly influence the accuracy of the results. The

hyperboloid model overestimates the force compared to
Please cite this article in press as: M.S. Lhernould et al., Electrostati
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simulations especially at small separation distances

(Fig. 4c). This correlates the reliability interval provided by

ref. [19]. The model is exact for d ¼ R=ðtan uÞ2, i.e. at long

separation distances in our application case. At very small

separation distances, even if the tip is modeled as an

hyperboloid, only the spherical extremity contributes to the

electrostatic forces and results should agree with the sphere

model.

3.2. Conclusion

Due to the good correspondence between models and

simulations, it can be concluded that a reliable electrostatic

forces simulation tool has been developed. It will allow us to

investigate more complex geometries. The difficulty in

developing an analytical model is to accurately define the

charge repartition on the bodies in contact and particularly on

the conical part of a sphere-ended conical tip. All conical

models (except for the uniformly charged line model) are

accurate for small separation distances. Developing the

simulation tool not only gives an estimation on the intensity

of the forces but also the charge repartition on the solids and

thus the force repartition. The analytical models reviewed have

mostly been developed within the scope of evaluating

electrostatic forces in scanning force microscopy experiments.

All of them have been validated experimentally by their

authors. The errors observed between experimental measures

and results from the analytic expressions is partly attributed to

the approximation made in the representation of the geometry.
c forces in micromanipulations: Review of analytical models and

.apsusc.2007.01.098

http://dx.doi.org/10.1016/j.apsusc.2007.01.098


Fig. 5. (a) Illustration of the influence of the fractal parameters D and G on the

profile and (b) contact between a conical tip and a rough surface during

simulations.
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Geometries integrated in the calculation do not indeed always

perfectly reflect the real shape of the tip.

The advantages of developing a simulation tool are, in the

context of micromanipulator design, to be able to take into

account more parameters and more complex ones. These

include not only the geometry of the end-effectors, the

geometry of the handled object and the materials, but also the

fabrication process and surface treatments (polishing, rough-

ening, coating) thanks to the introduction of surface topography

parameters. The simulations have also the advantage that they

will allow us to introduce deformed geometries in future

studies. This is illustrated in Fig. 9.

Another explanation for the discrepancy between experi-

mental results and analytical results may be attributed to

surface roughness which may also have an influence on the

measures. This is investigated in the next sections of this work.

4. Roughness representation: The Weierstrass

Mandelbrot function

In order to integrate the roughness factor in simulations, a

fractal representation is used. Fractals are irregular objects

possessing similar geometrical characteristics at all scales. This

characteristic is called self-similarity. The geometries of fractal

surfaces are also continuous and non-differentiable. The profile

of rough surfaces is being assumed to be continuous even at the

smallest scales. Ever-finer levels of detail appears under

repeated magnificence. The tangent at any point cannot be

defined and the profile has the mathematical property of being

continuous everywhere but non-differentiable at all points. The

Weirstrass-Mandelbrot function satisfies the properties of

continuity, non-differentiability and self-similarity [20] and

is therefore used to simulate such profiles.

zðxÞ ¼ L

	
G

L


D�1X1
n¼0

cos ð2pgn x
LÞ

gð2�DÞn (4)

where L is the fractal sample length, D the fractal dimension

(1<D< 2), G the fractal roughness parameter and g is a

scaling parameter (g> 1). Eq. (4) represents the surface profile

by a sum of cosine functions with geometrically increasing

frequencies. In order for the phases of the different modes not to

coincide at any given x position, the value of g must be chosen

to be a non-integer. Due to the self-affine property of fractals

surfaces, g ¼ 1:5 can be assumed [21]. As D becomes larger,

the number of asperities increases (density increases) and their

height decreases. As G increases the peaks and the valleys are

amplified, it therefore controls the asperities height. As the

magnitudes of D and G increase, a rougher and more disordered

surface topography can be generated.

Fractal representation of surface roughness has often been

debated and authors do not all agree on its relevance. The main

problem of using fractal representation for the topography of

engineered surface is that not all of these surfaces are fractal.

For refs. [22,23], the fractal character of artificial surfaces

depends on the processing method. Fractals may, for example,

not be applicable to very smooth surfaces [24]. The scale
Please cite this article in press as: M.S. Lhernould et al., Electrostati
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independence of the fractal parameters has moreover been

questioned by refs. [22,24,25]. On the other hand, for ref. [26],

many microfabricated surfaces can be represented by fractals. It

has been shown that surfaces of processed steel, textured

magnetic thin film [27], metallic ones produced by EDM,

cutting or grinding techniques, and even worn surfaces are

fractal [28]. Arguments in favor of the fractal characterization

can be summarized by the necessity to characterize rough

surfaces using intrinsic parameters independent of all scales of

roughness.

5. Comparison with experiments

Works from Sacha et al. [29] and Hao et al. [14] are used to

compare experimental results with results obtained using the

simulation tool.

Sacha et al. measured electrostatic forces for a sphere-ended

conical tip of radius 40 nm and half aperture angle 20� for

different voltages. The characteristics of the tip were found

using SEM images. Fig. 5 b gives a representation of the contact

between the tip and a rough surface generated using a

Weierstrass Mandelbrot function in the simulations. The

experimental results are compared with simulations, first

without and then with roughness parameters (fractal repre-

sentation). Results are presented in Fig. 6. We first observed

that even though the results are in good correlation, simulated

forces are stronger in smooth configuration than what was

experimentally obtained. Moreover, the difference between

experimental results and simulation increases when the

separation distance decreases. We attributed this observation
c forces in micromanipulations: Review of analytical models and
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Fig. 6. Electrostatic normal force (nN) vs. separation distance (nm) for

different voltages for a sphere-ended conical tip of radius 40 nm and half

aperture angle u ¼ 20�. Plot shows experimental results obtained by Sacha et al.

[29], simulations results without roughness parameters and simulation results

including roughness parameters G ¼ 5� 10�11 and D ¼ 1:8 chosen in order to

get maximum asperities height of the order of 1 nm.

Fig. 8. Electrostatic normal force (nN) vs. separation distance (nm) for

U ¼ 10 V for a sphere-ended conical tip of radius 40 nm and half aperture

angle u ¼ 20�. Plot compares simulations results for the smooth configuration

with simulations in rough configurations.
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to the fact that even though the spot of contact has been chosen

to be smooth, it can never be perfectly smooth. Even a very

small roughness may influence the results at such small

separation distances. We introduced roughness with the

generation of a fractal surface using fractal parameters D ¼
1:8 and G ¼ 5� 10�11 for the planar contacting surface in

order to have a maximum asperity peaks of 1.2 nm and an

average roughness of 0.4 nm (which is often assumed to be

negligible). These parameters have been chosen to correlate

with Sacha et al. experiments where the contacting area has

been chosen in order to have only monoatomic steps. The first

observation is that even a roughness as small as this one is

influencing the results from simulations, decreasing the

electrostatic forces. This is specially true when the tip gets

closer to the surface. The influence of surface roughness is also

more important at higher applied voltages.
Fig. 7. Electrostatic normal force (nN) vs. separation distance (nm) for a

sphere-ended conical tip of radius 270 nm and half aperture angle u ¼ 5�. Plot

shows experimental results obtained by Hao et al. [14], simulations results

without roughness parameters and simulation results including different aver-

age roughness.

Please cite this article in press as: M.S. Lhernould et al., Electrostati
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Hao et al. also measured electrostatic forces for a sphere-

ended conical tip. The tip radius is 270 nm and the half

aperture angle is 5�. Fig. 7 shows experimental results

obtained compared with simulations for different roughness

parameters. Conclusions are identical than what was observed

for Sacha et al. The results from simulations including

roughness are closer to the experimental measures. Rough-

ness could thus be applied in micromanipulator design as a

solution to decrease adhesion due to electrostatic forces. In

Fig. 8 are shown more results of simulations for a conical tip

(R ¼ 40 nm, u ¼ 20�). The force is decreased by half at close

separation distances (d ¼ 4 nm) with only an average

roughness of 2.3 nm.

6. Application case

Fig. 9 illustrates how simulations can be used to improve a

microgripper design by studying the influence of parameters

such as geometry of the end-effectors, geometry of the handled

object, materials, fabrication process and surface treatments

(polishing, roughening, coating). Taking deformations into

account will be in the next step of the development. The

simulation tool is used for the application case of the two-

figured gripper [6] (Fig. 1). The dimensions of the end-

effectors are 1 mm� 0:2 mm� 0:3 mm. The microgripper is

made of nickel. The simulations are performed for the

manipulation of a silver cylinder of dimensions R ¼ 25 mm

and L ¼ 0:2 mm. When the two dissimilar metals are brought

into contact, they exchange electrons in such a way as to

equilibrate their Fermi levels in order to bring the system in

thermodynamic equilibrium. The potential difference result-

ing once the equilibrium has been reached at the interface of

the contacting solids is the contact potential difference and is

estimated to be 0.2 V between nickel and silver. Contact

occurs at the interatomic separation distance between surfaces

which is 0.5 nm [30]. From results shown in Fig. 10, adhesion
c forces in micromanipulations: Review of analytical models and
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Fig. 9. Strategies for improving microgripper design.

Fig. 10. Electrostatic force between the end-effectors of a flat micromanipu-

lator [6] and a silver cylinder (R ¼ 25 mm and L ¼ 0:2 mm): electrostatic force

as a function of the average roughness on the manipulator (U ¼ 0:2 V,

d ¼ 0:5 nm).
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due to electrostatic forces is overcame by gravity when an

average surface roughness of at least 43 nm is applied.

7. Conclusion

Analytical models for electrostatic forces evaluation were

reviewed. These models are very restricted in shape and do not

take surface roughness into account. They are thus not easily

applicable to micromanipulations and micromanipulator

design. Simulations were performed using Comsol to solve

the Laplace equation with the finite elements method and

Matlab to generate rough surfaces using the Weierstrass

Mandelbrot function. The aim is to predict electrostatic forces

between a gripper end-effectors and a grasped object in order to

improve the gripper design and avoid adhesive disturbing

effects due to electrostatic forces. Simulations showed good

correspondence with analytical models in smooth configura-

tions and gave encouraging results for the validity of the

simulation tool. It allows to implement any geometry and a

wide range of separation distances without decreasing the
Please cite this article in press as: M.S. Lhernould et al., Electrostati
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accuracy of the results. The first simulations including

roughness parameters compared with experimental results

showed good correlation and demonstrate the need not to

neglect surface topography in electrostatic forces calculations

because it is an important parameter in modeling adhesion [31].

Roughness causes contact only to happen on the peaks of

asperities and thus reduces the area of contact. Surface

roughness has the effect of reducing the area of contact between

the surfaces and consequently reduces the electrostatic

interaction. Deformations will also change the contacting area

and will have an influence on electrostatic forces. This is part of

our prospective work. The accuracy of using fractal representa-

tion for the surface topography of micromachined materials has

also to be confirmed.
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Effective radius in electrostatic force microscopy, Appl. Phys. Lett. 86

(2005) 123101.

[30] J.N. Israelachvili, The nature of van der Waals forces, Contemp. Phys. 15

(2) (1974) 159–177.

[31] W.M. van Spengen, R. Puers, I.D. Wolf, A physical model to predict

stiction in mems, J. Micromech. Microeng. 12 (5) (2002) 702–713.
c forces in micromanipulations: Review of analytical models and

.apsusc.2007.01.098

http://dx.doi.org/10.1016/j.apsusc.2007.01.098

	Electrostatic forces in micromanipulations: Review of analytical �models and simulations including roughness
	Introduction
	Review of analytical models
	Simulation tool
	Validation
	Conclusion

	Roughness representation: The Weierstrass Mandelbrot function
	Comparison with experiments
	Application case
	Conclusion
	Acknowledgement
	References


