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Abstract

The adhesion between a micro/nano-object and a micro-gripper end-effector is an impor-
tant problem in micromanipulation. Cancelling or reduction this force is a great challenge.
This force is directly linked to the surface chemical structure of the object and the gripper. We
propose to predict this force between a structuring surface and a micro-object with a multi-
sphere van der Waals force model. The surface was structured by polystyrene latex particles
(PS particles) with radii from 35 to 2000 nm. The model was compared with experimental pull-
off force measurement performed by AFM with different natures of spheres materials glued on
the tipless. A wide range of applications, in the field of telecommunications, bioengineering,

and more generaly speaking MEMS can be envisaged for these substrates.
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Introduction

Manufactured products are getting smaller and smaller and are integrating more and more func-
tionalities in small volumes. Several application fields are concerned such as bio-engineering,
telecommunications or more generally speaking the Micro-Electro-Mechanical-Systems (MEMS).
The assembly of these microproducts is a great challenge because of the microscopic size of the
components. ! In fact, the major difficulty of micro/nano-assembly comes from the particularity
of the micro/nano-objects behaviour which depends on surface forces.>™ The manipulation of a
micro-object requires handling, positioning, and releasing it without disturbances of the surface

forces such as electrostatic forces, van der Waals forces or capillary forces.

Current microhandling methods are able to improve micromanipulation but the object be-
haviour is always disturbed by adhesion and thus the repeatablity and reliability is still low.>%
The required force to separate two surfaces is commonly called the "pull-off" force. The "pull-in"
force is the attractive force between two objects when they approach closely. The pull-off force is
not well understood and must be studied further to enable the advent of reliable micromanipula-
tion techniques. Current methods to measure micro/nanoforces between surfaces are the Surface
Force Apparatus (SFA),”3 the Atomic Force Microscope (AFM),%~!! capacitive force sensors '

or nanoindentation testers.'>!4 The modeling of pull-off force is mainly based on two different

approaches based on the surface energies on the contact,>~!8or on the integration of the van der
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Waals forces between objects and on some hybrid approaches between both.?3* The adhe-

sion force reduction was already obtained in liquid and dry medium by surface structuring?*+-2°
or chemical functionalisation.”?’~2 The last technique allows to switch the force from attractive
to repulsive by pH solution modification and improves the micro-object manipulation.?’-303! In
case of randomly rough surfaces, fractal approach is one of the most usual way to predict wear,

adhesion force or interaction forces. 3234

Thanks to the surface structuring, we can reduce the contact area between the gripper and the
objects, and in turn this will decrease the contact area and van der Waals forces. Also, we can
induce specific properties of the gripper such as using electrically conductive materials to mini-
mize electrostatic force. In practice, the approach for surface structuring can be categorized into
two directions: top-down and bottom-up approaches. Top-down approaches encompass template-
based techniques,>> and plasma treatment of the surfaces.3® Bottom-up approaches involve mostly
self-assembly and self-organization3” as for instance chemical deposition, 3 layer-by-layer (LBL)
deposition,39 and colloidal assemblies.*? There are also methods based on the combination of
both bottom-up and top-down approaches, for example, casting of polymer solution and phase
separation,*! and electrospinning.*> Among these methods, the application using two-dimensional
(2D) colloidal crystals, called "natural lithography", which has been suggested by Deckman and
Dunsmuir,*® has attracted attention due to it being a relatively easy process in comparison with
conventional lithography technique.*? Based on such a process, uniformly sized microstructures
and nanostructures could be produced on a substrate using a mono or multilayer colloidal spheres.
In recent years, various techniques, based on "nanosphere lithography", have been reported for

nano/microfabrication or nano/micropatterning of a wide variety of solid substrates including met-

S 44-48 49,50 51
b

al semiconductors and ceramics.
Recently, we reported structuring surface by nanospheres lithography and measured the adhe-
sion force. We have proposed a multisphere van der Waals force model which may suggest the

existence of an optimal value of the sphere radius which minimizes the adhesion. In the case of



the 20 um borosilicate sphere diameter, the pull-off force is reduced to 20 nN by the PS particles
layer with a radius of 45 nm.?® The aim of this paper is to extend this model and to demonstrate the
existence of minimum dependently of the spheres diameter and nature. First, an improved model
compared to our previous paper2° is going to be proposed then the spheres parameters as diam-
eter and nature are studied. The analysis of the correlation between the experimental measures
and the model and a discussion on the application relevance in micromanipulation tasks are per-
formed. The paper is concluded by the surface patterning method and the adhesion measurement

methodology.

Model developed

Usually force measurements are conducted between a sphere and a planar substrate where the
contact surface is necessary a unique surface. In our case, the substrate is structured with several
microspheres and the contact numbers must be studied.

iy

Figure 1: Arrangement of the PS spheres on the substrate.

Let us consider the arrangement described in Figure 1 which represents the position of the PS
sphere on the substrate (noted S;). In an application case and also during force measurements the
location of the sphere on the probe up the structured surface cannot be controlled precisely. When
the probe with a sphere, (noted S,), is approaching, it touches the nanospheres r, (Figure 2) on a

non-control position. Two extreme cases are considered:
e the probe r; is perfectly aligned with one sphere r, (e.g. the sphere i=0,j=0), it generates

4



only one contact point. This case induces the minimal force between the probe and the

nanostructured surface;

e the probe ry is up to the centroid of three adjacent sphere r; (e.g. the sphere i=0,j=0; i=0,j=1;
i=1,j=1;), it generates three contact points which maximize the interaction force between the

probe and the nanostructured surface.

radiusr,

Figure 2: Description of the contact between the probe and the PS spheres on the substrate.

The objective of the model is to predict adhesion force between the nanostructured surface and

the microsphere. One of the originality of our approach is the scale where the measurements are
done linked with the microhandling application. The radius of the sphere r; is only 10 um and the
radius of the sphere r; are in the nanoscale. Consequently the equivalent radius equation (4) of the
contact is usually below several micrometers.
In the microscale and in the nanoscale, it has been shown that mechanical deformation becomes
negligible and that adhesion is reduced to the value of interaction force established in a non-
deformable shape as explained by Alvo et al..?! Consequently in nanoscale, adhesion is usually
computed using van der Waals equations in spite of mechanical models DMT or JKR approaches
which are relevant for larger equivalent radius.

The modeling force must be done in the case of one or three contact points. Based on a

geometrical analysis (Figure 1 and Figure 2), the distance z;; between the probe (r1) and a sphere



(i, ) is respectively equation (1) or ( 2) for one or three contact points:

Zij171in - \/(’"2 +Z0+r1)2+4r%(]2_l]+12) —rn—-n (1)

i jopax = \/(r2+20+r1)2+4r%(j2_ij_i_j+i2)_”1 —n (2)

Based on Alvo et al.,?! the impact of local deformation on the calculation of van der Waals
force can be neglected in the nanoscale, thus we are considering the force between two rigid

spheres. The van der Waals force z;; between the probe and the sphere (i, j) verifies:
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where ry; is the equivalent radius and A, the Hamaker constant which can be calculated using the
approximative combination law:

— == 4)
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where A; is the Hamaker constant of the material i.

The total force Fr,4,, between an infinite plan structured with PS spheres and the probe is thus:
ZZ
Fryaw = ZFUZ (6)
i,
The modeling force for one and three contacts zone can be obtained respectively by:
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The equation of the pull-off force is function of materials used, through the approximative com-
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bination law of on Hamaker constant A1,, and of the spheres size through }"

This model of the interaction between a spherical probe and a structured surface has been simulated
using the Matlab Simulink software and is presented figure 3(a) for 12.5 um PS spheres radius on

the tipless cantilever versus the PS spheres radius on the substrate.

100

90

801

7o

601

Force (N)

501

a0F

30

20

Number of spheres whose interaction force is relevant

10r

. . .
10" 10° 107 10° 10° 05
Polystyrene latex sphere radius (m)

107 10
PS sphere radius r (m)

(@) (b)

Figure 3: a) Adhesion force modeling (one contact point, blue solid line, and three contact points,
red dash line) on the structuring PS surface for 12.5 um PS sphere radius, r1, glued on the tipless
(zo = 0.25 nm); b) the PS spheres number influencing the adhesion force modeling (threshold 5 %)
versus the PS sphere radius on the structuring surface for one (A) and ([J) three contact point.

Figure 3(a) shows the presence of a minimum interaction force which represents an optimum
of adhesion reduction in the applicative field of micromanipulation. This minimum is weakly de-
pendent of the contact number. There is 30 nm and 20 nN between the two optima. The second

observation is the influence of the initial contact number on the pull-off force and the third is the



force increasing after the optimal radius. Indeed, to explain that, it is necessary to determine the
number of PS spheres whose interaction force is relevant (figure 3(b)). In this case, we consider
that the spheres, around the contact point, are a relevant rule on the interactions when they increase
the adhesion force of 5 %. At the beginning, for PS radius inferior to 10~ m the neighbouring
spheres of the contact point do not influence the adhesion force and this last are three times more
important for the three contact points. After this radius, the spheres close to the contact point
modify the pull-off force but with a weaker influence than the sphere at the initial contact point.
Figure 3(a), the adhesion force are the same whatever the number of initial contacts for a PS sphere
radius near to 10 nm. With the figure 3(b), we can deduce that 100 spheres around the contact point

are necessary to obtain the same pull-off force.

Results

The model exposed previously must be validated by the experimental measurements. For that,
structuring surfaces, with different PS sphere radius must be performed and were presented be-
low. Then, the adhesion force was measured with an AFM, where a sphere is glued on the tipless
cantilever extremity, versus the sphere properties: radius (between 35 nm and 2 um) and nature
(borosilicate or carbon). The experimental adhesion forces measured were compared with the pre-
vious model. This model can not be correlated with the sphere mechanical deformation at the
moment of the contact between the structuring surface and the cantilever. Indeed, this deformation

can not be evaluated and observed because of the sphere size deposited on the surface.

Surface structuring

Layers of polystyrene PS spheres were created by spin coating PS spheres radius from 35 nm to

2150 nm (Figure 4) onto a Si/SiO, substrates. The heating of the structured surface was necessary



in order to adhere the particle to the substrate. Indeed, without this step, it is impossible to scan

the sample with particles because they moved along the surface.

Figure 4: SEM images of a self assembled monolayer of PS spheres with a radius of a) 35 nm, b)
100 nm, ¢) 425 nm, d) 500 nm, e) 1500 nm and f) 2150 nm.

The layer created is a monolayer. The specimens were successfully coated with large domains
of defect-free packing over the entire substrate surface. In Figure 4, the spheres arranged them-
selves into a close-packed structure of two-dimensional ordered lattices due to attractive capillary

forces.



Force measurement

Six different radii r, of PS sphere structuring on silicon wafer have been tested with different
borosilicate and carbon spheres ry, glued on S, tipless cantilever and measured by SEM. Fifteen
measurements were performed in different locations on the sample.

Influence of the PS sphere size

The force distance measurements obtained, with borosilicate sphere diameter of 20 um, for differ-

ent structured surfaces are presented in Figure 5 and are discussed below.
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Figure 5: a) Force-distance curves, for a structuring surface by different PS latex particles sizes
with a radius of 35 nm (red line), 100 nm (blue line), 450 nm (- - green) and 1.5 um (- - black); b)
the summarize of the measurements. Stiffness: 0.3 N/m and borosilicate radius: 20 um.

In Figure 5, the size of the PS latex particles has an important influence on the adhesion. Indeed,
decreasing the size from 2000 nm to a value spread from 35 and 100 nm reduces the adhesion force
nearly 10 times. After this value, the adhesion force increases. This shows the existence of an

optimal value of the nanostructure radius r», which is going to be explained using the model.
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Influence of the borosilicate sphere size

Figure 6 presents the pull-off force measured between a structured surface with the PS radius r,

100 nm and different borosilicate spheres whose radius ry is from 5 to 50 um.
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Figure 6: a) Force-distance curves, for a structuring surface with 100 nm PS latex spheres and
different borosilicate sphere sizes glued on the tipless: 4 um (— - blue), 5 um (pink line), 10.5 um
(- - green), 21 um (black line), 53.5 um (- - brown); b) the summarize of the measurements with
all the borosilicate spheres and PS radius 100 nm (A) and 1500 nm (B). Stiffness: 0.3 N/m.

In figure 6(a) and figure 6(b), the size of the borosilicate sphere S, influences the pull-off

measurements.

Influence of the material nature

To validate the model with different material natures, the pull-off force measurements were per-
formed on a carbon sphere. Figure 7(a) presents the results of the measurement with a carbon
sphere (radius 10 wm) on the structured surface and figure 7(b) compares the results between the
borosilicate and the carbon sphere.

In Figure 7(b), the sphere composition S, influences the value of the pull-off force. The adhe-

11



== PS 100 nm
=='PS 500 nm
o PS2pum
0.1f = PS 35 nm
0
N 1
' A H
b -0.1 ""5”‘“ :
o 2!
5 “
L
g _0af
S
=4
-0.3
-0.4
05 . . .
0 0.5 1 15

Distance (um)

(a)

10°

Force (N)
5

10
10

‘

= Carbon

[]

II
L

L]
L]
I I
107 10° 107

PS sphere radius, n (m)

(b)

Figure 7: a) Force-distance curves, for a structured surface by different PS latex particles sizes
with a radius of 35 nm (blue line), 100 nm (red line), 500 nm (- - green) and 2 um (- - red); b)
Comparison of the measurements between borosilicate and carbon sphere. Stiffness: 0.3 N/m and
borosilicate (A) and carbon (W) radius respectively 10.5 and 9 um.
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sion is greater for carbon sphere than borosilicate sphere. This phenomenon is correlated with the
Hamaker constant. Indeed, it is A, = 500 zJ°% and A, = 65 zJ2! for respectively the carbon and
the borosilicate sphere. The van der Waals force (3) based on the combination law, equation (5),

increases with the Hamaker constant.

Model and experimental measurements comparison

The model exposed previously are compared with the experimental points on Figure 8. The
Hamaker constant is respectively A1, = 80 zJ and A1, = 180 zJ for PS-borosilicate and PS-carbon
and are imposed constant for all measurements on the same system. Only the parameter z, contact
distance, are modified with the diameter of the sphere glued on the tipless extremity. The value
range is between 0.15 nm and 0.4 nm. The model of the interaction between a spherical probe and
a structured surface has been simulated using the Matlab Simulink software.

The experimental point with borosilicate sphere S, radius 50 um are not shown. Indeed the
borosilicate sphere diameter is widely bigger than the cantilever breadth (respectively 100 and 45
wm). So the results obtained with this cantilever can be not assured and are not presented here.
The comparison between value predicted by the model and the measurement, plotted in Figure 8,
shows a good concordance. So 90 % of the experimental points validate the model. The other 10%
of the experimental points are very near to the predicted value, just few nN below the model. The
majority of experimental points are on the force modeling with one contact point. The assumption
of not taken into account the deformation can only underpredict the force in the model. As the
measurements lie on the low end of the predicted adhesion, it seems to validate our assumptions
and to show that deformation is negligible at this scale as predicted by Alvo et al..?!

It is impossible to predict in advance the number of contact between the probe and the structuring
surface because it is impossible to image this contact. Indeed, the small size of the PS spheres

needs SEM observations, the contact must be observed with a lateral view and there is no SEM

with lateral view. Furthermore, the PS deposited planarity is not perfect and the sphere probe is

13



Force (N)
Force (N)

10° 10" 10° 10° 10" 107 10° 107 10° 10°
Polystyrene latex sphere radius (m) Polystyrene latex sphere radius (m)

() (b)

Force (N)
Force (N)

Polystyrene latex sphere radius (m) Polystyrene latex sphere radius (m)

(© (d)

Force (N)

10 M 10° 10"
Polystyrene latex sphere radius (m)

(e)

Figure 8: Comparison between the model (one contact point, blue solid line, and three contact
points, red dash line) and experimental measurements (error bar) on the structuring surface for
different sphere radius, r1, glued on the tipless: a) borosilicate 4 um (zo = 0.15 nm), b) borosilicate

5 um (z9 = 0.21 nm), c) borosilicate 10 um (zo = 0.23 nm), d) carbon 9 um (zo = 0.30 nm) and e)
borosilicate 20 um (zo = 0.30 nm).
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bigger than the PS deposit create a shadowing area who obstructs the contact imaging. Moreover
SEM observations are performed under vacuum. These conditions are not adapted to our controlled
environment (humidity 30%).

The adhesion force obtained with the structuring surface are below than plan silicon substrate
where the adhesion is near 1 uN. Indeed, with the structured surface, the minimal force is near
10 nN and are decreasing 100 times. In our experimental case, the optimum radius r, in order to
minimize the adhesion is between 35 and 70 nm. This value depends of the diameter of borosilicate
sphere glued to the cantilever. For object manipulation where the size is known, a small variation
of the PS sphere radius, deposited on the gripper and near of the minimal pull-off force, do not

modify drastically adhesion force.

Discussion

The proposed model can be used to determine the diameter of the optimal particles spheres to be
placed on a gripper to minimize adhesion force with a grasped sphere S,. The model is useful
whatever the manipulated objects and deposited spheres material nature.

The decreasing pull-off force (f(r1,72,z0), equation(12)) obtained, after surface structuring against
the plan surface (dewphm, equation (11)), can be evaluated from equation (7) or (8). In the follow,
and with the observation done on the Figure 8, only the equation (7) modification are exposed:

72 2
_Apr o g n+tz2tn 9
FTvdwmm - - ( )

2 : B
625 11 57 Zijpy 72 Zin T
FTvdwm,-,, = dew,,l,m -f(rl ) r27Z0> (10)
where:
Aqory

Foaw o = —7— (1)

plan 2

6z0
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If the experimenter know the manipulated object size, he can determine the pull-off force de-

creasing if the spheres radius on the structured surface is imposed (figure 9(a)) or adapted the

structured surface to optimize the pull-off force decreasing (figure 9(b)) with the abacus curve.
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Figure 9: Abacus force for borosilicate probe sphere to a) determine the pull-off force decreasing
or b) optimize the structured surface. The structure is PS spheres in our case.

With the Figure 9 and the equation (9), the researchers can control the pull-off force via changes
the nature and the size of the material in a predictable manner.

Experimentally, some PS spheres have been deposed on silicon grippers>> (see in Figure 10).

Surface in contact with
the grasped object

E 50 um

Figure 10: Structuring gripper by PS particles of 1 pum.
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SEM images shows that PS spheres self-assembled into colloidal crystals which were close-
packed structure with three-dimensional ordered lattices via attractive capillary force on Si grip-
pers. These preliminary experiments show the feasibility of using natural lithography for patterning
non planar complex Si grippers’ tools with an extremely straightforward and simple method. More
experiments are in progress in order to use these structured grippers for micro- and nanomanipu-

lation.

Conclusion

In this paper, we have studied the interaction behavior, and most precisely the adhesion force, be-
tween a structured surface and carbon or borosilicate spheres. The experiments were performed
as a function of the polystyrene latex particle radii from 35 to 2000 nm deposited on the silica
substrate, and of radii and nature of the sphere glued on the tipless extremity. The experimental
measurements were compared to a multisphere van der Waals model and show a good agreement.
For a fixed sphere, the pull-off force decreases with the PS radius until a fixed value before to
increase. The PS radius values for the minimal pull-off force are function of the sphere radius

glued on the tipless cantilever, varied from 40 nm to 100 nm in our conditions.

Because adhesion is the current highest disturbance in micromanipulation (positioning and
releasing), structured surface is a promising way to improve micro-object manipulation in the
future. With the model presented, the size of the polystyrene spheres deposited can be optimized
in function of the manipulated object material size and nature. This paper provides design rules to
structure gripper surface in order to minimize adhesion. A wide range of applications, in the field
of telecommunications, bioengineering, and more generally speaking MEMS can be also envisaged

for these structured micro-grippers.
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Materials and Methods

Surface structuring

Different sizes (radius, rp, between 35 nm and 2 um) of commercially available PS microsphere
(noted Sj,) suspension were used (Polysciences, Inc., Eppelheim, Germany ) as received. Acetone,
H>S04 (25%) and H,0;, (30%) were purchased from Aldrich and p-type Si wafers (5-10 Q.cm,
(111) crystal orientation) of dimensions 1.5 ¢m? from Silicon Materials were used as substrates.
The deposit method was presented in the previous paper.2® The different parameters of the spin

coating were detailed in Table 1.

Table 1: Spin coating parameters versus the PS particles radius.

r step 1 step 2
35nm | 300 rpm/10 s | 2000 rpm/30 s
100 nm | 300 rpm/10 s | 1000 rpm/30 s
425 nm | 300 rpm/10 s | 1000 rpm/30 s
500 nm | 300 rpm/10 s | 500 rpm/30 s

1500 nm | 300 rpm/10 s | 400 rpm/30 s
2150 nm | 200 rpm/10 s | 300 rpm/30 s

After spin coating, the PS spheres organised on the Si substrate were characterised by Scanning

Electron Microscopy (SEM, Hitachi, S-4800).

Grippers structuring

Si microgrippers>? were pre-cleaned in acetone for 5 min and 1 wt % hydrofluoric acid (HF) for
5 min to remove organic contamination and native oxide on their surface. Then, pre-cleaned Si
grippers were immersed in H,S04/H>0O, (1/1) solution overnight to achieve hydrophilic surface.
The gripper was dropped in a monodisperse suspension of polystyrene (PS) microspheres (1 um
in diameter) and dried in air overnight. The grippers were characterized by scanning electron

microscopy (SEM, Hitachi, S-4800).

18



Force distance measurement by Atomic Force Microscopy

Characterisation of the pull-off force was performed with a commercial atomic force microscope
(stand-alone SMENA scanning probe microscope NT-MDT). The experiments were done under a
controlled environment with a laminar flow (humidity 30 % and 25 °C) on the Nanorol platform
station. The "Nanorol platform" can be used by external person (http://nanorol.cnrs.
fr/events.php). The rectangular silicon AFM cantilever, whose stiffness is 0.3 N/m, was
fixed and the substrate moved vertically. The same kind of cantilever was used for all experiments.
As the objective of this work is to improve the reliability of micro-object manipulation, interactions
have been studied between a micrometric sphere and a structuring surface. Measurements were in
fact performed with a cantilever where a sphere (1) was glued in place of the standard AFM tip,
noted S,. The size and the nature of the sphere were determined by the experimenter. The force
calibration was performed for each cantilever with this resonance frequency and ten measurements

were done at different locations on the same sample with a driving speed of 200 nm/s.

Spheres glued on the cantilever

All borosilicate spheres are provided by SPI Supplies and commercialized by Neyco (Paris, France).
Diameters are certified using certified standards from the National Institute of Standards and Tech-
nology (NIST). The glassy carbon sphere, Sigradur K, is supplied by HTW (Germany). The power
is spherical and the diameter is between 10 and 20 pum. Before experiment the carbon sphere gluing
on the cantilever is measured in SEM. The glass spheres gluing has been performed in the labora-
tory with the Dymax 628-VLV glue and the Blue Wave 50 apparatus (Dymax, Garches, France).
The glue was reticulated by UV light (365 nm).
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