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ABSTRACT Robotic microhandling is a promising way to assemble microcomponents in order to manufacture a new generation of
hybrid microelectromechanical systems. However, at the scale of several micrometers, the adhesion phenomenon highly perturbs
the micro-object release and positioning. This phenomenon is directly linked to both the object and the gripper surface chemical
composition. We propose to control the adhesion by using a chemical self-assembled monolayer on both surfaces. Different types of
chemical functionalization have been tested, and this paper focuses on the presentation of aminosilane-grafted 3-(ethoxydimethyl-
silyl)propylamine and (3-aminopropyl)triethoxysilane. We show that the liquid pH can be used to modify the adhesion and to switch
from an attractive behavior to a repulsive behavior. The pH control can thus be used to increase the adhesion during handling and
cancel the adhesion during release. Experiments have shown that the pH control is able to control the release of a micro-object. This
paper shows the relevance of a new type of reliable submerged robotic microhandling principle, which is based on adjustment of the

chemical properties of the liquid.
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INTRODUCTION
anufactured products are getting smaller and
M smaller and are integrating more and more func-
tionalities in small volumes. Several application
fields are involved such as telephony, bioengineering, tele-
communications, or, more generally speaking, the micro-
electromechanical systems (MEMSs). The assembly of these
microproducts is a great challenge because of the micro-
scopic size of the components (1). In fact, the major difficulty
of microassembly comes from the particularity of the micro-
object behavior, which depends on surface forces (2—4). The
magnitude of the physical effects is drastically modified with
a change in the scale from macroscopic (1 mm, for example)
to microscopic (1 um, for example), in which the lengths are
divided by 107, the weights are divided by 10°, and the
surface forces (e.g., the van der Waals force) are divided only
by 10°. The effect of gravity thus decreases more rapidly
than the effect of surface forces during miniaturization. So,
on the microscale, the surface forces are predominant
compared to the weight and the objects tend to stick the
microgrippers. 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. The release is the most
critical phase, which is usually hindered by adhesion.
Several methods have been proposed in the last 10 years
to improve micromanipulation (5, 6). The first approach
consists of using noncontact manipulation like laser trapping
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(7) or dielectrophoresis (8). These manipulation methods are
not disturbed by adhesion. However, in an applicative
context, micromanipulation has to be able to induce a large
force (e.g., several uN) without displacement in order to
assemble objects (e.g., insertion). In noncontact manipula-
tion, the blocking force, which represents the maximal force
applied on an object without displacement, stays low, which
is a major drawback in the application field of microassem-
bly. The second approach deals with contact manipulation,
where the adhesion is reduced or directly used for manipu-
lation. The reduction of the adhesion can be achieved, for
example, by raising the roughness of the end effectors
(9, 10). Adhesion can be directly used to perform manipula-
tion tasks. In this case, a one-fingered gripper is sufficient
to handle objects, but release remains difficult (11). In fact,
new release methods are required such as inertial (12) or
dielectrophoresis release (13). The major advantage of
contact handling consists of the fact that the blocking force
is usually high. The current microhandling methods are able
to improve micromanipulation, but the object behavior is
always disturbed by the adhesion and the reliability is still
low (10, 14). The knowledge of adhesion forces is thus
essential to enable the advent of reliable micromanipulation
techniques. Current approaches are based on experimental
measurements performed with atomic force microscopes
(15—18), interferometric surface force apparatuses (19, 20),
capacitive force sensors (21), nanoindentation testers (22, 23),
tangential streaming potentials (24), or a measurement
platform utilizing the contact mechanics theory of Johnson,
Kendall, and Roberts (25). The adhesion force measurement
is influenced by several parameters such as the preload force
(26, 27), humidity (28), temperature (29), pressure (30),
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FIGURE 1. Principle of robotic microhandling controlled by a
chemical SAM.

roughness (31), and properties of the liquid medium (pH
(32, 33) and ionic strength 32, 34).

We propose a new contact handling system that chemi-
cally controls the surface forces between the object and the
gripper (15). We have already shown that the medium (air
or liquid) can modify or cancel the adhesion force (15). The
major objective is to control the adhesion force or to create
a repulsive force to guarantee a reliable release. Now, the
surface properties of a material can be controlled by surface
functionalization in a liquid. The surface functionalization
of the objects or of the grippers can be obtained by different
methods. The two most important methods to form self-
assembled monolayers (SAMs) are the polyelectrolyte phy-
sisorption (polyelectrolyte with positive or negative charges)
(35) and the surface molecule grafting (covalent bond be-
tween the substrate and molecules) (36—38). This phenom-
enon is mainly due to two processes depending on the
instrinsic atomic compositions of the substrates: oxidized
substrates are useful for silane functionalization, whereas
gold substrates are only reactive with thiol compounds. The
difference in reactivity could be a real advantage in our
approach because the use of silane (or thiol) molecules will
allow a vectorization of the chemical processes. This could
be a highly versatile tool to give specific properties to a
precise part of the micro-objects especially in microassembly.

Grafting generates a covalent bond between the substrate
and molecules. These molecules must contain silanol, thiol,
azide, allyl, or vinyl groups (36, 37) in one extremity. These
molecules have to be used in an organic solvent such as
toluene, acetone, methanol, ethanol, etc. The silanol creates
a Si—O—Si bond with the silica substrate (36), while allyl or
vinyl generates a Si—O—C (or Si—C) bond (39) and the azide
groups produce a Si—N bond (40). In this work, we choose
silanization because the layer created did not exhibit any
signature of degradation when stored in an airtight container
for 18 months (41) and was stable up to a temperature near
of 350 °C (42, 43), even when washed using 1 % detergent
solution, hot tap water, or organic solvents and aqueous acid
atroom temperature (42). This silane layer was robust under
the same daunting conditions that all existing semiconductor
materials already endure such as thermal stability up to 350
°C and chemical stability under different etchants. So, the
functionalized MEMS can be used in molecular and/or hybrid
electronics. The charge density of the functionalized surfaces
must depend on the pH in order to control the adhesion
force in the liquid medium using the pH.

The microhandling principle is presented in Figure 1. The
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FIGURE 2. Molecules used for the silica functionalization.

grasping can be done at pH;, where the surface charges on
the gripper and the object induce an attractive force. In order
to release the object, the pH is modified to a second value,
pH,, where the object charge is changing. The electrostatic
force becomes repulsive, and the object is released.

The microhandling method proposed is based on two
chemical functions: amine and silica. On the one hand, the
amine group is in the state NH, at basic pH and NH5* at
acidic pH. On the other hand, the silica surface charge in
water is naturally negative except for very acidic pH, where
the surface is weakly positive (44).

The objective of this article consists of showing the
relevance of pH switching in controlling submerged micro-
handling. In the first section, we present the surface chemi-
cal functionalizations. In the second part, we analyze the
interaction force measurement between two surfaces (func-
tionalized and not functionalized or both functionnalized)
in a liquid as a function of the pH in order to determine the
charge density of the silane layer by a model of the surface
charges. Finally, we deal with an experimental microman-
ipulation task between a glass sphere and a tipless atomic
force microscope controlled by the pH solution.

EXPERIMENTAL DETAILS

Materials and Chemicals. Two silane functionalizations have
been tested (see Figure 2): 3-(ethoxydimethylsilyl)propylamine
(APDMES) and the silane (3-aminopropyltriethoxysilane (APTES).
Both chemical compounds (APTES and APDMES) used for
surface functionalization are amine functions: NH,, which can
be protonated or ionized to NH5" according to the pH. At acidic
pH, the amine is totally ionized; then the ionization decreases
and is null at basic pH (between pH 9 and 12). The silanes
(APTES and APDMES), ethanol, sodium chloride (NaCl), sodium
hydroxide (NaOH), and hydrochloric acid (HCI) were purchased
from Sigma Aldrich.

The deposits were made on silicon substrates purchased from
Tracit (45). Milli-Q water was obtained with Direct-Q3 of Milli-
pore. The pH of the solution was measured with a pH-meter
(Sartorius, PT-10) and an electrode (Sartorius, PY-P22) and
adjusted with the addition of sodium hydroxide and hydrochlo-
ric acid just before measurement.

Surface Functionalizations. Before being functionalized, the
wafers were cleaned by immersion in a piranha solution (2 parts
H,SO4 and 1 part H,O,) for 25 min at 70 °C. Caution! Piranha
solution is highly corrosive and extremely reactive with organic
substances. Gloves, goggles, laboratory coat, and face shields are
needed for protection. Then, the wafers were rinsed in Milli-Q
water and ethanol before silanization (functionalization by
silane: APDMES and APTES). Solutions were freshly prepared
by direct dissolution in ethanol for silanes. The final silane
concentration was 1 %. The surfaces were functionalized by
immersion in solutions for one night at room temperature. In
the silane solution, the molecules were grafted on the substrate
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FIGURE 4. Force—distance curves obtained on functionalized APTES
in an air medium (spring constant 0.3 N/m).

(covalent bond). The excess of ungrafted silanes was removed
by ultrasonication for 2 min in ethanol. The mechanism of SAM
formation during the silanization process is presented by
Wasserman et al. (41)

Atomic Force Microscopy (AFM). In order to characterize the
surface functionalization and to apply this functionalization to
microhandling, a commercial atomic force microscope (stand-
alone SMENA scanning probe microscope NT-MDT) was used.
The experiment was done in the “nanorol platform”, whose aim
is to measure the micromanipulation nanoforce. The “nanorol
platform” can be used by an external person. The availability
and booking of the station is consultable via the Internet at
http://nanorol.cnrs.fr/events.php.

AFM Force Measurement. Force measurements were per-
formed in order to characterize the functionalizations. The force
measurement performed on this atomic force microscope is
based on the measurement of the AFM cantilever deformation
with a laser deflection sensor (Figure 3). The silicon rectangular
AFM cantilever, whose stiffness is 0.3 N/m, was fixed, and the
substrate moved vertically. Because the applicative objective of
this work is to improve the reliability of micro-object manipula-
tion, interactions have been studied between a micrometric
sphere and a plane. Measurements were, in fact, performed
with a cantilever, where a borosilicate sphere (radius r, = 5 um)
wasgluedonto the extremity andbelow thisone (ref PT.BORO.SI. 10’
Novascan Technologies, Ames, IA). All measurements were
done at a driving speed of 200 nm/s to avoid the influence of
hydrodynamic drag forces (46). For each sample, nine measures
were done at different points. The force standard deviation
calculated for a number of nine pull-in and pull-off experiments
was less than 10%.

Typical Distance—Force Curves. The first type of behavior
is presented in Figure 4. In this case, an attractive force (pull-in
force) is measured when the sphere is coming close to the
substrate (near —20 nN; Figure 4). In Figure 4, we clearly
measured a pull-off force, which represents the adhesion
between the borosilicate sphere on the tip and the functional-
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FIGURE 5. Force—distance curve obtained for the APDMES-func-
tionalized substrate in a liquid medium (spring constant 0.3 N/m).

ized substrate. In this example, the pull-off force is reaching
—1.1 uN. This behavior represents an attraction between the
surfaces.

The second type of behavior is presented in Figure 5. In this
case, there is repulsion between surfaces. We observe a repul-
sion (positive pull-in force near 0.75 uN) and no pull-off force
between both surfaces. To summarize, an attractive interaction
(respectively repulsive) is observed between the two surfaces
when a pull-in force is negative (respectively positive), and the
pull-off forces are always negative.

Micromanipulation. The aim of this force measurement is
to find the conditions in a liquid medium where the properties
of the grippers or the micro-object are switching in order to
facilitate the grasping and release of the microcomponents. In
order to verify the adhesion force measurement made by the
AFM in the case of micromanipulation, we have done several
experiments of pick and place, in different pH solutions. For
this, we used a silicon tipless cantilever (Point Probe Technol-
ogy) functionalized by APTES and glass spheres whose diameter
was around 50 um. The spring constant and resonance fre-
quency at these tips were in the ranges of 0.02—0.77 N/m and
6—21 kHz, respectively.

RESULTS AND DISCUSSION

Influence of the pH on the Interaction. Experi-
ments have been done in a liquid medium with the func-
tionalized surface and a cantilever grafted with APTES or a
nonfunctionalized cantilever. The pH of the solution varied
by the addition of sodium hydroxide or hydrochloric acid.
The surface stayed in the solution for 2 min before measure-
ment, in order to equilibrate the system. Force measurement
in a liquid has also been compared with measurement done
in air.

Functionalized Surface. First, the measurements
were done with a cantilever and a nonfunctionalized sphere.
The measurements of the pull-in and pull-off forces are
presented in Figure 6.

In this figure, we note that the pH influences significantly
the forces between the cantilever and surface. At natural pH,
an attractive pull-in is measured, near —60 nN, with an
important pull-off of =350 nN (Figure 6a). When the pH
increases, the pull-in force is inverted and becomes repul-
sive: 280 and 770 nN at pH 9 and 12 (parts b and c of Figure
6), respectively. Moreover, the adhesion forces disappear.
The average values of the different measurements (pull-in
and pull-off forces), at different pHs, are summarized in
Table 1.

In this table, we observe that the phenomenon described
above for APTES is the same as that for APDMES. In fact, at
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FIGURE 6. Force—distance curve for the APTES-functionalized sub-
strate in a liquid medium at different pHs (spring constant 0.3 N/m):
(a) pH natural (near pH 5.5); (b) pH 9; (c) pH 12. The dashed lines

(blue) are the approach of the surface near the cantilever, and the
full lines (red) are the retraction.

Table 1. Influence of the pH on the Pull-in and
Pull-off Forces Obtained (Spring Constant 0.3 N/m)
for APTES and APDMES Grafted on the Surface

APTES APDMES
medium pull-in (nN)  pull-off (nN)  pull-in (nN)  pull-off (nN)
pH 2 0 —-176 £ 15 0 — 93+ 14
natural pH —59.5 4+ 8 —387+38 —298+6 —353+21
pH 9 282 + 31 0 377 £ 49 0
pH 12 768 £ 63 0 1100 £ 130 O
air —132+15 —1150£90 —497+1 —769 £ 72

natural pH (near pH 5.5), the interaction is attractive with
an important adhesion force and, at basic pH, above pH 9,
the interaction is repulsive. At pH 2, we do not detect any
pull-in force probably because the charge density on the
silica cantilever was too low. In this table, we show that the
forces measured with grafted APDMES are lower than those
with APTES. We can explain this by the fact that the quantity
of molecules grafted on the substrate is more important for
APTES than for APDMES.

Because the charges on the surface of the silica cantilever
are negative or null, the surface density o of APTES and
APDMES verifies that
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for natural pH or pH 2,0 = 0

forpH9or 12,0 =0 ()

In fact, at the pH of water (near pH 5.5—6), the positive
charges induced by the functionalization are greater than the
negative charges induced by the hydroxyl groups. At this pH
value, the silica was weakly negative (47). At basic pH, the
negative charges are predominant.

The inversion of the interaction forces during variation
of the pH of the solution represents a great interest in
micromanipulation. The control of the pH is, in fact, able to
switch from an attractive behavior (grasping) to a repulsive
behavior (release).

Functionalized Surface and Cantilever. Second,
the cantilever was functionalized with the APTES silane and
without a sonification step. Experiments similar to previous
ones were performed in an aqueous solution of pH that
varied between 2 and 12. The force—distance curves ob-
tained with APDMES grafted on the substrate are presented
in Figure 7.

Contrary to the previous case, the forces measured were
always repulsive between the functionalized cantilever with
APTES and the APDMES grafted on the surface. We did not
detect any pull-off force. There was, in fact, no adhesion
between both functionalized objects. A cantilever deforma-
tion was observed on an important distance (typically
several micrometers) when the sphere is approaching from
the surface. This distance increases with the value of the
repulsion force. This large interaction distance typically is
discussed in the following. The average values of the force
measurements at different pH values are summarized in
Table 2.

In this table, we note that the pH of the medium changes
the value of the repulsive force between the cantilever and
the surface but the behavior always remains repulsive. For
acidic and natural pH, the repulsion can be explained by the
positive charges of the aminosilane grafted on the surface.
For basic pH, repulsion is induced by the negative charges
of the silicon substrate down to the functionalization. Indeed,
from pH 9, the positive charges of the aminosilane are not
sufficient to totally screen the negative charges of the silicon.
However, at pH 9, the charge screening induced by some
NH5" groups explains why the repulsions are lower with a
functionalized cantilever (pH 9 in Table 2) than with a
nonfunctionalized cantilever (pH 9 in Table 1). Moreover, at
pH 12, the behaviors of the functionalized and nonfunction-
alized surfaces are quite similar. In fact, the aminosilane has
no positive charges left and the repulsion is only induced
by the negative charges on silicon and borosilicate. However,
the instability of the silane layer in basic solutions was
already measured by Wasserman et al. (41). The monolayer
immediately deteriorates upon exposure to an agqueous
base, and a complete removal of the monolayer was ob-
served within 60 min. The destruction of the monolayer in
a highly basic solution (pH 12) is due to the hydrolysis of
Si—O—Si bonds (41). The stability range depends on the
silane molecules and on the substrate where it is grafted. In
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FIGURE 7. Force—distance curve for the APTES-functionalized substrate and cantilever in a liquid medium at different pH values obtained
with a tip-functionalized APTES (spring constant 0.3 N/m): (a) pH 2; (b) pH natural (near pH 5.5); (c) pH 9; (d) pH 12. The dashed lines (blue)
are the approach of the surface near the cantilever, and the full lines (red) are the retraction.

Table 2. Influence of the pH on the Pull-in and
Pull-off Forces (nN) obtained with a
Tip-Functionalized APTES (Spring Constant 0.3 N/m)
for APTES and APDMES Grafted on the Surface

APTES APDMES
medium pull-in (nN)  pull-off (nN)  pull-in (nN)  pull-off (nN)
pH?2 3190 +£247 O 3080 & 223 0
natural pH 655 £ 50 0 735 £ 60 0
pH9 150 £ 13 0 114+ 15 0
pH 12 983 + 62 0 989 + 66 0
air 0 —91 £23 0 —136 £ 35

our case, the destruction of the silane layer is observed at
pH 12 by the gradual decrease of the AFM laser-photodiode
reading during force—distance measurement. Instead, we
noticed no modification of the laser-photodiode value for pH
9, and subsequent measurements, repeated three times per
day thereafter, were the same. So, the silane layer at pH 9
is stable. Also, when the cantilever was immerged in an acid
solution at room temperature, the laser-photodiode value
remained identical during the measurement, demonstrating
the silane layer stability to acid pH. Lenfant (43) has already
demonstrated the stability of the silane layer for a long
period (up to a couple of days) at pH 1.

In micromanipulation, the repulsion between two objects
is an interesting behavior in order to make easier the
separation of two objects, whatever the pH of the solution.
Indeed, the release of micro-objects will be easier if both the
micro-object and gripper are functionalized with aminosi-
lane, which induces the repulsive force.

Modeling of the Surface Charges. Multiscale
Modeling. The range of the force measured is clearly
greater than that of the current work done in electrical
double-layer analysis, where the typical interaction distance
is approximately several tens of nanometers (48—50). These
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studies present experiments and models of the coupling
between the surface charges, the interaction distance, and
the electrical surface potential for interaction distances lower
than the that of the micrometer. In our case, the interaction
lengths are greater than that of the micrometer and cannot
be modeled by these approaches.

In the literature, some works deal with high long-range
interaction on polymer surfaces (51, 52). The interaction
distance has the same order of magnitude as that of our
work, but the magnitude of forces was not measured.
Explanations provided by the authors are based on thou-
sands of layers of tightly bound water. We are proposing
another explanation based on multiscale analysis:

In the nanoscale or in a chemical point of view, the
distance between both surfaces greater than 1 um could be
considered as infinite. Each surface can be thus considered
individually. Chemical interaction with the electrolyte in-
duces an electrical charge density on the surface. We will
show that the order of magnitude of this charge density is
comparable to those predicted in the case of double-layer
analysis.

In the microscale, both surfaces can be considered as
uniformly charged surfaces whose charges are constant. The
liquid medium can be modeled by a dielectric. Interaction
forces can be deduced by Coulomb law between both
surfaces. We will show that the interaction distance of
several micrometers can be easily explained by Coulomb
forces.

Model of the Coulomb Force. In order to determine
an analytical relationship between the Coulomb force and
the surface density on both surfaces, we assume that the
surface is large enough to be considered as infinite compared
to the sphere whose radius is , = 5 um. The electric field E,
induced by the surface charge density o; of the substrate is
uniform:

Dejeu et al. www.acsami.org
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E = 28380n1 (2)

where ¢, is the electric permittivity of the vacuum, &5 the
relative permittivity of the medium (for water, &5 = 80), and
ny the unit vector perpendicular to the substrate. The repul-
sive Coulomb force applied by the gripper on the object
whose charge is g, is thus

— 0102—>
= g,E, = 2nr228 n, 3)

F

pull-in
3€0

where o, is the charge density on the sphere whose radius
is ;.

If both objects have the same surface density o, the latter
one can be deduced from the force measurement:

E.E 1/2
360
|01| = | Fouttin1-1 “)
( P 2nr22

The sign of o, should be determined by considering the
chemical functions (eq 1).

Moreover, in the case of an interaction between two
different functionalized surfaces, the charge density o, of the
second surface is done by

_ Fouini—2 &%
o, = - 5
oy 2amr,

®)

Identification of the Surface Charges. In the
following, we assume that the surface densities on APTES
grafted on borosilicate and on silicon are identical. Equation
4 has been used to determine the charge density of APTES
(see Table 3). Equation 5 has been used to determine the
electrical surface density of APDMES (see Table 3).

In this table, the sign of the charge density was deter-
mined according to eq 1. Buron et al. also found positive
charge densities at natural pH (5.5) (563). The value of the
charge density corresponds to a double-layer potential near
50 mV at pH 2. This potential value is widely found for
surfaces deposited with polymers or silanes (54—56). In the
case of a monolayer, it is generally found that the electro-
kinetic potential after adsorption has the same sign as the
adsorbed polyelectrolyte, which means that there is an
excess of the polymer charge density in comparison with
the structural surface charge. Using the Gouy—Chapman
relationship for diffuse layer charge density (57), the charge
excess corresponding to a potential of around 50 mV can
be calculated. Theoretical studies carried out by Cohen-Stuart
et al. (56) and experimental illustrations (55) have shown
that once the surface potential reaches a given value, an
electrostatic repulsion is created in the interface that pre-
vents additional molecules from reaching the substrate. In
other words, polyelectrolyte adsorption is kinetically limited,
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Table 3. Electrical Surface Density of the
Functionalized Surface as a Function of the pH

APTES APDMES
pH 0, (uClem?) 0, (uClcm?)
pH 2 +0.38 +0.36
natural pH +0.17 +0.19
pH 9 —0.08 —0.06
pH 12 —0.21 —-0.21

with a threshold for surface saturation when the ¢ potential
reaches about 40 mV. This all applies well to the present
measurements.

Interaction Distance Modeling. This section shows
that Coulomb law between two surfaces whose surface
charges are constant is able to induce high long-range
interactions. A finite-element model of the Coulomb force
between a finite surface and a sphere with an identical
surface charge o, (see Table 3) has been simulated with the
software COMSOL Multiphysics 3.5. Comparative results
between experiments and simulated forces are presented
in Figure 8. It clearly shows that the model using Coulomb
forces between two charged surfaces is able to explain both
the high long range of the interaction and the level of force.

Application of Functionalized Surfaces in
Micromanipulation. The behavior described in Table 1
shows a transition between attraction in natural pH and
repulsion in pH 9. This switching behavior can be used to
control the grasping and release of a micro-object manipu-
lated with a microgripper. Two scenarios can be presented
(see Figure 9). In the first case, grasping and release occur
in two different media in order to guarantee adhesion during
the grasping and repulsion during the release. In the second
case, the pH of the medium has to be changed during
manipulation. A microfluidic system could be built to induce
laminar flow of an acidic or basic solution sequentially in
the manipulation range. The laminar flow should be able to
switch the pH rapidly without disturbing the position of the
object on the substrate.

This microhandling method has been first tested on the
AFM. Figure 10 shows the first experiments made with the
AFM with a tipless cantilever functionalized with APTES and
a free functionalization glass sphere. At natural pH, a glass
sphere, whose diameter is around 50 um, is “grasped” with
the tipless cantilever (Figure 10a). For this, the cantilever was

N »

-

Normal Froce (uN)

o

0 0 20 30

Distance (pm)
FIGURE 8. Experimental and simulated force—distance curve for the
APTES-functionalized substrate and cantilever at pH 2. The dashed
line (blue) is the experimental approach of the surface, the full line
(red) is the experimental retraction, and the dash-dotted line (green)
is the simulated Coulomb force.
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FIGURE 9. Scenarios of robotic microhandling coupling with chemi-
cal functionalization.
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FIGURE 10. Grasping at natural pH (a) and release at pH 9 (b) of a
sphere with a functionalized cantilever.

lowered down to the sphere and a force of 20 uN was
applied. When the cantilever went up, the borosilicate
sphere stayed attached to the cantilever thanks to the
attractive force (natural pH) and the adhesion force, which
are near 60 and 387 nN, respectively (Table 1). Afterward,
the pH was increased by the addition of a NaOH solution.
The behavior was inverted, and when the pH was near 9,
the sphere was released (Figure 10b). Indeed, the attractive
and adhesion forces disappeared and a repulsive force of
282 nN appeared between the cantilever and the sphere
(Table 1).

CONCLUSIONS
In this paper, we have studied the interaction behavior

between two functionalized surfaces and between function-
alized and neutral surfaces. The experiments were done as
a function of the pH of the liquid and compared with an air
medium. The substrates were functionalized by two chemi-
cal compounds using silanization (grafted silane molecules).
This technique was used because of the important stabilities
of the silane layer such as thermal stability up to 350 °C and
chemical stability under different etchants. We have shown
that the functionalization and the pH of the medium could
highly change the adhesion properties. The microassembly
could be facilitated by a judicious choice of the media and
of the functionalization of both grippers and micro-objects.
We have shown that the pH can be used to control the
release of a nonfunctionalized object during micromanipu-
lation. Furthermore, the use of functionalized grippers and
objects enables one to simply cancel adhesion on micro-
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objects. Because adhesion is the current highest disturbance
in micromanipulation, functionalization is a promising way
to improve micro-object manipulation in the future. This
paper consists of a proof of concept of a new promising
micromanipulation method. The complete characterization
of this method based on repeatability measurements as well
as reliability determination has to be performed. Future
works will also focus on the implementation of this method,
which is able to cancel adhesion perturbations on two-
fingered microgrippers. The large blocking force required in
microassembly will thus be possible.
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