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nanometers distance as shown by Filby et al. [24]. Figure 8

shows that considering micrometer sphere increases signifi-

cantly both the interaction distance and the interaction force.

Indeed the use of a point charge on a 10 µm diameter sphere

instead of a point charge on a simple AFM tip of 10 nm

multiplies the interaction force by 102 (crosses curve), and

even 103 when the charge is distributed on the sphere surface.

Figure 8 illustrates also the differences between the two

cases of sphere modeling: a point charge at the middle

of the sphere (case 1) or a distribution of charges on the

sphere surface (case 2). When the interaction distance is

greater to 2 µm, there is no difference between the two

cases. Whereas, when the distance is lower, a difference

appears. It is due to the fact that some charges closed to

the substrate, have a significant impact on the interactions.

The repulsion force in the case 2 is ten times more than

an unique charge at the sphere center, when the distance

between the sphere and the substrate is 10 nm.

C. Interaction distance

In order to evaluate the interaction distance of this force,

we are going to compare it with the force induced by

Brownian motion. Indeed, if the electrostatic force is greater

than Brownian motion force, the behaviour of the sphere

will be driven by the electrostatic force. If the electrostatic

force is lower than Brownian motion force, the behaviour of

the sphere is not influenced by the electrostatic force. We

considered that the limit between the two cases define the

interaction distance. The kinetic energy of Brownian motion

EcB and due to the electrostatic force EcF are defined

respectively by:

EcB =
1

2
mV 2

b =
1

2
kbT, (10)

EcF =
1

2
mV 2

F , (11)

where m is the particle mass, VB is the Brownian average

speed and VF the speed induced by the force Felec, kb
the Boltzmann constant and T the temperature. During the

sphere movement, the electrostatic force is equilibrated by

the Stokes drag force:

Felec = 6πµrVF , (12)

where µ is the dynamic viscosity of the medium and r the

particle radius.

In order to determine the limit force where the Brownian

motion is similar to the electrostatic force, we considered the

case where:

EcF = EcB . (13)

By combination of (10), (11) and (12), the equation (13)

becomes:

m(
Felec

6πµr
)2 = kBT, (14)

where,

m = ρ
4

3
πr3, (15)

where ρ is the sphere density.

Now, it is possible to define the limit force Flim between

an electrostatic driven behaviour and a Brownian behaviour:

Flim =

√

27

ρ

µ2π

r
kBT . (16)

Numerical applications of this equation are given in table I.

Sphere Brownian motion
diameter limit force

10 nm 130 pN
10 µm 4 pN

TABLE I

NUMERICAL APPLICATIONS OF BROWNIAN MOTION FORCE.

For a 10 nm diameter sphere, the limit force is 130 pN .

It represented by the green line on the left in the figure 9.

The interaction distance is around 1 nm. For a 10 µm

diameter sphere, the limit force Flim is ten times smaller. It

is represented by the green line on the right in the figure 9.

The interaction distance is now about tens of micrometers.

Thus, it shows that electrochemistry is able to provide long

range force on microspheres.
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Fig. 9. Abacus of force-distance curves according to several sphere
diameters.

Figure 9 is an abacus of force-distance interaction in

function of several sizes of spheres. It provides by the same

model than in previous part (equation 9). From figure 9

and table I, a minimum sphere size is required to measure

electrostatic interaction between a charged sphere and a

charged substrate. Indeed in the case of a 10 nm diameter

sphere, the electrostatic interaction is mostly covered by

Brownian motion noise and makes it difficult to perform a

precise force measurement.
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IV. EXPRIMENTAL STUDY

In order to validate the impact of electrochemistry on

the microsphere, different experimental studies have been

carried. The first one is the measure of the repulsion between

a substrate and a 10 µm diameter sphere and the second one

is the influence of the probe size on this repulsion.

Fig. 10. AFM with substrate in liquid medium.

A. Repulsive force measurement

The repulsive force measurement has been done between

the borosilicate probe and a polypyrrole (Ppy) film. Polypyr-

role (figure 4a) has been deposited on silicon covered by gold

electrodes by electropolymerisation. Indeed, the used elec-

trodes were parts of silicon wafer covered by 1 µm sprayed

chrome and gold to enhance the conductivity and facilitate

the electropolymerisation process. Ppy is a currently used

intrinsic conducting polymer that chemical and mechanical

properties have already been detailed by Patois et al. [25].

The measurements were done in liquid medium at pH 10

according to experimental conditions describe in section II

and just after the film formation to avoid possible alterations

(figure 11) with an AFM (figure 10).

The point 0 on the distance axis corresponds to the contact

point between the cantilever and the substrate. The figure 11

shows that the interactions between the sphere glued on

the cantilever and the substrate were strongly repulsive.

Mean value of 5 µN with a maximum of 6 µN for the

series of experimental tests with LiClO4 as the counter-

ion. This repulsion is due to the negative charge of the

probe and of the film by the influence of the additional

counter-ion tangled in the film (LiClO4 in this case). From

figure 8 and figure 11, it can be deduced that modeling and

experimental works have the same order of magnitude with

predicted and measured values of interaction force closed

to the microNewton. Moreover the interaction distance is

also similar between modeling with a predicted value of tens

micrometers and experimental results with a measured result

at 45 µm. These experimental tests were performed ten times

with a standard deviation σf of 0.38 µN for the interaction
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Fig. 11. Force-distance curves on functionalised PPy in LiClO4 salt by
electropolymerisation in liquid medium (pH 10, spring constant 0.3 N/m).

force and a σd of 4.24 µm for the interaction distance. So

we can conclude that these experiments are repeatable.

B. Study of the influence of the sphere size

In order to evaluate the influence of the sphere size,

experimental studies have been carried. Substrate and spheres

of several sizes from 0.5 to 100 µm diameter have been

functionalised by grafting of APTES (figure 4b) [14]. Mea-

surements of interaction force have been realized in liquid

medium at pH 2 according to the equilibrium constant of

amine function. The results are summarized in Table II.

Sphere Interaction Interaction
diameter (µm) distance (µm) force (µN )

100 13.6 2.05

40 12.7 0.9

10 10.8 0.83

5 3.25 0.55

1 1.27 0.90

0.5 1.7 0.9

TABLE II

EXPERIMENTAL RESULTS FOR INTERACTION DISTANCE AND

INTERACTION FORCE BETWEEN SUBSTRATE AND SPHERE

FUNCTIONALISED BY APTES.

From Table II, the interaction distance increases from 1.7

µm to 13.6 µm with the sphere size. We also observed

an increase of the repulsive force with the sphere size. So

the sphere size has a influence on the interaction force and

the interaction distance with the substrate. Repulsive force

stays around the microNewton in each case. These results are

quite consistent with previous modeling (figure 9), although

a greater distribution of repulsive forces was expected be-

tween 0.5 and 10 µN . The repulsive distances determined

experimentally are in accordance with the model exposed

previously.
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V. CONCLUSION AND FUTURE WORKS

A. Conclusion

In this paper, we have studied interaction force and inter-

action distance induced by electrostatic charges controlled

by electrochemistry. Different functionalisations as grafting

and deposition of intrinsic conducting polymer have been

tested. All these techniques are promising ways to control

electrostatic forces in non-contact microrobotics applications.

Experimental measurements obtained with a relevant repeata-

bility have been coherent results compared to the model.

Some force up to 6 µm and interaction distance up to 45

µm have been observed experimentally on 10 µm diameter

sphere. Chemistry appears as a promising way to improve

micro-robotics efficiency and accuracy.

B. Future works

This approach could be implemented on a micro-robot,

to validate the application context. For example, it might be

adapted to the magnetic micro-robot MagPieR [26]. Electro-

static levitation induced by chemical functionalisation could

avoid the stick-slip effects and increases the repeatability and

the speed of the micro-robot. Moreover this type of methods

can be implemented in several materials (conductive or not),

and thus it can be easily adapted to already developed micro-

robots that can withstand the liquid medium and the required

pH. Furthermore, the trajectory of the functionalised micro-

robot could also be controlled by an external electrical field.

Future works will also focus on the precise characterization

of the charged substrate (surface, morphology, exact charge

density, cristallinity). Moreover, it could be interesting to

vary the ionic strength of the medium to evaluate the electric-

field screening. It will permit to define the better medium to

use to have the maximum charge available. Then, other PCIs

or polymers have to be tested to make a comparative study

and evaluate the better way of substrate modification for each

micro-robotic application.
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