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Abstract

A programmable platform with conductive electrodes, for the manipulation of microparts, is studied. A new design for
a flexible platform is proposed expanding our previous work. For the new platform design the horizontal electrostatic
force applied by an activated platform electrode to the corresponding micropart electrode is determined, using
capacitors theory and F.E.M. analysis. The horizontal electrostatic force acting on the micropart is used along with a
new algorithm for the activation of the electrodes of the platform to simulate the motion of the micropart. The results
of the simulation including the motion of the micropart, the applied force and its velocity profile are presented and
discussed and the paper ends with the conclusions and future work.
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1. Introduction

MEMS are complicated systems that consist of a
number of microparts with different shapes. The
microparts manipulation is an important stage during
MEMS manufacturing. An attainment with great impact
in industry is the batch parallel sorting and assembly of
such  micro-components. The  pick-and-place
techniques implemented with robotic manipulators or
part-feeders are unable to achieve parallel handling
with the desirable micron/ submicron accuracy and
high yield.

Manipulation with force fields presented on micro-
actuator arrays is a promising alternative approach.
Force fields, such as squeeze [1], elliptical [2], fields
which are formulated according to the shape of the
micropart [3], etc., have been proposed in the literature.
In [4] electrostatic fields trap the micro-objects in the
desired positions where the potential is minimum, while
in [5], AC electric fields smoothly place the microparts
to their desired positions, in two dimensions.

In our previous work [6], a micromanipulation
technique with electrostatic forces was presented. The
capacitors theory was utilized to determine the
electrostatic forces acting on the micropart [7]. A semi-
empirical force model was presented, according to
which the motion dynamics of the micropart was
simulated. Moreover, a programmable electrostatic
platform was simulated in Matlab/Simulink, where
rotational and translational motion of the micropart was
implemented.

This work expands the proposed platform design
[8] and improves the model of the electrostatic force
with a new semi-empirical function. A new design of the
programmable platform is introduced and a semi-
empirical model is derived for the computation of the
electrostatic force appeared by the activation of the
platform’s electrodes considering the new geometry of
the platform and using F.E.M. computations
implemented in COMSOL Multiphysics. Taking into
account the new force model, the dynamic equation for
the motion of the micropart is simulated. Moreover, a
new algorithm is proposed for the electrodes activation
suitable for the new geometry of the platform. Finally, a
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simple motion of the micropart is simulated on the
platform.

2. Micromanipulation platform & micropart
design

In Fig.1, a schematic of the new platform design is
depicted. NxN Circular copper electrodes with radius r
are embedded on a PCB substrate. The spacing
between the neighboring electrodes centers is (d1- r)
where the coefficient d1 is selected to avoid current
leakage [6]. A solid dielectric layer with hs thickness
and s dielectric constant, is placed on top of the
electrodes, to keep them isolated, during the motion of
the micro-object on the platform. A thin film of a liquid
lubricant adhesive, whose thickness is equal to h; and
dielectric constant equal to €n, is spread on the solid
layer. The liquid lubricant contributes to the friction
forces reduction.
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Fig. 1. The platform design.

The motion of the micropart results by the
successive activation of substrate electrodes.
Attractive, electrostatic forces “drag”/move the parts
and locate them in the desired positions.

In [8] a 3x3 electrodes micropart was introduced,
where both platform and micropart electrodes had
equal radius. In this work, a 2x2 circular electrodes with
radius R (R > r) micro-object is proposed with centers
spacing equal to (dz ‘R). The ratio of the micropart and
platform radius is r/R=0.714. The combination of such
radius ratio and the coefficients d1 & dz results in partial
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coverage of the micropart electrodes and the
corresponding of the platform in each activation step.
This way the motion is faster and smoother since a
high mean electrostatic force is obtained compared to
our previous design.

ha

activated

Ftot:horizontal
electrostatic
force acting
on the
micropart

Ftot=F3 +F4

Fig. 2. Horizontal electrostatic force acting on the Micropart.

Fig.2 shows an instance of the part position on the
platform, where the purple circles represent the
micropart electrodes and the black the platform ones.
The total horizontal electrostatic force acting on the
part Fot is the sum of electrostatic forces applied to the
overlapping electrodes of the micropart by the platform
electrodes that are activated (red circles) as it is shown
in Fig.2.

The modification introduced here, is that the centre
of mass of the micropart does not coincide with the
centre of a micropart electrode, which totally overlaps
an electrode of the platform, in order to start or
terminate its motion. Such design alteration results in a
more flexible manipulation system, with less limitations
for the dimensions of the micropart.

3. Horizontal electrostatic force between the
interacting electrodes

3.1. Analytical computations for the horizontal
electrostatic force of a pair of overlapping electrodes

According to the platform design presented above
the horizontal electrostatic force for a pair of conductive
overlapping circular electrodes with two dielectric
layers between them is computed

For the new design the electrostatic parallel plates
capacitance as a function of the horizontal centers
distance d is calculated by:

C(d) = o&n&rsA(d)- (i &rs + hs-€n)! 1)

where A(d) represents the overlapping area which
is given by:

A(d) = r2-cos((@2+r2-R?)-(2-dr)") + r2-cos ((d?+r-
RY)-(2:d-R)") -  0.5:(-d+r+R)"2-(d+r+R)"2-(d-
r+R)"12-(d+r-R) "2 @)

When the fringe fields effect is neglected the
horizontal electrostatic force is given by the first
derivative of the electrostatic energy with the respect of
electrodes centers horizontal distance d.

In [9] it was shown that the final curve of the
theoretical horizontal electrostatic force for a pair of
overlapping electrodes depends on the curve of the
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first derivative of A(d) in respect of d.
The curve of the absolute first derivative of A(d)
with respect of d is shown in Fig.3.
60
S0
40

30

|aiAldi)/ad] (um)

0 20 20 60
d (um)

Fig. 3. Curve of the absolute first derivative of A(d)
with respect of d.

The horizontal electrostatic force due to
homogeneous part of the electrostatic field is given by:

Fetn = 0.5 'SO'Sr/'Srs'Vz'(hl'8r3+hs‘£rl)'7'abS(a(A(d)/ad)) ,
R-r<d<R+r ®)

The selected limits for the horizontal distance of
electrodes centers d, are defined due to capacitors
geometry which results in its capacitance computation.

The overlapping area for one pair of conductive
electrodes becomes zerowhend =r+ R. Whend <R -
r the electrodes are completely overlapped, where A(d)
and C(d) get their maximum value. The first derivative
of A(d) is equal to zero when d=r+R and d<R-r.

3.2. F.E.M. analysis computations for a pair of
overlapping electrodes

The horizontal electrostatic force including the
fringe fields contribution is computed by F.E.M
analysis. A pair of overlapping electrodes with two
dielectric layers in-between are modelled in 3D using
COMSOL Multiphysics. Two circular conductive
platform electrodes of r =25um and d1 = 2.7 are
isolated in a glass substrate. Two dielectric layers
(hi=5um & hs=7pm/ €1 =6 & &rs = 8) are placed on their
surface. On the top of the upper dielectric layer, a
rectangular box is placed with two circular conductive
electrodes (R = 35um and d2=2.896) embedded to its
bottom.

The horizontal electrostatic force applied by the
activation of the platform electrode to micropart
electrode is computed for a number of values of the
displacement d. In Fig. 4 a shortcut of the simulated
model is shown. The red circular disc depicts the
positively charged electrode which corresponds to the
electrode of the platform while the blue one, is a
negatively charged electrode which corresponds to the
micropart. The interaction in three dimensions between
a couple of overlapping electrodes is noted with the
black vector.

The determined electrostatic force versus the
electrodes displacement ratio k = (R+r-d)/(2r), which
indicates the overlapping between the upper and the
bottom electrode as it is shown in Fig.5 by the blue
discs.

Using a fitting procedure, the horizontal
electrostatic force between a pair of overlapping



electrodes (one on the platform and the other under the
bottom of the micropart) is given by:

Feloc = 2.653 -Fotn - 62582, R_r<d<R+r (4)

The curve of the fitting force function versus the
electrodes ratio k= (R+r-d)/ (2r) is shown in Fig.4 with
the orange line.

Fig. 4. Horizontal electrostatic fields between a pair of
complementary electrodes simulated in Comsol Multiphysics.

The computations of Felec in Fig.5 are performed
for the parameter values used in F.E.M. analysis. Felec
tends to its minimum, when a platform electrode is
completely overlapped by a micropart one, and it takes
the maximum value close to %2 which happens when
d=R.
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Fig. 5. F.E.M. results and fitting force curve for a pair of
complementary electrodes with respect to k =(R+r-d)/(2r) ratio

4. 1D Horizontal motion of the micropart
4.1 The dynamic model of the micropart

Electrostatic forces appear between the
complementary pairs of electrodes, when the substrate
electrodes are activated. The total sum of them is the
driving force acting on the micropart. In Fig. 2 the
computation of Fwt due to the sum of F1 and F2
between the pairs of complementary electrodes is
depicted. The liquid dielectric layer on platform’s
surface causes a viscous drag force acting on the
micropart. The differential equation that describes the
horizontal motion of the micro-object is:

m-d2x/df2 + b-dx/dt = Frot (5)
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where m is the mass of the micropart, b is the
viscous damping constant due to Couette flow [6].

4.2 The activation logic for 1D horizontal motion

A simple horizontal motion of the micropart along
the x axis is simulated. Both the electrodes of the part
and the platform are placed in such a way, that a small
overlap exists between them.
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Fig. 6. Activating method (black circles: the electrodes of
platform, red circles: the activated electrodes, blue circles:
the electrodes of micropart)

The condition for the successive activation of
substrate electrodes is: R-r <d < R+r.

The proposed activation method is separated in
periods. Each quarter of one period corresponds to one
activation step.

For the presentation of the new motivation
algorithm only one row of platform electrodes are
shown (Fig. 6) for 8 activation steps corresponding to
two periods. The electrodes of the micropart, figured
with the blue and purple circles, are placed on the top
of the platform electrodes, according to the proposed
design. The red circles represent the activated platform
electrodes in each step of the activation process.

The micropart, before the beginning of its motion,
is localized on the platform in such a way that its
electrode with the purple circle, totally overlaps a
platform electrode (1t activation line). A sensor reads
the exact location of the micropart on the platform. The
horizontal distance d, between the centers of the
electrodes of the platform and the blue figured (Fig.6,
18t activation line) electrodes of the micropart, is
calculated. n is the counter which corresponds to the
first activated platform electrode for each period.
When the electrode n, whose d is within the limitations
(R-r < d< R+r) is localized, then the activating period
starts.

The electrodes activation sequence for each
quarter of one period is n, n-1, n+1, & n.

In Fig.6 the first activated electrode is n=3. The
first motion is successfully implemented according to
the proposed logic. As it is shown in Fig.6, after the first
completed period the counter n gets increased and is
equal to n+2.

The counter n should increase by 2 after each
completed period, in order to avoid the oscillation of the
micropart. For example after the last quarter of the first
period and during the beginning of the second one,
there are two electrodes (5™ activation line in Fig.6),
which correspond to R-r < d < R+r limit simultaneously;
the 4™ and 5. With n=5 the 5" electrode is activated
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before the 4" and so the forward motion continues.

For the opposite motion of the micropart on the
platform (from the right side to the left one), the counter
n is multiplied with -1 and the activated electrodes are
equal to abs (-n), abs (-n-1), abs (-n+1) & abs (-n) and
the next electrode that is activated after each
completed period is equal to abs (—n+2).

4.3 Horizontal motion simulated in Matlab/Simulink

A simple horizontal motion of a 2x2 electrodes
micropart is simulated in Matlab/Simulink. Sensors
determine the position of the micropart on the platform
in each step of the simulation process. Due to the
localization of the micropart, n gets its first value and
the platform electrodes are adjusted to be activated
according the proposed activation logic.

velocty (mm/s)
"
]

Fig. 7. Fwtand velocity of the micropart for one activating
period

A 10x10 electrodes platform is simulated. The
length and the width of the platform is equal to 60mm,
and a simple horizontal motion along to platform’s
length is implemented (motion from -3mm to 3mm).
The micropart is placed on the left side of the platform
and the starting position of the micropart is determined
and the electrodes are activated according to the
proposed logic. The applied voltage is equal to 100V.
Due to the geometry of the system and the strength of
the exerted forces a satisfying activation period is equal
to 8ms.

In Fig.7 the curve of Fit of the position and of the
velocity of the micropart are depicted versus time, fora
completed period of electrodes activation.

When the horizontal distance between platform’s
and microparts electrodes do not exceed the proposed
limits, Ftot is exerted on the micropart

The curves of the velocity for each quarter of the
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period show that there are no oscillations during the
motion of the micropart on the platform, since the
velocity is positive.

The starting position of the micropart is -2.5mm
and results in -1.2mm after 1 period. The horizontal
motion of the micropart is smooth.

5. Conclusions

In this work a new platform design is proposed,
targeting to more flexible, accurate and fast motion of
the microparts on the platform.

A new study of the platform’s geometry is
proposed. The electrostatic forces and electrostatic
fields between a pair of overlapping electrodes are
computed with F.E.M. analysis. Moreover, a force
function for a pair of electrodes is determined. A new
algorithm for the successive activation of platform’s
electrodes is presented. The results of the simulated
microparts motion show a faster and smoother motion
than the ones presented in previous publication.

The results of this attempt contribute to the
development of a fast, accurate microparts
manipulation system with high flexibility in the
dimensions of the manipulated micropart.

6. Future Work

As future work, the 2D (translation) and 1D
(rotation) motion of the micropart on the platform is the
first target. Moreover, the parallel motion of 2 or more
microparts on the platform will be considered,

Finally, the sensorless parallel manipulation of
microparts is the greatest challenge to be tackled.
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