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Design and Development of a Planar 
Electromagnetic Conveyor for the Microfatory

Neha Arora, Muneeb Ullah Khan, Laurent Petit, Frédéric Lamarque, and Christine Prelle

Abstract—This paper presents a planar electromag-netic 
conveyor for a microfactory. The uniqueness of the 
conveyor design lies in its arrangement of overlapped 
two-dimensional mesh coils in matrix configuration that 
enables to drive a mobile part over long strokes. The con-
veyor architecture includes a fixed part, which consists of 
5 × 5 matrix design that has been fabricated on a multilayer 
printed circuit board. An analytical model that takes into 
account the electromagnetic and friction effects has been 
developed. A conveyor prototype has been fabricated and 
experimentally characterized in open-loop control. Linear 
and planar motions, positioning repeatability error, straight-
ness error, and rotation have been experimentally mea-
sured. From experimental results, the proposed architec-
ture enables long linear displacement strokes (�70 mm) 
and rotation (�±12.37◦). In addition, a 12 mm/s speed can 
be achieved for the mobile part at a nominal current of 0.8 A.

Index Terms—Conveyor, electromagnetic forces, mi-
croactuators, microfactory, permanent magnet (PM) motors.

I. INTRODUCTION

IN RECENT years, the demand for miniature systems has
rapidly risen in order to add functionalities in mechatronic

systems while increasing their miniaturization constraints [1].
To aid the manufacturing of such miniature systems, the mi-
crofactory concept has been proposed. This concept enables to
adapt the size of the production tool to the size of the manufac-
tured products, which results in reduction of footprint, energy
consumption, cost, and production time [2]. However, due to
the reduced dimensions of microfactory, manual intervention is
not simple and/or not always possible. The microfactory should
then present a high flexibility and adaptability level in order to
be able to adapt the manufacturing flow to the demand [3]. 
This
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is important in the case of highly customized microproducts. In
this context, conveyor system represents a fundamental element
in a microfactory because it ensures the transportation of minia-
ture parts between the different working stations [4]. In order to
ensure high flexibility and adaptability levels, conveyor system
should then be able to adapt and reconfigure production flows
without manual intervention [5].

In literature, numerous technological solutions have been ap-
plied for the development of conveyors. These solutions are
often based on direct drives technology to eliminate/reduce ad-
verse effects of backlash, assembly errors, or friction due to the
mechanical joints [6]. Among these solutions, the main advan-
tages of the conveyors based on pneumatic [7] and thermome-
chanical [8] actuation principle include high generated forces,
while piezoelectric [9], [10] and electrostatic [11] actuation
technologies deliver high precision levels. Furthermore, levita-
tion of the moved object can be easily obtained with pneumatic
[12], [13] and electromagnetic [14]–[16] actuation principles.

Considering the advantages of the electromagnetic actuation
principle such as high speed, low cost, large travel range, wire-
free mobile part, etc., a compact micropositioning system capa-
ble to deliver millimeter level displacement strokes in xy plane
has been developed [17]. Compared to conventional architec-
ture of the planar systems that are often based on assembly of
linear/rotation displacement stages, a parallel-kinematic config-
uration was selected to assemble four electromagnetic linear
motors that resulted in the advantages such as low inertia, no
cumulative error, and identical dynamic characteristics along
working axes, etc., [18]. Apart from its ability to deliver nanome-
ter level precision and millimeter level displacement range, the
travel range of the system is limited to 10 mm in xy plane. This
displacement range is sufficient for micro applications such as
cell manipulation beneath a microscope, chip assembly, surface
scanning, etc. However, in the context of microfactory, where
long range (>10 mm) motion is often desired, such system can-
not be adapted for conveyance tasks. So, in order to increase the
travel range, one solution could be to enlarge the fixed part [see
Fig. 1(a)]. However, this solution is unsuitable to drive multi-
ple conveyors (e.g., conveyor P1 and P2) independently on a
microfactory platform. In addition, the high resistance of drive
coils due to its excessive length of the planar drive coils can
increase Joule heating. This can deteriorate the miniature per-
manent magnets (PM) assembled in the mobile cross structure
part of the conveyors.

Alternatively, a matrix configuration that consists of mul-
tiple drive cells is proposed to transport micro-objects across
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Fig. 1. Electromagnetic conveyor multilayer serpentine coils with (a) single mesh configuration and (b) multiple mesh matrix configuration. Working
principle of the conveyor where the mobile PMA moves (c) along x-axis when TDCs are active and BDCs are inactive and (d) along y-axis, when
TDCs are inactive and BDCs are active.

the microfactory floor [see Fig. 1(b)]. In this configuration, the
drive cells located directly beneath the micro conveyor can be
activated to drive the mobile cross structure of the conveyor.
The advantage of this configuration is twofold, first, the smaller
length of the drive coils in each cell reduces the overall resis-
tance of the current carrying coils, which leads to lower energy
loss due to Joule heating. Second, each cell can be independently
controlled from the perspective to achieve different motion tra-
jectories of multiple conveyors (e.g., conveyor P1 and P2) as
shown in Fig. 1(b).

In this paper, a new electromagnetic conveyor is presented.
The proposed design allows the mobile part to travel in the
plane at centimeter level displacement strokes. Its design and
the working principle are described in Section II. An analytical
electromagnetic model has been used to size the device and is
provided in Section III. In Sections IV and V, the experimental
setup and experimental results using a single mobile part along
two axes are presented, respectively, to validate the long range
motion capability of the conveyor. At the end, the conclusion and
the perspectives regarding the proposed conveyor are provided.

II. PLANAR ELECTROMAGNETIC CONVEYOR ARCHITECTURE

This section describes the working principle of the planar
electromagnetic conveyor and its detailed architecture with the
help of three-dimensional models.

A. Working Principle

The working principle of the planar electromagnetic con-
veyor is based on generation of the electromagnetic forces (i.e.,
Lorentz forces). In order to do so, a pair of two π/2 phase shifted
independent sinusoidal currents (I1, I2) and (I3, I4) are injected
in top drive coils (TDCs) and bottom drive coils (BDCs), respec-
tively, [see Fig. 1(c) and (d)]. Each TDCs and BDCs consists of a
pair of fixed serpentine planar coils oriented along y- and x-axis,
respectively. In addition, TDCs and BDCs are situated in first
and second layer of the fixed part of the conveyor to ensure insu-
lation. Due to the interaction between the injected currents I1, I2

in the TDCs (with no currents in the BDCs) and magnetic field
generated by the mobile permanent magnet array (PMA) that
consists of PMs assembled in north–south configuration, a trans-
lation force Fx and levitation force Fz appear [see Fig. 1(c)]. In
similar fashion, if BDCs are injected with sinusoidal currents
I3, I4 (with no currents in the TDCs), a translation force Fy and
levitation force Fz appears [see Fig. 1(d)]. In both scenarios,
the total levitation force component of the generated electro-
magnetic force (along z-axis) aids in compensating the weight
of the mobile PMA, whereas the total translation force compo-
nent helps the mobile PMA to move over the fixed part along
an axis [see Fig. 1(c) and (d)].

The combination of the two fixed planar coils (i.e., TDCs
and BDCs) and the mobile PMA acts as two-phase synchronous
linear motor [19]. In the presented planar electromagnetic con-
veyor, a pair of two linear motors along x- and y-axis, respec-
tively, aids the mobile part of the planar electromagnetic con-
veyor to move over the fixed part. The detailed architecture of
the planar electromagnetic conveyor is described in the follow-
ing section.

B. Planar Electromagnetic Conveyor Architecture

The planar electromagnetic conveyor design architecture con-
sists of a mobile part and a fixed part [see Fig. 2(b)]. The mobile
part includes four orthogonally arranged PMAs that are fixed
at the extremities of a microfabricated silicon cross structure.
The distance between the four PMAs (50 mm) ensures that the
magnetic interaction force between the PMAs is in the order
of 10−9mN so it was neglected. Moreover, a single PMA is
constructed with 14 Neodymium–Iron–Boron PMs.

Each PM has a cross section (h × w) of 1 mm × 0.5 mm
and length l of 6 mm. Furthermore, each PM has the rema-
nent magnetization of 1.43 T with the magnetization direc-
tion oriented along its thickness (i.e., h) in z-axis as shown
in Fig. 2(a). The mechanical cross structure (having dimensions
68 mm × 68 mm × 0.5 mm and mass 3.6 g) was fabricated in the
silicon material using microfabrication technology to achieve



Fig. 2. (a) Cross-sectional view of a single linear motor. (b) Three-
dimensional model view of the planar electromagnetic conveyor archi-
tecture composed of 5 × 5 elementary cells. Exploded view of the four
layers of an elementary cell (c) with active TDCs to drive the PMA along
x-axis (i.e., cell D3) and (d) with active BDCs to drive the PMA along
y-axis (i.e., cell C4).

optimal design characteristics such as light weight, fabrication
tolerances, etc., and to minimize assembly errors [17]. In addi-
tion, four glass layers each having thickness tg of 130 μm were
glued beneath the PMAs of the mobile part for insulation and
achieve smooth motion surface.

The fixed part of the planar electromagnetic conveyor in-
tegrates 25 elementary drive cells distributed in a 5 × 5 matrix
(i.e., rows: A, B, C, D, E and columns: 1, 2, 3, 4, 5) configuration
[see Fig. 2(b)]. A single elementary drive cell (e.g., C2) consists
of four-layer design and has a foot print of 25 mm × 25 mm. It
includes a TDCs and a BDCs in top layer and second layer, re-
spectively [see Fig. 2(c) and (d)]. Each TDCs (BDCs) integrates
two 35 μm thick independent serpentine planar coils that en-
ables the injection of π/2 phase shifted sinusoidal current I1 (I2)
and I3 (I4), respectively. In addition, both TDCs (BDCs) are or-
thogonally oriented with respect to each other in their respective
layers. In this manner, TDCs (BDCs) can be used independently

to drive the mobile part of the planar electromagnetic conveyor
by enabling the generation of electromagnetic forces through
the pair of linear motors along x-axis (y-axis), respectively [4].

The fixed part design of the planar electromagnetic conveyor
was commercially fabricated in a 150 mm× 150 mm× 1.5 mm
four-layer printed circuit board (PCB) to avoid assembly errors
between the 25 elementary cells that can appear if each elemen-
tary cell has been individually fabricated and assembled [17].
In order to insulate the four layers from each other, two prepreg
layers (also known as preimpregnated layer, which is fibreglass
impregnated with resin) along with an FR4 sheet having a thick-
ness tc of 0.9 mm as a central core for rigidity were employed
in the design [see Fig. 2(c)]. In addition, the thickness tp of
245 μm for the prepreg layers and a thickness of 35 μm for cop-
per wires were used as fabrication standards to minimize the air
gap tb to 410 μm, which also includes the glass layer thickness
tg of 130 μm [see Fig. 2(a)]. To inject the external sinusoidal
current such as I1(I2) in TDCs and I3(I4) in BDCs, the in-
put/output terminals of the serpentine coils were routed through
vias to the connecting pads in the bottom layer [see Fig. 2(a)].
In the third layer of the fixed part design, no copper routes were
placed except through vias that links all layer to the bottom
side. This layer acts as a dummy layer and is present due to
the fabrication constraint. However, this additional layer aids
in increasing the air gap between the bottom layer and PMA,
thus minimizing the parasitic noise that can appear due to the
currents at the bottom side [20].

III. MODELING AND ANALYSIS

In the following section, an analytical model is presented for a
single linear motor due to the symmetry of the design. However,
the solution has been extended to take into account the whole
planar electromagnetic conveyor for the simulation purpose. In
addition, the influence of some fabrication constraints imposed
by the chosen architecture have been studied and analyzed to
evaluate their effect on the conveyor performances.

A. Magnetic Flux Density Computation Model

The magnetic flux density generated by a PMA is modeled
by reducing the 14 PMs to their equivalent current distribution.
Some assumptions are taken into account that include perfect
geometry of the PMs, no variation in magnetization of each PM
along its length, and identical magnetization characteristics of
each PM in a PMA [6]. With these assumptions, the magnetic
flux density distribution at any point (x, z) outside the PMA [for
the case where the PMs are oriented along y-axis as shown in
Fig. 2(c)] is computed using (1). The origin of the reference
frame is located at the center of the PMA and the Bx and
Bz represents the horizontal and vertical components of the
magnetic flux density, respectively [21]. The By component of
the magnetic flux density has been neglected because of its small
contribution (≈ 10−12 mT) as compared to the contribution of
Bx and Bz .

Where, Ms is the magnetization of the PM in A/m and μ0

is the magnetic permeability of air in N/A2, a and b are the
half values of the width (w/2) and height (h/2) of a PM in m,



respectively [see Fig. 2] as
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B. Electromagnetic Force Computation Model

As discussed in previously, the electromagnetic force (or
Lorentz force) appears along x- and y-axis by injecting I1(I2)
and I3(I4) in TDCs and BDCs, respectively. The total electro-
magnetic force Ftotal generated due to each drive coils by a single
linear motor is computed using (2) [21]

Ftotal = Nt

2∑
k=1

Ik

∫
wire

dl × B(k)
ext

︸ ︷︷ ︸
with TDCs

+Nb

2∑
q=1

Iq

∫
wire

dl × B(q)
ext

︸ ︷︷ ︸
with BDCs

(2)
where Bext is the external magnetic flux density computed

using (1). Nt and Nb denote the number of turns in the current
carrying coil of TDCs and BDCs, respectively. The parameters
k and q denote the relative position index for the magnetic flux
density computation with respect to the current carrying coils in
TDCs and BDCs of the fixed part, respectively. Furthermore, Ik

and Iq represent the magnitude of the sinusoidal current in the
respective coils.

The choice of sinusoidal injected currents was made due to
the fact that the magnetic field generated by the PMs is nearly
sinusoidal with respect to the relative position between PMA
and current carrying conductors. Indeed, this leads to small
variations in the generated electromagnetic force, which induce
small nonlinearities during displacements of the mobile part.
However, this choice was made to facilitate the arrangement of
small PMs in an array form. Nevertheless, the influence of the
aforementioned nonlinearities are very small comparative to the
mobile part’s long-range motion.

C. Transition Zone Analysis

From Fig. 2(b), it can be seen that the elementary cells are
distributed in a matrix configuration. However, in reality, this
design configuration introduced a fabrication constraint to ac-
commodate through vias between adjacent elementary cells.
These vias are used to connect TDCs and BDCs to the bottom
layer side of the PCB. The placement of through vias lead to

Fig. 3. (a) PMA over the 3.5 mm transition gap generated by removing
six current carrying conductor. (b) Pictorial view of the transition zone
between two adjacent elementary drive cells (e.g., C1 and C2) of the
planar electromagnetic conveyor.

a transition gap gt between adjacent elementary cells as shown
in the enhanced view of Fig. 3(b). As a result of this transition
gap, a loss in generated electromagnetic forces (i.e., translation
and levitation forces) is experienced by the mobile part, when
the PMAs enters in this zone during motion.

In order to quantify the aforementioned force loss in the tran-
sition zone, a static analysis with a semi-analytical software
RADIA has been realized during the design phase of the fixed
part of the conveyor. This study has been conducted by remov-
ing a pair of conductors each time to generate a transition gap
gt [see Fig. 3(a)] and then injecting currents having amplitude
of 0.4 and 0.8 A in the TDCs and the BDCs, respectively. These
current values were selected to achieve same order of the mag-
nitude for the translation forces during motion along x- and
y-axis.

The evolution in the magnitude of the translation and levita-
tion forces generated by a single linear motor in the transition
zone is shown in Fig. 4. From the results, it can be observed
that in ideal case (when no conductor is removed), the maxi-
mum values of the translation (levitation) forces are found to be
13.75 mN (21.03 mN) using TDCs and 13.94 mN (12.96 mN)
using BDCs, respectively. The difference between the force val-
ues computed for TDCs and BDCs are due to the different air
gap values between the current carrying conductors in the top
and second layer of the fixed part and the PMA of the mobile
part [i.e., tg = 130 μm for TDCs and tb = 410 μm for BDCs,
see Fig. 2(a)].

In our planar electromagnetic conveyor design, six conductors
have been removed in TDCs and BDCs to yield a transition gap
gt of 3.5 mm between adjacent elementary cells of the fixed part
for placing through vias (each having hole diameter of 300 μm),
to overcome the commercial fabrication constraints [see Fig. 3].
This transition gap resulted in a loss of 21.45% in the translation
and levitation forces generated by a single linear motor when
using either TDCs or BDCs. However, even with this loss, the
generated translation force is enough to translate the mobile part
over the fixed part of the conveyor. The vertical electromagnetic



Fig. 4. Translation and levitation forces generated by an linear motor in
the transition zone between two adjacent elementary cells by removing
0, 2, 4, 6, 8, 10 current carrying conductors in TDCs and BDCs.

force component acts against the weight of the mover (35 mN)
but is not sufficient enough to levitate it.

D. Mechanical Model

The mechanical model takes into the account the total elec-
tromagnetic forces Ftotal and friction force Ff between the mo-
bile part and the fixed part of the conveyor during motion. The
total electromagnetic force is the sum of the electromagnetic
forces generated by all four linear motors. The friction force is
computed using Ff = Wnet × μf = (mg − Ftotalz )×μf , where
Wnet is the net weight of the mobile part, m is the mass of the
mobile part, Ftotalz is the total electromagnetic force compo-
nent along z-axis, and μf is the friction coefficient interpreted
as static μs or dynamic μd during motion. The values of static
friction coefficient μs = 0.23 and dynamic friction coefficient
μd = 0.21, were experimentally measured using inclined plane
technique [22]. Then, the mobile part’s displacement d is com-
puted by double integration of the acceleration as given by[

dx
dy

]
=

1
m

[∫∫
(Ftotalx − Ff )dtdt∫∫
(Ftotaly − Ff )dtdt

]
(3)

where dx, dy are the mobile part’s displacement and Ftotalx ,
Ftotaly are the total electromagnetic force components computed
along x- and y-axis using (2), respectively.

IV. EXPERIMENTATION

In this section, the experimental setup of the planar electro-
magnetic conveyor is presented. Furthermore, the displacement
measurement using image processing with MATLAB software
is described.

Fig. 5. (a) Real view of the planar electromagnetic conveyor design
showing different elements of the experimental setup. (b) Block diagram
of the hardware/software interface.

A. Description of the Experimental Setup

The experimental setup has been realized by first, assembling
four PMAs into the through cavities of a silicon cross structure
to form the mobile part. Then, four 130 μm glass layers were
glued beneath each PMA to insulate and achieve a smooth sur-
face in between the mobile and fixed part of the conveyor. In
order to ensure proper mounting of the conveyor on experimen-
tation table, a PCB support has been fabricated in a 5-mm thick
acrylic glass sheet [see Fig. 5(a)]. Moreover, in order to measure
the mobile part’s centimeter level displacement while avoiding
any external contact during motion, an image processing based
solution has been adopted by installing a high resolution cam-
era (Grasshopper 3, Point Grey Inc.) over the conveyor platform
[see Fig. 5(a)]. In addition, a black square printed on a white
sticker was glued at the center of the mobile part to facilitate



better interpretation of captured images for the displacement
measurement process. Afterwards, the high-resolution camera
was calibrated and the pixel resolution was found to be 45 μm.
This limits the measurement of the displacement realized by the
mobile part to 45 μm. In our previous study [17], a minimum
step size of 2 μm was reported using high resolution optical dis-
placement sensor (i.e., 8 nm). This sensor was not employed in
this study due to its maximum displacement measurement range
of 2.5 mm.

The hardware/software connectivity is presented in the
Fig. 5(b). A dedicated Labview program was developed to de-
liver voltage control signals using a 16-bit PCI 6733 analog
hardware module developed by National Instruments. These
control signals [range: +10 V, −10 V] were delivered to two
pairs of two voltage-to-current (V/I) convertors to inject sinu-
soidal currents into the TDCs and BDCs, independently. As a
result, the desired respective elementary cells of the planar elec-
tromagnetic conveyor were activated to drive the mobile part
along x- axis and/or y-axis. The motion of the mobile part over
the fixed part of the planar electromagnetic conveyor was cap-
tured with the help of the installed high-resolution camera. A
synchronization between the conveyor control and the image
capturing process was realized using a digital command signal
provided to the camera through Labview interface. Each cap-
tured image was stored in the personal computer for mobile
part’s displacement measurement analysis.

B. Displacement Measurement via Image Processing

The captured high-resolution images during experimentation
were processed using image processing technique to measure
the displacement realized by the mobile part. In order to re-
duce the image processing time of n numbers of images and
improve pixel detection resolution of the camera, the images
were taken over a specific region of the mobile part, mainly
focusing on the desired detection area i.e., the black sticker.
Also, the image capturing sequence has been realized at a rate
of 30 fps over a translation distance of 50 mm. So, in order
to process the captured images, an image processing algorithm
has been developed using MATLAB to detect the square shape
of the black sticker to measure the respective location of the
mobile part of the conveyor. The different image processing
steps are presented in Fig. 6. Initially, the saved images (i.e.,
αi...n ) are read one by one and converted from RGB image to
binary image (i.e., αi b ) by setting the pixel threshold value to
1(0) representing white(black), respectively. Then, in the next
step, the binary image is filtered by removing objects that are
composed of few pixels and a new binary image is created (i.e.,
αi nb ). The boundaries of the remaining objects in the new bi-
nary image are then detected and traced to form different areas.
The desired square area of the black sticker (10 mm × 10 mm)
is then searched and its centroid’s xy-coordinates are retrieved.
This process is repeated for n number of captured images.

V. RESULTS AND DISCUSSION

In this section, different results obtained via experimentations
are presented. These results have been obtained in open loop by

Fig. 6. Schematic layout of the image processing algorithm developed
in MATLAB to identify the square shape and to calculate the displace-
ment of its centroid in xy plane.

injecting sinusoidal currents of 0.4 and 0.8 A in TDCs and BDCs
to drive the mobile part over the conveyor platform along x-axis
and y-axis, respectively.

A. Linear Displacement Along a Single Axis

Linear displacements along x-axis and y-axis realized by the
mobile part are presented in Fig. 7. In order to actuate the mobile
part of the conveyor along x-axis, the TDCs beneath the PMAs
of the mobile part were activated by injecting 0.4 A sinusoidal
currents to achieve 50 mm travel distance. Meanwhile, the BDCs
beneath the PMAs of the mobile part were in idle state (i.e., no
current was injected). In similar fashion, to drive the mobile part
along y-axis, respective BDCs of the elementary cells beneath
the PMAs of the mobile part were activated while TDCs were in
idle state. The linear displacement results along two axes were
obtained at different speeds by changing the sampling frequency
of the injected currents in TDCs and BDCs. In practice, a period
of the sinusoidal current is sampled to achieve theoretical dis-
placement of 2 mm, which corresponds to the pitch of the PMA
(i.e., 2 mm). So, the actuation speed is proportional to the sam-
pling frequency. The experiment along y-axis was conducted at
4 mm/s (i.e., 2 Hz sampling frequency) whereas, along x-axis
it was carried out at 2 mm/s (i.e., 1 Hz sampling frequency).
This speed variation criterion for the experiment was adapted
because of two reasons. First, to demonstrate that the mobile
part could perform motion at different speeds and second to
minimize the generation of the Joule heating using BDC. For



Fig. 7. Experimental and simulation results of the linear displacement
of the mobile part obtained at 2 and 4 mm/s along x- and y-axis,
respectively.

the same current value, the Joule heating is higher using BDC
than TDC due to the fact that BDC is inside the PCB. However,
to minimize the Joule heating effect using BDC, the motion has
been performed at higher speed to minimize the current injection
time [19].

Furthermore, a comparative study was conducted to validate
the simulation model. So, for a desired linear displacement of
50 mm, the simulated 49.19 mm (48.79 mm) and the experimen-
tal 50.66 mm (49.46 mm) results were obtained along x-axis (y-
axis), respectively. From these results, it can be observed that the
mobile part travels over multiple elementary cells. Furthermore,
the small variation between the simulated and experimental re-
sults was due to the variation in the adhesion forces and drift
effect during the motion of the mobile part. Nevertheless, in
Fig. 7, a good agreement can be observed between results along
the both displacement axes.

B. Position Repeatability in Linear Displacement

A position repeatability test has been conducted to investigate
the behavior of the planar electromagnetic conveyor in repetitive
motion. Three cycles of long range displacement (i.e., 70 mm)
along x-axis by injecting currents in the TDCs of the conveyor
has been carried out. Fig. 8, shows the displacement realized by
the mobile part along x-axis in a three cycles test obtained at
2 mm/s speed. From the result, along y-axis, a repeatable drift
effect interpreted here as straightness error can be observed. For
a measured displacement of 69.48 mm realized by the mobile
part along x-axis, the position repeatability error was found to
be 6.8 μm. In addition, the straightness error due to the parasitic
displacement along y-axis was found to be 65 μm with a stan-
dard deviation of 3.7 μm. This error is due to the fact that there
is no guidance of the mobile part during motion.

Fig. 8. Three cycles of the forward and backward motion of the mobile
part at 2 mm/s speed along x-axis along with the straightness error along
y-axis.

C. Influence of the Guidance Current on Straightness
Error

The interesting feature reported earlier in [6] is that the north–
south configuration of the PMs in the PMA aids in aligning the
mobile part of the conveyor with respect to the current carrying
conductors. This alignment feature is achieved by injecting con-
stant current (here called guidance current) along x-axis (i.e., in
TDCs) during motion along y-axis using BDCs and vice versa.
To investigate the influence of the guidance current during linear
motion, a study has been conducted by driving the mobile part at
12 mm/s speed along x-axis using TDCs and injecting constant
current in BDCs. A motion speed of 12 mm/s was selected for
this test to clearly observe the influence of the guidance current,
which was not visible at lower motion speed. From the result
presented in Fig. 9, it can be seen that with no guidance current
the mobile part exhibits a drift effect of 184 μm along y-axis for
a 70 mm translation along x-axis. After subtracting slope due to
this drift effect, the straightness error was found to be 68.73 μm.
However, by increasing the magnitude of the guidance current,
i.e., ≥ 0.1 A, the straightness error is significantly reduced to
7.53 μm.

D. Linear Displacement in the xy Plane

In order to achieve linear displacement in the xy plane, si-
nusoidal currents are injected in both TDCs and BDCs of the
conveyor. As a result, the linear displacement realized by all
four linear motors helps the mobile part to translate in xy plane
over the fixed part of the conveyor. This test has been conducted
at different speeds (i.e., 4, 8, and 12 mm/s) by changing the
sampling frequency of the injected sinusoidal currents. Fig. 10
represents the forward and backward motion realized by the
mobile part between position A and position C at the above-
mentioned speeds. A good repeatable trajectory motion real-
ized by the mobile part can be observed. The small deviation



Fig. 9. Influence of the guidance currents injected in BDCs to reduce
the straightness error along y-axis during linear motion along x-axis at
12 mm/s.

Fig. 10. Linear motion realized by the mobile part in xy plane at differ-
ent speeds and their enhanced view.

between the forward and backward motion trajectory as shown
in the enhanced view of position B, is due to aforementioned
drift effect.

E. Rotation Motion

Rotation motion of the mobile part has been achieved by re-
versing the direction of injected currents in the elementary cells
situated beneath the PMAs along each axis. As a result, the
generated forces are in opposite directions, which rotates the
mobile part about its center in xy plane. To measure the rota-
tion motion realized by the mobile part, a lens (infinity probes)
was used with the aforementioned high-resolution camera. This
choice has been made to improve the limit of the resolution of

Fig. 11. Rotation motion realized by the mobile part of the planar elec-
tromagnetic conveyor about its center in xy plane.

the pixel (found to be 7 μm) by minimizing the field of view to
17 mm × 14 mm, mainly focusing on the black square as shown
in the Fig. 11. Several images were captured by the camera dur-
ing motion with the time delay of 0.0625 s between each image.
The image processing algorithm has been then used to measure
the rotation angle of the black square [see Fig. 11].

The rotation motion experiment has been conducted at a speed
of 0.5 mm/s and the maximum measured angle was found to be
24.5◦. Moreover, at different speeds (i.e., 1, 2, and 3 mm/s)
the average value of the maximum rotation range was found to
be ±12.37◦ about center of the mobile part in xy plane. This
rotation range value is limited because of the geometrical limits
of the elementary cells.

VI. CONCLUSION

In this paper, a planar electromagnetic conveyor is presented.
The conveyor architecture includes 25 independently controlled
elementary cells arranged in a 5 × 5 matrix configuration. This
architecture enables the mobile part to perform long displace-
ment strokes (i.e., 69.48 mm) and planar motions at variable
speeds up to 12 mm/s with 0.8 A nominal controlling current.
The conveyor architecture enables a guidance function that lim-
its the straightness error to 7.53 μm in a 70 mm displacement
stroke by injecting a guidance current (≥0.1 A). Further, the
maximum rotation range of the mobile part has been measured
to be ±12.37◦ about the center of the mobile part in xy plane.

One of the potential applications is to realize a large micro-
factory floor to move multiple micro parts between different
micromanufacturing stations. Indeed, the proposed conveyor
design allows to control several mobile parts simultaneously
and the motion trajectories of these mobile parts can be eas-
ily programmed, which enables high and/or flexible production
flow. Another application is to use the proposed design in scan-
ning microscopy domain to move micromachined parts beneath
surface scanning equipment for long range characterization.
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[14] M. Lahdo, T. Ströhla, and S. Kovalev, “Repulsive magnetic levitation force
calculation for a high precision 6-DoF magnetic levitation positioning
system,” IEEE Trans. Magn., vol. 53, no. 3, Mar. 2017, Art. no. 7200106.

[15] V. H. Nguyen and W. J. Kim, “Design and control of a compact
lightweight planar positioner moving over a concentrated-field magnet
matrix,” IEEE/ASME Trans. Mechatronics, vol. 18, no. 3, pp. 1090–1099,
Jun. 2013.

[16] J. L. Perez-Diaz, I. Valiente-Blanco, E. Diez-Jimenez, and J. Sanchez-
Garcia-Casarrubios, “Superconducting noncontact device for precision
positioning in cryogenic environments,” IEEE/ASME Trans. Mechatron-
ics, vol. 19, no. 2, pp. 598–605, Apr. 2014.

[17] M. U. Khan, C. Prelle, F. Lamarque, and S. Büttgenbach, “Design and
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Université de Technologie de Compiègne,
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France. He is a member of the Laboratory of
Excellence “Control of Technological Systems-
of-Systems” (labex MS2T). His research interest
includes microsensors and microactuators.

Christine Prelle received the Ph.D. degree in in-
dustrial automatic control from Institut National
des Sciences Appliquées Lyon, Villeurbanne,
France, in 1997.

She is currently a Professor in control engi-
neering and mechatronics with Roberval Labo-
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