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Abstract— Micro manipulations of objects between 1@&im and one chosen in this work). The second section deals with the
1mm by contact are often disturbed by adhesion between the simulations showing their correlation with analytical netsi
handled object and the gripper. This is due to the presence 54 then early results including roughness and comparédd wit

of the surface forces which overcome gravity and prevent the . . e .
release of the object. Capillary, electrostatic and van der Waals experimental results from the literature. We finish with the

forces are the main surface forces responsible for this adhesive conclusions and prospective works.
phenomenon. Several factors may influence these forces such a
the materials in contact, the fabrication process, the surface Il. ROUGHNESS AND SURFACE FORCES

treatments or the surface contaminations. All of these factors A. State of the art: Influence on surface forces

contribute to shape the topography of the surface. In this pape . . L

simulations are performed on the electrostatic forces for smooth ~ Due to capillary condensation, a liquid film can form be-
surfaces and for rough surfaces in order to study the influence tween two objects in contact (e.g. the gripper and the handle
of surface topography. The results are compared with analytical object in micromanipulation experiments). From the foriorat
Eﬂgﬁ'scgeths?msur}‘aﬁ%ssCﬁz‘; Z”dspshheor"e" 2n%%%d C‘;Onrif;?t't?;_-pg;eeof this meniscus results a capillary force that can makegelar
contact. The discussed roughness models are mainly eIementaryCOm”bu'[Ion to thg total adhesflon force [6]. With hydrdipli
protuberances and fractal representation using the Weierstras- ~surfaces the meniscus force increases for smoother ssrface
Mandelbrot model. The simulations using fractal representation S0 that the adhesion of ultrafat surfaces can be extremely
show an influence of the surface topography at small separation strong [7]. A significant decrease in the magnitude of the
distances. A comparison is also performed with experimental 54hesion force with an increase in roughness in the lowivelat
resits from the literature. humidity regime has been observed [8] so that we can state
that capillary adhesion is substantially lowered in thespree

of nanoscale roughness.

Micro manipulations of object between (& and 10mm  The Van der Waals forces are due to the instantaneous
by contact are often disturbed by the sticking of the hand|%|arizati0n of the atoms and molecules due to quantum
object on the manipulator. Capillary, electrostatic aneh vanmechanical effects. In the case of two rough surfaces the
der Waals forces are the main surface forces responsible gerage interplanar distance would be large and the van der
this adhesive phenomenon. They have already been studieg\ials forces would be small [7]. These forces thus depend
previous works [1]-[4]. This paper deals with the electatist greatly on the roughness of the surface.
forces. They may be influenced by several factors such aslectrostatic forces appear due to Coulomb interactiormwhe
the materials in contact, the fabrication process, theaserf the electrostatic charges are generated. We limit our study
treatments and the surface contaminations. All of theseific to the contact between conducting materials which is well
contribute to shape the topography of the surface. No mattgiderstood. How does surface roughness influence thessforc
how carefully or expensively the surface is manufactured ghd how can we integrate the roughness factor in simulations
can never be perfectly smooth. It has been observed tagé the questions we will try to answer.
this roughness may decrease the adhesion forces due to the ]
reduction of the surface of contact [5]. The aim of this pap&- Roughness representation
is to perform simulations on the electrostatic forces ineord Many authors agree that even a nanoscale roughness should
to determine the importance of roughness in the phenomenba.taken into consideration when performing simulations on
Simulations are performed for smooth and for rough surfacadhesion [9]. Finding accurate models for surface topdgrap
using the finite element software Comsol. The paper is divideepresentation is of crucial importance. The most often en-
into two main sections. The first one deals with roughnessyutered models in the literature are presented in thevailp.
starting with a state of the art about its influence in microma The simplest case is given by [10] and only considers
nipulations, then with a review of different models and fiyal the roughness peaks. The roughness profile is assumed to be
with a discussion about the fractal representation (wrsdhé equivalent to a smooth profile located at a separation distan

I. INTRODUCTION



d+R/2, whereR is the height of the highest peak andis ~=1.5). AsD becomes larger, the number of asperties increases

the distance between the plane and the highest peak (Fig.{dgnsity increases) and their height decrease<s Agreases,

This model is however not accurate since it does not take irttee peaks and the valleys are amplified. As the magnitudes

account the density of protrusions. of D and G increase, a rougher and more disordered surface
Elementary protuberances such as hemispheres and cdopsgraphy can be generated. Fig.2 illustrates the infli@fc

(Fig.1b) may also be used to model the asperities. Usuathe fractal paramete® and G on the generated profile.

the roughness is modelled as hemispherical asperities char

acterized by the average asperity height and the density of X 10°

asperities on the surface. This type of representationusdo :

4 |==D=1.4, G=4.2x10"?

in works from [11]-[13]. E o

A third technique uses sinusoidal functions. A cosine func- 2, ="'D=15, G=4.2:107 L ot .l
tion is used in [14] which is an idealized periodic surface 2 b=, G=402x107) Fif W,
characterized by shape, height and wavelength to calculate S ol
the electrostatic repulsive energy between two rough idalo §
particles. ;) 2

Finally a last technique involves the use of fractals. The
reader is refered to the next section for a description of thi 4 o2 o4 06 o8 1 12
technique. It will be used for our own simulations. For [13§ t Length inm X 10°

topography of many engineered surfaces may be represented a
fractals because similar features can be observed atatifferrig. 2. |lustration of the influence of the fractal paramet@randG on the
magnification of the same surface. It is moreover necessargfile.
to characterize rough surfaces by intrisic parameters lwhic
are independant of all scales of roughness such as thelfractdractal representation of surface roughness has however
parameters [16]. 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 engite
surface is that not all of these surfaces are fractal. Fof [19
and [20] the fractal character of artificial surfaces degend
on the processing method. For [21], fractals may not be
Fig. 1. a) [10], b) [11] applicable to very smooth surfaces. The scale independance
of the fractal parameters has been questionned by [19], [21]
and [22]. On the other hand, for [15] many engineered susface
can be represented by fractals. It has been shown that earfac
Fractals are irregular objects possessing similar gedraktr ¢ processed steel, textured magnetic thin film [23], and
characteristics at all scales, i.e. self-similarity cleé&istics. metallic surfaces produced by EDM, by cutting or grinding
The geometries of fractal surfaces are also continuous Q@@hniques, and even worn surfaces [24] are fractal. Argisne
non differenciable. Since the profile of rough surfaces z(x) favor of the fractal characterization can be summerized

(typically obtained from stylus measurements) is assumedgy the necessity to characterize rough surfaces usingtri
be continuous even at the smallest scales and ever-finds leygyrameters independent of all scales.

of detail appear under repeated magnificance, the tangent at

any point cannot be defined. The profile has thus the math- [1l. SIMULATIONS

ematical property of being continuous everywhere but nop- Description

differenciable at all points. The Weirstrass-Mandelbratd o o

tion satisfies the properties of continuity, non-differiaiity The potential difference between the geometries induces an

and self-similarity [17] and is therefore used to simulate-t electric field in the air. An electron transfer occurs resglt
dimensional profiles. in the charging of the materials and an attractive eledtist

force. The electric potentid) in the surrounding environment
> cos(2my"E J ion:
2(z) = L(%)Dq Z W 1) obeys Laplace’s equation:
n=0 AU =0, (2)
whereL is the fractal sample lengtD is the fractal dimension
(1<D<?2), G is the fractal roughness parameter amdis
a scaling parameteryt-1). Eg.1 models the surface profile FE—_vvV ©)
by a sum of cosine functions with geometrically increasing
frequencies. In order for the phases of the different modesThe two-dimensional axisymetric simulation is performed
not to coincide at any given x position, the value~ofnust using the commercial simulation tool Comsol to model the
be chosen to be a non integer (from [18] it is good to assurgeometry and to solve the partial differential equation2Eq.

C. The fractal representation

The electric field is obtained from the gradientdf



using the finite element method. The outer boundary condi- Comparison with a benchmark

normal component of the electric field on the outer boundarigjp and a rough surface generated using a Weierstrass Man-
The potentiall is applied on the boundary delimiting the tipde|prot function.

in order to simulate the potential difference between tpe ti
and the surface while the contacting flat surface is ground
(Fig-3). The electrostatic forces are calculated usingtEq.

co B> \ ‘ |
Felee = 02 (4) . \\\ \\
Integrating the force for all the contributions brought By a . g

of the elements in the model, we are able to calculate thé to
force acting on the two geometries. ‘
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Fig. 5. Different representation of the geometries in cdnf@ane and plane)
with a roughness for the plane simulated with D=1.55,G= 1012, 4=1.5
and L=1um.
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Fig. 3. Modelling of the problem.

The work from Sacha et al. [30] is used in order to compare
their experimental results with results obtained usingomr-
ulation tool. They measured electrostatic forces for a sphe

The simulations have been validated using analytical nsod@hded conical tip of radius 40nm and half aperture angfe 10
from the literature. In these models the main assumptidmais t for different voltages(6, 8 and 10V). The characteristifs o
the surfaces are completely smooth. The second assumstioghé tip were found using SEM images. The sample was a
that the materials are conductive which involves that the pgo|d_coated g|ass slide. We Compared their results with our
tential is uniformely distributed along the surface, thectfic  simulations, first without and then with roughness included

field is normal to the surfaces and the charges only carried & simulations (fractal representation). Results arsgmed
the surface of the materials (no volumic charges). No chargeFig.6.

is present between the contacting objects meaning that the
charges are only present at the surfaces of the materiats. Tw

B. Comparison with analytical results

30
types of contacts have been used: sphere-plane and care-pla o
because they are the most used in literature. For the sphere 25!
plane contact we used the expressions developed by [23]-[27 = " O/W'thOUt roughness
For the cone-plane contact we used the works from [28] and %20, __—With roughness
[29]. E o —Experimental [30]
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Fig. 4. a) Validation of simulations with the sphere modelsg][@nd [26] Fig. 6. Electrostatic normal force (nN) versus separaticstadice(nm) for

distinguishz < R and z > R while [27] is given for all distances), for different applied voltage for a sphere-ended conical tipasfius 40nm and

a sphere of radius 18n and a potential difference U=10V. b) Validation of half aperture anglé=10°. Plot shows experimental results obtained by Sacha
simulations with the models using conical geometries for dinogissof the tip et al. [30], simulations results without roughness pararseged simulation
L=125um, R=25nm,#=9.46°(half aperture angle) and a potential differenceresults including roughness parametéts= 1.5 x 10~'2 and D = 1.55
U=10V with the asymptotic model from [28] and the uniformely e line  chosen in order to get a maximum asperities height of the ordénm.

model from [29].

We first observed that even though the results are in good



correlation for smooth simulations, our simulated forces a [5] R. S. Fearing, “Survey of sticking effects for micro pahandling,” in

stronger than what was obtained experimentally. The differ P;%C-z‘if?'EEE/RSJ Conf. on Intelligent Robots and Syster885, pp.
ence between experimental results and simulation incseasg; p | ambert, “A contribution to microassembly: a study of itlapy forces

when the separation distance decreases. We attributed this as a gripping principle,” Ph.D. dissertation, Univegdibre de Bruxelles,
observation to the fact that even though the spot of contagt Belgium, 2004.

{
h b h to b th (atomic st it fg]e B. Bhushan, “Adhesion and stiction: mechanisms, measureneeh-
as been chosen 1o be smoo (a omic s eps), It can never niques, and methods for reductiod,” Vacuum Sci. Technol., Bol. 21,

perfectly smooth. A very small roughness may influence the no. 6, pp. 2262-96, 2003.

and B. M. Mougdil, “Capillary forces between surfaces witgmoscale

We intro_duced roughness with the generation of a fractal roughness,Adv. Colloid Interface Scivol. 96, pp. 213-30, 2002.
surface using fractal parameters D=1.55 &hek 1.5 x 10712 [9] W. M. van Spengen, |. De Wolf, and R. Puers, “An auto-aitiresnodel

for the planar contacting surface in order to have a maximum for mems surfaces taking into account the effects of surfaogfmess,”
high of it K f 0.8nm and an aver r hn in Proc. of SPIE Conf. on Materials and Device Characterizatia
Igh of asperity peaxs or U. and an average roughness jicromachining Il vol. 4175, 2000, pp. 104-112.

of 0.3nm (which is often assumed to be negligible). The firgto] F. Arai, D. Ando, T. Fukuda, Y. Nonoda, and T. Oota, “Miananipula-

Observatlon |S that even a roughness as Sma” as the one we tion based on micro phySICS,_" iAroc. of IEEE/RSJ Conf. on Intelllgent
. . . . . . Robots and Systemeol. 2, Pittsburgh, 1995, pp. 236-245.

simulated is mfluencmg the .res_ults fr0|_”n simulations réqdgic [11] B. Vogeli and H. von Kinel, *AFM-study of sticking effects for

the electrostatic forces. This is specially true when the ti  microparts handling,Wear, vol. 238, no. 1, pp. 20-24, 2000.

gets closer to the surface. The influence of surface roughngg] M. Herman and K. Papadopoulos, “Effects on the van derisvaad

h . . . electric double layers interactions of two parallel flayte&g’ J. Colloid

is also more important at higher applied voltages. The te@sul | erface Sci.vol. 136, no. 2. p. 385, 1990.

from our simulations including roughness are closer to thes] L. Suresh and J. Walz, “Effect of surface roughness @nititeraction

experimental measures. energy between a colloidal sphere and a flat plateColloid Interface
Sci, vol. 183, pp. 199-213, 1996.
IV. CONCLUSION [14] M. Kostoglou and A. Karabelas, “Effect of roughness arergy of

i ) ] repulsion between colloidal surfaced,’Colloid Interface Scj.vol. 171,
We have developed a reliable simulation tool for elec- pp. 187-199, 1995.

; ; ; ; ; ] K. Komvopoulos, “Surface engineering and microtribgldigr micro-
trostatic forces which can be used to dESIQn mlcrerlppéilé electromechanical systemafear, vol. 200, no. 1, pp. 305-327, 1996.

and develop micromanipulations strategies in order to mMifg] A. Majumdar and B. Bhushan, “Role of fractal geometry inghness

imize the disturbing effects of adhesive electrostaticdsr characterization and contact mechanics of surafcksTribology vol.
: ; ; 112, pp. 205-216, 1990.

Comparison of the _resglts with analytlc.al mOd.els a".owed t[?7] M. V. Berry and Z. V. Lewis, “On the Weierstrass-Mandelbfractal

demonstrate the reliability of the simulations. Simulatiqer- function,” Proc. R. Soc. London Ser, &ol. 370, pp. 459-84, 1980.

formed including surface topography representation sdowg8] K. Komvopoulos, “A fractal analysis of stiction in micrieetromechan-

i ; ical systems,"J. Tribology, vol. 119, no. 3, pp. 391-400, 1997.
the importance of surface rothneSS at very close separa?&] L. He and J. Zhu, “The fractal character of processed hwidaces,”

distances. It also brought into light the need to find an aateur Wear, vol. 208, pp. 17-24, 1997.
model for this surface topography. Ideally the model shoulgb] D. J. Whitehouse, “Fractal or fictionyVeayr, vol. 249, no. 5-6, pp. 345

; inati 353, 2001.
be adaptated to correlate the microfabrication procesd u??l] A. G. S. Eichenlaub and S. Beaudouin, “Roughness modelpdrticle

for manufacturing the gripper. This is part of our prospeti adhesion,"J. Colloid Interface Scj.vol. 280, pp. 289-298, 2004.
work. We also intend to perform experimental measures BR] S. Ganti and B. Bhushan, “Generalized fractal analysid its applica-

the electrostatic forces in order to compare our simulatior&3 tions to engineering surfacedffeas vol. 180, pp. 17-34, 1994.
g

. . . A. Majumdar and C. Tien, “Fractal characterization amtgation of
results with our own experimental measures after havi rough surfaces,Wear, vol. 136, pp. 313-327, 1990.

characterized the roughness parameters of the sample.  [24] H. Zhu, S. Ge, X. Huang, D. Zhang, and J. Liu, “Experiméstady
on the characterization of worn surface topography withrattaristic
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