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Abstract— Micro manipulations of objects between 10 µm
and 1 mm by contact are often disturbed by the surface
forces appearing between the handled object and the gripper.
They may overcome gravity and prevent the release of the
object. Capillary, electrostatic and van der Waals forces are the
main surface forces responsible for this adhesive phenomenon.
Several factors may influence these forces such as the materials
in contact, the fabrication process, the surface treatments or
the surface contaminations. All of these contribute to shape the
topography of the surface. In this paper is investigated in which
way surface roughness could be used to overcome the problem
of adhesive electrostatic forces. Simulations are performed for
smooth surfaces and for rough surfaces in order to study
the influence of surface topography. The simulation tool is
validated using analytical models for the smooth case and shows
a good correlation. Roughness is modeled using a fractal rep-
resentation (Weierstrass-Mandelbrot function). The simulations
using fractal representation show a significant influence of the
surface topography at small separation distances and correlate
experimental benchmarks from literature. Topography of the
surface should not be neglected in micromanipulator design.

Index Terms— adhesion, electrostatic forces, roughness, frac-
tals.

I. INTRODUCTION

Micro manipulations of object between 10 µm and 1 mm
by contact are often disturbed by the sticking of the handled
object on the manipulator. Capillary, electrostatic and van
der Waals forces are the main surface forces responsible for
this adhesive phenomenon. They have already been studied
in previous works [1], [2], [3], [4]. It has been observed
that they may be influenced by several factors such as the
materials in contact, the fabrication process, the surface
treatments and the surface contaminations. These factors
shape the topography of the contacting surface. No matter
how carefully or expensively the surface is manufactured it
can never be perfectly smooth. This roughness may decrease
the adhesion forces due to the reduction of the surface of
contact [5].

Due to capillary condensation, a liquid film can form
between two objects in contact (e.g. the gripper and the
handled object in micromanipulation experiments). From
the formation of this meniscus results a capillary force
that can make a large contribution to the total adhesion
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force [6]. With hydrophilic surfaces the meniscus force
increases for smoother surfaces so that the adhesion of
ultra-flat surfaces can be extremely strong [7]. A significant
decrease in the magnitude of the adhesion force with an
increase in roughness in the low relative humidity regime has
been observed [8] demonstrating that capillary adhesion is
substantially lowered in the presence of nanoscale roughness.
The Van der Waals forces are due to the instantaneous
polarization of the atoms and molecules due to quantum
mechanical effects. In the case of two rough surfaces the
average inter-planar distance would be large and the van der
Waals forces would be small [7]. These forces depend greatly
on the roughness of the surface.

The focus is here on the electrostatic forces because they
are the most significant force for grasping and manipulating
parts between 10 µm and 1 mm [5]. They can be active
over ranges of the order of the object radius. Electrostatic
forces alone can already be significant enough to perturb
the manipulation of micro-objects. A perspective of this
work is to include other surface effects. Simulations are
performed using the finite element software Comsol in order
to determine the importance of roughness in the adhesive
phenomenon. The interest of developing such a simulation
tool is for applications to micromanipulator design. The
idea is to answer two questions. Could adhesive electrostatic
forces be significantly decreased with a specific fabrication
process or treatment? How to choose the best fabrication
solution for microgrippers?

The paper is divided into five main sections. The next one
deals with roughness representation, the available models
and a discussion about the fractal representation (which is
the one chosen in this work). The third section deals with
the electrostatic forces and the simulations showing their
correlation with analytical models and literature benchmark.
Section four shows how surface topography may be included
in micromanipulator design before concluding.

II. ROUGHNESS REPRESENTATION

A. Roughness models

Many authors agree that even a nanoscale roughness
should be taken into consideration when performing simu-
lations of adhesion [9]. Finding accurate models for surface
topography representation is of crucial importance. The most
often encountered models in the literature are presented in
the following.

The simplest case [10] only considers the roughness peaks.
The roughness profile is assumed to be equivalent to a
smooth profile located at a separation distance d+R/2, where
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R is the height of the highest peak and d is the distance
between the plane and the highest peak (Figure 1). This
model is however not accurate since it does not take into
account the density of protrusions.
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Fig. 1. Planar model [10]

Elementary protuberances such as hemispheres and cones
(Figure 2) may also be used to model the asperities. Usually
the roughness is modeled as hemispherical asperities char-
acterized by the average asperity height and the density of
asperities on the surface. This type of representation is found
in [11], [12], [13].
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Fig. 2. Hemispherical asperities [11]

A third technique uses sinusoidal functions. A cosine
function is used in [14] which is an idealized periodic surface
characterized by shape, height and wavelength to calculate
the electrostatic repulsive energy between two rough col-
loidal particles.

Finally a last technique involves the use of fractals. The
reader is referred to the next section for details. This model
is used for our own simulations. Indeed the topography of
many engineered surfaces may be represented as fractals [15]
because similar features can be observed at different magni-
fication of the same surface. It is necessary to characterize
rough surfaces by intrinsic parameters which are independent
of all scales of roughness such as the fractal parameters [16].

B. The fractal representation

Fractals are irregular objects possessing similar geometri-
cal characteristics at all scales, i.e. self-similarity character-
istics. The geometries of fractal surfaces are also continuous
and non differentiable. Since the profile of rough surfaces
z(x) (typically obtained from stylus measurements) is as-
sumed to be continuous even at the smallest scales and ever-
finer levels of detail appear under repeated magnificence,
the tangent at any point cannot be defined. The profile has
thus the mathematical property of being continuous every-
where but non-differentiable at all points. The Weierstrass-
Mandelbrot function satisfies the properties of continuity,
non-differentiability and self-similarity [17] and is therefore
used to simulate two-dimensional profiles.

z(x) = L(
G

L
)D−1

∞∑

n=0

cos(2πγn x
L )

γ(2−D)n
(1)

where L is the fractal sample length, D is the fractal dimen-
sion (1<D<2), G is the fractal roughness parameter and γ
is a scaling parameter (γ>1). Equation 1 models 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
γ must be chosen to be a non integer (it is good to assume
γ=1.5 [18]). 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. As
the magnitudes of D and G increase, a rougher and more
disordered surface topography can be generated. Figure 3
illustrates the influence of the fractal parameters D and G on
the generated profile.
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Fig. 3. Influence of the fractal parameters on the generated profile.

Fractal representation of surface roughness has however
often been debated and authors do not all agree about its
relevance. The main problem that has been suggested with
using fractal representation for the topography of engineered
surfaces is that not all of these surfaces are fractal. The fractal
character of artificial surfaces depends on the processing
method ( [19], [20]). For [21], fractals may not be applicable
to very smooth surfaces. The scale independence of the
fractal parameters has been questioned in [19], [21], [22].
On the other hand, [15] many engineered surfaces can be
represented by fractals. It has been shown that surfaces of
processed steel, textured magnetic thin film [23], and metallic
surfaces produced by EDM, by cutting or grinding tech-
niques, and even worn surfaces [24] are fractal. Arguments in
favor of the fractal characterization can be summarized by
the necessity to characterize rough surfaces using intrinsic
parameters independent of all scales.

III. SIMULATIONS

A. Description

During micromanipulations the contact potential differ-
ence (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
the 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:

∆U = 0, (2)

The electric field is obtained from the gradient of U.

�E = −∇�U (3)

Simulations are done for the configuration of a contact
between an object and a flat surface representing the gripper
end-effector. The two-dimensional axisymetric simulation is
performed using the commercial simulation tool Comsol to
model the geometry and to solve the partial differential
equation (Equation 2) using the finite element method.
The outer boundary conditions modeling the surrounding
environment are placed sufficiently away to consider that
no charges are present on them. The potential U is applied
on the boundary delimiting the contacting object while
the contacting flat surface (corresponding to the gripper)
is grounded. The electrostatic forces are calculated using
Equation 4.

Felec =
ε0εRE2

2
(4)

where εR is the relative permittivity of the medium (εR =
1.00054 in air) and ε0 is the permittivity of free space
(ε0 = 8.85 × 10−12F/m). Integrating the force for all the
contributions brought by all of the elements in the model,
we are able to calculate the total force acting on the two
geometries.

B. Comparison with analytical results

The simulations have been validated using analytical mod-
els from the literature. In these models the main assumption
is that the surfaces are completely smooth. The second as-
sumption is that the materials are conductive which involves
that the potential is uniformly distributed along the surface,
the electric field is normal to the surfaces and the charges
only carried by the surfaces of the materials (no volume
charges). No charge is present between the contacting objects
meaning that the charges are only present at the surfaces
of the materials. Two types of contacts have been used:
sphere-plane and cone-plane because they are the most used
in literature particularly in predicting electrostatic forces in
atomic force microscopy. For the sphere-plane contact the
expressions developed by [25], [26], [27] were used. Results
are presented in Figure 4. For the cone-plane contact works
from [28], [29] were used. Results are presented in Figure 5.

C. Comparison with experimental results

Available experimental measures of the electrostatic forces
have all been realized at the nanoscale in the framework of
scanning probe microscopy. Sacha et al.’s work [30] is used
to compare results of our simulations with their experimental
results. They measured electrostatic forces for a sphere-ended
conical tip of radius 40 nm and half aperture angle 20◦ for

Fig. 4. Validation of simulations with the sphere models (Belaidi et al. [25]
and Cappella et al. [26] distinguish z < R and z > R while model from
Butt et al. [27] is given for all distances), for a sphere of radius 10µm and
a potential difference U=10V.

Fig. 5. Validation of simulations with the models using conical geometries
for dimensions of the tip L=125µm, R=25nm, θ=9.46◦(half aperture angle)
and a potential difference U=10V with the asymptotic model from Hudlet
et al. [28] and the uniformly charged line model from Hao et al. [29].

different voltages (6, 8 and 10V). The characteristics of the
tip were found using SEM images. The sample was a gold-
coated glass slide. Their results were compared with the
simulations, first without and then with roughness included
(fractal representation). Figure 6 gives a representation of
the contact between the conical tip and the rough surface
generated using a Weierstrass Mandelbrot function during
simulations (axisymetric problem).

Fig. 6. Visualization of the mesh for a simulation of the contact between
a conical sphere ended tip and a rough surface.

First observations were that even though the results are in
good correlation for smooth simulations, simulated forces are
stronger than what was obtained experimentally. The differ-
ence between experimental results and simulations increases
when the separation distance decreases. We attributed this
observation to the fact that even though the spot of contact
has been chosen to be smooth (atomic steps), it can never



be perfectly smooth. A very small roughness may influence
the results at such small separation distances. Results are
presented in Figure 7. We introduced roughness with the

5 10 15 20
0

5

10

15

20

25

30

Separation distance (nm)

E
le

ct
ro

st
at

ic
 fo

rc
e 

(n
N

)

U=10V

U=8V

U=6V

Simulations with roughness

Simulations without roughness

Experimental (Sacha et al.)

Fig. 7. Electrostatic normal force (nN) versus separation distance(nm) for
different applied voltages for a sphere-ended conical tip of radius 40nm
and half aperture angle θ=20◦. Plot shows experimental results obtained
by Sacha et al. [30], simulations results without roughness parameters and
simulation results including roughness parameters G = 5 × 10−11 and
D = 1.8 chosen in order to get an arithmetic average roughness of the
order of 0.4nm

generation of a fractal surface using fractal parameters D=1.8
and G = 5×10−11 for the planar contacting surface in order
to have an arithmetic average roughness of 0.4nm (which is
often assumed to be negligible).

Even a roughness as small as the one simulated is
influencing the results from simulations by reducing 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. The
results from our simulations including roughness are closer
to the experimental measures. From these observation it is
believed that surface topography is an important parameter
in predicting electrostatic forces. It reflects the materials, the
fabrication process and surface treatment and should not be
neglected. Roughness decreases the electrostatic forces. In
application to micromanipulator design roughening may thus
be a solution to avoid adhesive effect of electrostatic forces.
This is investigated in the next section

IV. SURFACE TOPOGRAPHY IN DEVELOPING DESIGN

SOLUTIONS FOR CONTACT MICROMANIPULATORS

In this part the simulation tool is used for simulations
of a contact between a spherical object with an infinite
plane. The arithmetic average roughness Ra was chosen as
reference parameter even if the representation is fractal and
the roughness parameters are thus D and G (Equation 1).
Speaking in terms of fractal parameters would however
not have been very representative to the reader. Using the
arithmetic average roughness gives a better qualitative view
on the effect of surface roughness.

Figure 8 shows the influence of the object radius on the
electrostatic force for different average arithmetic rough-

nesses of the contacting plane. As expected higher rough-
ness leads to smaller electrostatic forces. Even though the
influence of roughness seems to remain similar for all radius
values (curves are almost parallel), the effect of roughness is
more noticeable on higher object radius. The ratio between
forces in the smooth configuration and forces in the rough
configuration is increased when the object radius increases.
Figure 9 shows that roughness is an important parameter that
influences the electrostatic forces not only at contact. Even
an average arithmetic roughness as small as 4 nm decreases
the electrostatic forces at separation distance up to 50 nm.
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Fig. 8. Electrostatic normal force (N) versus object radius (m) for different
roughnesses Ra for a spherical object in contact with an infinite plane.
Potential U is 0.5 V and separation distance z is 0.5 nm.
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Fig. 9. Electrostatic normal force (N) versus separation distance (m) for
different roughnesses Ra for a spherical object in contact with an infinite
plane. Potential U is 0.5 V and radius R is 25 µm.

Simulations of a contact between a spherical object of
radius R=25µm and an infinite plane are also performed
in order to evaluate the feasibility of the release. Con-
tact occurs at the inter-atomic separation distance between
surfaces which is 0.5 nm [31]. The material considered
for the spherical object is steel (ρ = 7800kg/m3). The
electrostatic forces are simulated at contact for different
arithmetic average roughnesses of the plane (Ra between 1



nm and 31 nm). Results are presented in Figure 10. From
these we observe that for a contact potential difference (CPD)
of 0.1 V, there will be no problem in releasing the object if
the arithmetic average roughness is a least 2 nm because
gravity will overcome the electrostatic forces. For a CPD of
0.3 V there may be a problem of adhesion due to electrostatic
forces except if the plane has an arithmetic average roughness
of at least 13 nm. A CPD of 0.5 V is the maximum theoretical
contact potential difference that may be present between
two metals [32]. In this case in order to avoid adhesive
electrostatic forces an average arithmetic roughness of at
least 25 nm should be applied to the contacting surface. If
the sphere is made of aluminum instead of steel resulting
in a smaller weight of the sphere, the arithmetic average
roughness to apply should be increased in order for gravity
to overcome the electrostatic forces.
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V. CONCLUSION

We have developed a reliable simulation tool for elec-
trostatic forces which can be used to design microgrippers
and develop micromanipulations strategies in order to min-
imize the disturbing effects of adhesive electrostatic forces.
Comparison of the results with analytical models allowed
to demonstrate the reliability of the simulations. Simula-
tions performed including surface topography representation
showed the importance of surface roughness at very close
separation distances. It also brought into light the need to
find an accurate model for this surface topography. Ideally
the model should be adapted to correlate the microfabrication
process used for manufacturing the gripper. This is part of
our prospective work. We also intend to perform experimen-
tal measures of the electrostatic forces in order to compare
our simulations results with our own experimental measures
after having characterized the roughness parameters of the
sample.
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