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Modular contact-free conveyors for handling planar
fragile objects

Valérian Guelpa, Guillaume J. Laurent, Bassem Dahroug and Nadine Le Fort-Piat

Abstract—Recent studies show that the handling of thin wafers
in the photovoltaic industry can lead to unacceptable yields
due to cell scratching and breaking. This paper presents the
concept and design of a novel modular conveyor, intended for
handling planar fragile objects at high speed without contact.
Each element of the conveyor is a square block able to generate
tilted air jets that lift and push the object in a single direction.
Various handling functions can thus be achieved by the assembly
of several blocks. To manage the complexity of assembling
systems composed of hundreds of blocks, an automatized design
methodology is proposed. This process gives the best topology
of the conveyor that meets expected specifications (trajectory,
speed, travel time, etc.). The optimization relies on the physical
model of the modular system describing the motion of the object
pushed by directed air-jets. Experimental comparisons show that
the simulation predicts accurately the motion of a glass wafer
according to the arrangement of the blocks and the volume of air
flow. A maximal speed of 0.3 m/s was experimentally observed,
and on larger simulated conveyors, the speed of the wafer could
theoretically reach 2.9 m/s.

Index Terms—Contactless handling, wafer handling, modular
design, air film manipulation, distributed manipulation

I. INTRODUCTION

Today, the vast majority of photovoltaic (PV) solar cells
are still based on crystalline silicon wafers. This technology
is expected to remain dominant for at least 10 years [1]. As raw
silicon is expensive and in short supply, the main challenges
for the PV industry are to improve the efficiency and effective-
ness of resource consumption through raw materials reduction,
improved cell concepts and automation of manufacturing [2].
This has led the PV industry to follow the semiconductor
industry in finding ways of making thinner substrates [3].

But recent industrial studies have shown that the use of thin
wafers can lead to unacceptable yields arising from wafer and
cell breakage due to handling during production [4]. Indeed,
as wafer thickness decreases, wafers are less stable and more
vulnerable to stresses, and dies can be prone to breaking and
scratching especially during handling between machines [5].

Conventional wafer-transfer systems use comb pairs to lift
wafers out of carriers and comb assemblies to retain the
wafers. The low thickness of the wafers and their sharp
edges make it difficult to consistently position the combs,
which ultimately can cause wafer breakage [3]. Bernoulli
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UFC/ENSMM/CNRS, Besançon, France, corresponding author:
guillaume.laurent@ens2m.fr

grippers are also widely used as non-contact end effectors
for “gentle handling”. But Bernoulli grippers still need some
means of holding the wafer so it doesn’t drift around as the
gripper moves it. Moreover when handling thin wafers, the
low pressure tends to deform the wafer and can lead to cracks
and wafer breakage [4].

Low-cost thin wafer handling has been identified as one of
the difficult challenges in the 2013 International Technology
Roadmap For Semiconductors Roadmap [6]. To address these
challenges new wafer handling technologies have to be devel-
oped.

An alternative solution is to levitate the substrate. For
instance, air bearings are widely used to transport large,
thin and heavy products like glass and LCD panels [7], [8].
Instead of pressurized air fed through orifices or porous media,
ultrasound bearings can also be used to lift a substrate over
a vibrating plate [9], [10], [11], [12]. But air bearing and
vibrating tables realize only the levitation of product; the
lateral motion is still realized by another principle (gravity,
wheels, belt conveyors).

To move wafers, a set of inclined holes can create an air flow
in addition to the air cushion under the object. Combination
of several nozzles with different orientations can produce
different functions such as transfer track, position control
track, orientation control track, etc.

This paper presents a novel concept of a contact-free con-
veyor for transporting planar fragile objects like silicon wafers,
solar cells, glass and LCD panels, paper sheets, etc. This con-
veyor is intended to fulfill various functions such as moving,
capturing, guiding, centering, rotating, etc. As opposed to very
complex devices dedicated to one task and motion, we propose
a modular approach based on simple unidirectional blocks that
can be assembled together to perform the desired function.
This concept, covering all the handling functions in a single
design, allows cost reduction and the making of various and
large conveyors.

To manage the complexity of assembling such modular
systems, we also propose a general and automatized method-
ology that gives the topology of the conveyor according to
given industrial specifications. To this end, we express the
block arrangement problem into an optimization problem. This
planning phase is carried offline during the design of the
production line and before its implementation. This optimal
design methodology relies on an accurate physical model of
tilted air jet levitation and propulsion.

The main contributions of this paper are: (i) the concept
and design of a contact-free modular conveyor, (ii) a complete
physical model of the dynamics of the object propelled by
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air jets, the proposed model being carefully validated with
experiments, (iii) an automatic design methodology able to
find the best topology addressing a given set of specifications.

This paper is organized as follows. The modular concept
is presented in section II. Section III presents the physical
modeling, its software implementation and its experimental
validation. In section IV, we propose a method to automatically
design conveyors based on a optimization procedure. Section
V concludes the paper.

II. MODULAR CONVEYOR

This section introduces the modular concept after a short
presentation of related works. An exhaustive survey on air
film transportation has been published previously in [13].

A. Air Film Wafer Transportation

The first attempts to use air films to transport and position
wafers were carried out at Texas Instruments Corporation by
Hagler et al. [14] and at IBM by Hassan and Paivanas [15],
[16]. Toda et al. [17], [18] improved the concept and made a
transfer system for 300 mm wafer. The wafer track consists of
a perforated plate with 0.5 mm-diameter tilted holes. Transport
times of less than 15 sec, from wafer moving at 0.12 m.s− 1

to wafer stopping, were achieved in the 0.8 m-long wafer
transport track.

Similar systems have been investigated by Moon and
Hwang [19] and by Kim and Shin [20], [21]. Kim and Shin
proposed some methods to compute the precise position on the
wafer with cheap photo proximity sensors but no experimental
performances are reported. Arrays of tilted air-jets have been
used to transport various thin products. For instance, the Xerox
PARK handling system [22], [23] uses 1,152 directed air-jets
in a 12 in. × 12 in. array to levitate paper sheets. The system
has demonstrated closed-loop trajectory tracking with typical
velocity about 30 mm.s− 1.

In [24], [25], Wesselingh et al. introduced a new concept of
wafer positioning based on an array of cells able to generate
an air film for both suspension and motion. Their device is
dedicated to wafer micro-positioning. A servo error of 20 µ m
(P-P) and a positioning repeatability of 3 µ m (STD) were
reported with low cost optical sensors that detect the edge of
the wafer [26].

Luntz and Moon [27], [28], [29], [30] proposed another
principle based on potential air flow to move an object on
an air-hockey table. Their method allows the movement of
an object to a unique final pose using airflow fields without
sensors. Laurent et al. [31], [32], [33] used a similar traction
principle to move a product using an array of vertical air jets to
induce desired potential air flow over the surface. This device
is able to move centimeter-sized objects up to 0.2 m.s− 1 with
millimeter closed-loop positioning accuracy.

The proposed solutions are often too slow to meet industrial
high throughput demands. For example, recent PV processing
machines can reach throughput rates of 15 000 wafers per hour,
leading to velocities up to 2 m.s − 1 in a serial flux (with two
wafers by meter in the line).

(a) Simple motion (b) Guided motion

(c) Positioning (d) Rotation

Fig. 1. Illustration of the modular concept. The assembly of unidirectional
blocks can induce various motions to the object (here a circular wafer).

In addition, these devices are all designed to achieve a ded-
icated task whereas wafer handling requires a lot of different
trajectories to sort, serialize or parallelize the flow between
batch and non-batch processing machines [34]. This lack of
functionality and versatility multiplies the different kinds of
systems to be installed, thus raising problems of maintenance,
complexity of the production line, etc.

Some authors have proposed a modular approach to address
these issues in the case of wheeled conveyors [35], [36], [37],
[38]. The underlying idea is that complex conveyors can be
made by the assembly of several simple modules. Particular
trajectories and behaviors are then obtained by composing
design patterns. A contactless conveyor made of modules,
termed “blocks”, will allow equally the realization of different
kinds of functions with a single design. However, we will see
that the design pattern approach is inadequate for contactless
systems and automated synthesis methods will be needed.

B. Modular Concept

To reduce the cost of production, the blocks must also have
a very simple design. Among the mentioned possibilities to
move an object on a air cushion, an array of tilted air jet
is the simplest solution. Accordingly, we propose the use of
square blocks in which the upper surfaces contain an array of
tilted holes with the same angular orientation. Indeed, a single
such block can push the object in a determined direction. The
assembly of unidirectional blocks can induce various motions
to object, as illustrated by Fig. 1.

On the one hand, having identical and modular blocks
makes them easier and cheaper to produce. On the other
hand, designing too small modules could dramatically increase
the complexity of the assembly and the cost of a conveyor.
Actually, the size of the blocks must be adapted to the shapes
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(b) Picture of a 3D printed module (c) Detailed view of inclined jets

Fig. 2. Design of the blocks. The jets are oriented in the direction ~u.

and dimensions of the transported objects. The goal is to
design the largest modules that can together perform all the
desired handling functions. If the size of a block is over the
half of the object size, the object will cover less than the
half of a block for some functions such as positioning and
guided motion. Using smaller covered surfaces could affect the
efficiency of the guidance. That’s why having a block which
side is equal to half of the object size is a good compromise.
In other words, this size is the largest one that allows all
the required functions of complex conveyors such as moving,
guiding, positioning and rotating to be fulfilled.

C. Block Design

In this paper, we used 150 mm glass wafers to demonstrate
the potentiality of the approach but others planar objects with
different materials and shapes could be transported as well.

To handle 150 mm circular wafers, the blocks are preferred
to have a dimension of 75 � 75 mm. The blocks have been
fabricated by 3D printing, as shown in Fig. 2.b. The upper
surface of the blocks contains 128 holes with tilt angles of
45°. The jet diameter is preferred to be 0:5 mm because of
the resolution restrictions of the 3D printer. The blocks are
attached on a breadboard using four screws and four springs
in order that the block surface can be adjusted to be perfectly
horizontal, as illustrated in Fig. 2.a.

III. PHYSICAL MODELING AND SIMULATION

The realization of an optimal conveyor requires understand-
ing the underlying physics. In this section, we present the
physical modeling of the conveyor and the implementation of
its simulation. Finally, we experimentally prove the relevancy
of the model.

A. Physical Modeling

1) Levitation height: A general assumption for the model-
ing of air-bearing tables is that the fluid is incompressible since
the pressure used is only several kilopascals, near atmospheric
pressure. The lifting force exerted against the object can by
divided in two components. The first one, the aerodynamic lift
force, is the result of the collision of the air jet with the lower
face of the object. The momentum-flux conservation for one
jet P along the direction z gives:

~FL1
(P ) = δqeUe cos(�)~z = δ

q2e
a

cos(�)~z (1)

where δ is the fluid density, qe = Uea the supplied gas flow
rate, Ue the exit speed of gas in nozzle, � the inclination angle
of the hole from the vertical, a the section area of a hole.

In air-bearing tables, the aerodynamic force is usually neg-
ligible with respect to the aerostatic component. The aerostatic
force is due to the distribution p(x; y) of pressure beneath the
substrate. The pressure distribution is very complex in general,
especially since the air jets from the table impinge on the
underside of the object at various points non symmetrically.
Even for simple case such as a disk centered on a single hole,
an exact solution of the Navier-Stokes equation appears to be
difficult.

In [39], McDonald proposed a solution for a disk centered
on a single hole assuming that the velocity is purely radial and
in which the nonlinear term of the Navier-Stokes is ignored.
McDonald’s original equations depend on pressure differences
between the center and the edge of the disk. For practical
reasons, we rewrote it in terms of volumetric inflow:

p(r) =
6�qe
�h3

ln
rd
r

(2)

where rd is the radius of the disk, r the distance to the hole
(with r > ri, the hole radius), � the dynamic viscosity of air
and h the levitation height. This approximate solution is valid
if:

δhqe
24��r2

∗ 1 (3)

In practice, the approximation holds everywhere except in
the immediate vicinity of the nozzle. Thus, by integrating
the pressure over the lower surface of the disk, we get the
aerostatic lift force:

~FL2
=

3�qeS

�h3
~z (4)

where S = �r2d is the surface of the disk.
This equation stands for a disk centered on a single vertical

hole on a thin air film but experiments show that it is a
reasonable approximation for a disk covering multiple tilted
holes and at low flow rates. ~FL2

is thus calculated with the
sum of the flow of the air jets that impinge on the underside
of the object. Finally, for an object at rest covering k tilted
holes, the levitation height is the solution of the equation:

mg~z + ~FL2 +
kX
i=1

~FL1(Pi) = 0 (5)

with m the object mass and g the standard gravity.
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Fig. 3. Principle and modeling of tilted air-jet handling (not to scale).

2) Propulsion force: The object is propelled by the action
of tilted air-jets (cf. Fig. 3). A synthetic model of air-jets has
been proposed by Toda et al. [17]. The tangential force FP
exerted by a sole covered jet onto the object can be calculated
according to the equation:

�FP (P ) =
1

2
ρCpa sin(θ)

∥∥∥Ue − �V (P ).�u
∥∥∥2 �u (6)

where Cp is a dimensionless coefficient, �V (P ) = �V (G) +−−→
PG∧�Ω is the velocity of the object over the position P of
the jet and �u is the direction of the jet in the O�x�y plane. The
torque applied to the object by a jet can also be calculated as:

�τP (P ) =
−−→
GP ∧�FP (P ) (7)

with G the center of mass of the object.

3) Drag forces: When moving on the air-bearing, the object
is slowed down by the air resistance. The resistance force is
the sum of the frictional resistance acting on the upper surface,
the drag force acting on the edge, and the frictional resistance
acting on the underside (cf. Fig. 3).

In the case of handling thin object like wafers, the drag
force acting on its edge can be neglected since its thickness is
very low. The frictional resistance acting on the upper surface
is also weak and can be approximated by :

�FD1
= −CfS�V (G) (8)

with �V (G) the velocity of the center of mass of the object
and Cf a dimensionless coefficient.

Fig. 4. Diagram of the setup used to determinate the coefficient Cp.

The main frictional resistance is located on the underside
and can be described as a Couette’s flow and calculated by:

�FD2
= − µ S

h
�V (G) (9)

The drag torque is obtained by:

�τD = −�Ω(Cf +
µ

h
)Iz (10)

with �Ω the angular velocity and Iz the area moment of inertia
of the object (Iz = π

2 r
4
d for a disk).

4) Equation of motion: Finally, the equations of the motion
of the object on k tilted air-jets are:

m�A = �FD1
+ �FD2

+

k∑
i=1

�FP (Pi) (11)

and,

I�α = �τD +

k∑
i=1

�τP (Pi) (12)

where �A is the object acceleration, �α its angular acceleration
and I its moment of inertia (I = mr2d for a disk).

B. Coefficient Identification

In order to measure the propulsion coefficient Cp we
realized a specific setup to measure the force applied to a
glass wafer by four blocks. To identify the resulting force as
a function of the air flow rate, a thin metallic beam is fixed
alongside a contact-less displacement sensor (see Fig. 4). This
sensor measures the displacement δ of the beam when it is bent
by an applied force. The wafer and the beam are connected
with a cable to allow vertical motion of wafer. Finally, the
wafer is placed over four blocks to begin the experiment.

Since the horizontal motion of the wafer is constrained
by the beam, the summation of horizontal forces is equal to
zero when the wafer velocity is null along the u axis. As
a result the force applied by k air jets to the wafer can be
determined, knowing the stiffness coefficient Kb of the beam,
by the equation:

k.�FP = Kbδ�u (13)

Thus, the propulsion coefficient can be calculated using equa-
tion 6:

Cp =
2Kbδ

ρkaU2
e sin θ

=
2aKbδ

ρkq2e sin θ
(14)
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Fig. 5. Force applied on the beam in function of the total inflow rate. The
first test series ’.’ was done with a wafer of mass 11. 69 g, the second test
series ’o’ with a mass of 13. 77 g and the last ’*’ with a mass of 20. 38 g.
The continuous line represents the modeled propulsion force.

Several tests were done, each one with a different wafer
mass in order to observe the influence of levitation height
on results (see Fig. 5). This stiffness Kb, here equal to
348.8 N.m− 1, has been measured beforehand using calibrated
weights. The mean value of Cp that fits the data (in a least-
squares sense) is Cp = 12.1. Moreover the good accordance
of the curves confirms the relevancy of the model and that the
propulsion coefficient is independent of the levitation height.

C. Experimental Validation

To validate the model, we realized some comparisons be-
tween experimental trials and predicted results. The prediction
is performed by observing the state of the real experiment
at the step time k, then by simulating the time k + 1 (one
step ahead prediction). In the experiments the sampling time
between these two states is 1/15 s (corresponding to the frame
rate of the camera used to measure the wafer position).

The first validation setup is a configuration of 21 blocks
generating a linear trajectory of the wafer with an acceleration
and a deceleration phase (see Fig. 6.a and 6.b). The air flow
in each block is set to 5 L.min− 1.

The displacement of the wafer from one side to the other
side of the setup is observed. If the predictions at k + 1 are
compared with the experimental results, Fig. 6.c is obtained.

Table I gives the standard deviations of prediction errors. As
the errors depend on the time step, we computed the relative
prediction errors defined by the ratio between the norm of the
prediction error and the norm of the effective displacement
between two time steps. The mean relative prediction error of
the simulation is around 3.5% of the displacement. This value
qualifies the good agreement between the simulation and the
experiment.

The second setup used is a configuration of 12-blocks,
generating a circular trajectory when the wafer is released from
an unstable position (see Fig. 7.a). The air flow in each block
is still set to 5 L.min − 1.

(a) Picture of the
21-blocks setup.

y

x

21 blocks setup
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(b) Configuration of the blocks.
The blue curve presents the ex-
perimental trajectory.
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(c) Predictions and measurements versus time.

Fig. 6. Comparison between simulation and experimentation on the 21-blocks
setup.

Fig. 7.b shows the predictions and the experimental results
according to time. For this experiment, the relative prediction
error is 5.7%.

These results have been also compared with a simple
predictor used as benchmark. This predictor gives the position
and speed of the wafer at time k + 1 as the natural evolution
of the state k without external forces or dissipation (free
motion). Fig. 7.c shows the error between both predictions and
the experimental results. The relative error of the free-motion
predictor reaches 29.6%. This last comparison demonstrates
that the model predicts accurately the object dynamics. Table
I sums up the relative prediction errors for both experiments
and both predictors.

IV. OPTIMAL DESIGN

The implementation of a large modular conveyor that meets
specifications in terms of trajectory and throughput is a com-
plex problem. The aim is to find the orientation and inflow
value of each block that produces the closest experimental
trajectory to the desired one. In this section, we firstly try
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Fig. 7. Comparison between simulation and experimentation on the 12-blocks
setup.

TABLE I
STANDARD DEVIATION AND RELATIVE VALUES OF THE PREDICTION

ERROR PRESENTED IN FIG. 6 AND 7.

Linear experiment Circular experiment

Absolute error Std (m) Absolute error Std (m)

x axis 9. 3119 · 10 − 5 x axis 3. 3388 · 10 − 5

y axis 2. 3083 · 10 − 4 y axis 2. 4850 · 10 − 5

Relative error Relative error

Simulation 3. 5% Simulation 5. 7%

Free motion 10. 4% Free motion 29. 6%

to find a spatial configuration by composing simple design
patterns. This brings to the conclusion that the search of a
setup corresponding to accurate specifications is not feasible
by hand. Thus, we propose a general and automatized method-
ology that gives the topology of the conveyor according to
given specifications.

A. Patterning

We propose a case study based on a typical conveying task
that can occur between two non-batch processing machines in
the PV industry. An illustration of this case study is presented
in Fig. 8.

The wafer is brought on the roller belt of a first process-
ing machine to a starting point with an initial velocity of
0.3 m.s − 1. The objective is to fed a second machine at an
given point and with the same velocity. To make the problem
more complex, the wafer has to avoid some obstacles and has
to finish the displacement at a specific time (seven seconds).

As a first approach, we try to comply with these spec-
ifications by combining simple design patterns (like those
illustrated in Fig. 1). The airflow rates are manually set,
that requires a hundred of tries before to obtain a satisfying
solution. Fig. 9 shows the best solution obtained by this way.
In addition to being burdensome, the time criterion is not
reached: the displacement takes more than 15 s. The final
position is acceptable but the speed along x-axis is only
0.2 m.s− 1 and the speed along the y-axis is not null. To
conclude, the patterning approach can be used only to design
simple trajectories such as straight lines but is not suitable to
large and complex conveyors. In the following, we propose a
computational methodology based on the optimization of the
conveyor topology.

B. Decision Domain

We consider that the setup is initially composed of regularly
placed blocks, covering the whole available area. Then, the
angular position and the air flow of each block required to meet
the specifications must be determined. After the optimization,
when the optimal path would be found, the useless blocks that
are not on the trajectory can be removed.
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Fig. 9. Trajectory of the wafer (center position) for the patterning solution
generated by disposing blocks patterns. The darker the color of the arrows,
the stronger the air flow of the block.

The orientation (yaw angle �i) of each block i can take
four discrete values, �i 2 f0;�=2;�; 3�=2g. The air flow
qe;i of each block i is a continuous variable and could
be taken between a minimal value allowing the levitation
and a maximal value depending on the block limitations,
qe;i 2 [qe;min; qe;max]. So, for a setup with N blocks, there are
2N decision variables mixing discrete and continuous values.

D = [�1; �2; :::; �N ; qe;1; qe;2; :::; qe;N ] (15)

C. Objective Function

To define the objective function, we first consider that the
production context imposes some goals: the object must be
moved along a trajectory defined by different points (start,
end, etc.), the object must have a defined velocity at certain
locations (for example at the ending point), the object must
avoid obstacles and other objects, if any are in the path, and
finally the system must meet some global criteria such as air
consumption.

Some constraints, such as not hitting something, do not have
any tolerance. The other objectives, such as the ending position

and velocity, may be more or less close to the defined value,
depending on the production needs.

To balance theses different goals, the objective function is
composed of the sum of squared errors of criteria:

J(D) =
X
i

wi � c2i (16)

where ci is a criterion and wi is a weighting coefficient.

A small set of criteria is sufficient to address most of the
applications. First, criteria can be defined on the position of
the object at a given time. For instance, if the specifications
require that the object reaches the abscissa x�(t) at time t, the
associated criterion can be defined by:

ci = x(t)� x�(t) (17)

Similar criteria can be written to specify the ordinate, the
angular position and also the velocity at a given time such
as:

ci = _x(t)� _x�(t) (18)

Acceleration requirements can be equally addressed with this
kind of criterion.

Some global criteria can also be defined such as global air
consumption, the total travel time, the number of useful blocks,
etc. For instance, the total air consumption is given by:

ci =
NX
j

qe;j (19)

It is noteworthy that for a given set of criteria, the weights
can be modified according to the need, selecting the desired
solution on the Pareto frontier.

D. Optimal design

One of the challenges raised by this optimization problem is
that its high-dimension decision space, which embeds a lot of
local optima, has to be explored. For these reasons, we used the
genetic algorithm from Matlab’s Global Optimization Toolbox
with built in crossover and mutation operators. The fitness and
the genotype are respectively defined by Eq. 16 and Eq. 15.
As the tiling of the useful area consists of 122 blocks, the
genotype D has 244 decision variables in this case of study.

For this task, two initial criteria require that the position
(x(7); y(7)) of the wafer’s center at time t = 7 s has to be the
nearest to point (x�(7); y�(7)). The two last criteria state that
the speed ( _x(7); _y(7)) of the wafer’s center at same time has
to be the closest to the speed ( _x�(7); _y�(7)). The objective
function is then:

J(D) = w1 � (x(7)� x�(7))2 + w2 � (y(7)� y�(7))2

+ w3 � ( _x(7)� _x�(7))2 + w4 � ( _y(7)� _y�(7))2 (20)

We choose to give more importance to the respect of
specified position and speed along the y axis than along
the x axis through the choice of the weighting coefficients:
w1 = 2; w2 = 4; w3 = 0:1 and w4 = 0:8.

Fig. 10.a presents the trajectories of the center of the wafer
for initial population of the optimization process, composed of
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200 random configurations. Fig. 10.b illustrates the progres-
sion of the algorithm after 100 generations. The best solution
found allows the desired conveying function to be generated
by removing unused blocks (see Fig. 10.c).

In our case, the errors between obtained values and expected
values are: x(7) − x∗ (7) = −5.15 · 10 − 5 m, y(7) − x ∗ (7) =
1.96 · 10 − 5 m, ẋ(7) − ẋ ∗ (7) = 1.70 · 10 − 3 m.s− 1 and
ẏ(7)− ẏ ∗ (7) = −7.05 · 10− 5 m.s− 1. These precisions are far
better than the industrial needs. Furthermore the discrepancies
between the errors illustrates the importance of the weighting
coefficients.

Of course, a different choice of weights could induce a
different Pareto-efficient solution. For example, by giving
more weight to the position, we can obtain a better final
positioning precision at the expense of velocity objectives. The
choice of a solution on the Pareto frontier would have to be
made by the production engineer.

E. Experimental validation

In order to validate the proposed optimization methodology,
we carried out an L-shaped setup with 33 physical blocks.
This setup is smaller than that one presented previously in
case study because of the number of available blocks.

The goal is to reach a final position from an initial position
without initial speed and avoiding obstacles. The wafer must
reach the ending position as quickly as possible and with a
zero speed along the y axis. In this way, the objective function
is defined by:

J(D) = 1∗(x(t)− x∗ (t))2 + 1∗(y(t)− y ∗ (t))2

+ 0.1∗(ẏ(t)− ẏ ∗ (t))2 + 0.0001∗t2 (21)

with t the travel time before collision or before reaching the
abscissa of the target.

Fig. 11.a presents the trajectory of the best result obtained
by simulation (in blue). Then, we test this solution on the
setup by using a flow meter to adjust the air flow of the blocks
as recommended by the genetic algorithm. The red curve of
Fig. 11.a corresponds to the experimental trajectory on the real
conveyor (see Fig. 11.b).

Simulated and experimental results are well correlated: the
curves are close together and the final speed of the wafer
along the x-axis is near −0.3 m.s− 1 in both cases (see Table
II). Nevertheless, there is a slight difference between the
simulated and experimental paths. Indeed, as the system is
not in closed-loop, the external perturbations (which are not
predictable) can cause a divergence between the simulated and
experimental trajectories. External perturbations are mainly
due to ambient air streams. Also, the hand setting of each
block (inclination and air flow rate) is not perfect and can
induce some discrepancies between the model and the reality.

V. CONCLUSION

In this paper a new concept of a modular conveyor using air-
bearing has been presented. The air-bearing principle allows
the handling of planar fragile objects like silicon wafers
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(a) Trajectories of the wafer for the initial population of the genetic
algorithm. This population is randomly generated.
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(b) Progress of the genetic algorithm after 100 generations.
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(c) Final solution of the genetic algorithm (i.e. the best solution at generation
100). The darker the color of the arrows, the stronger the air flow of the

final solution. The green blocks are those useful to implement the conveyor.

Fig. 10. Trajectories of the wafer (center position) for the different solutions
generated by the genetic algorithm. Each generation includes 200 individual
solutions.
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(a) Trajectory of the wafer on the conveyor obtained with the genetic
algorithm. The graphs represent the simulated result and the experimental

result with the same setup. The darker the color of the arrows, the stronger
the air flow.

(b) Picture of the real setup used for the validation.

Fig. 11. Experimental validation of the methodology.

TABLE II
RESULTS OF SIMULATION AND EXPERIMENTATION ON THE L-SHAPED

SETUP.

For t = 3.8 s Simulation Experimentation

x(t) (m) −0.4449 −0.4400
y(t) (m) 0.4456 0.4468

ẋ(t) (m.s�1) −0.3064 −0.3050
ẏ(t) (m.s�1) 0.0223 0.0158

on complex trajectories at high speed without damage. In
addition, the modular nature of the conveyor produces benefits
in the ease of realization of each block and the simplification
of maintenance. However, the large number of elements in
each conveyor requires an automatized research of the best
configuration to address given specifications.

To overcome this complexity, a systematic method based
on an optimization procedure has been proposed. A small set
of criteria allows the task to be defined with high flexibility:
users can change the objectives and the weights according to

the needs (e.g: to improve speed, positioning accuracy, or to
reduce air consumption). Experiments have also demonstrated
that the generated solutions are feasible and reliable.

Maximal speed of 0.3 m.s�1 was experimentally observed.
Moreover, thanks to the simulation, we can estimate the speed
for larger conveyors. For instance, the speed of a circular
wafer could theoretically reach 2.9 m.s�1 with a maximal
acceleration of 0.48 m.s�2 (at start) on a 1m-long track
made of 15� 3 blocks (without initial velocity). These values
overcome the requirements in terms of throughput for the
considered industrial applications.
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(Besançon, France) and EPI (G�́jon, Spain) in 2014.
He is currently a PhD student at the AS2M depart-
ment at the FEMTO-ST Institut where his research
area is mainly centered on design and control of
micro-robot for middle ear surgery.

Nadine Le Fort-Piat received her Ph.D. in Control
Systems and Signal Processing at the University
of Technology of Compi�egne (UTC) in 1984. She
became associate professor in 1984 at UTC and
professor in 1998 at the National Engineering School
of Mechanics and Microtechnologies (ENSMM) in
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