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Four discrete positions electromagnetic
actuator: modelling and experimentation

Laurent Petit, Christine Prelle, Emmanuel Doré, Frédéric Lamarque, Maxence Bigerelle

Abstract—In this article, an electromagnetic actuator having
four discrete positions is discussed. The principle, the modelling
and an experimental device of this actuator are presented in this
study. This actuator is composed of a mobile permanent magnet,
four fixed permanent magnets, which ensure the holding of the
discrete positions, and two perpendicular wires to switch
independently in two perpendicular directions. The mobile part
has four discrete positions, two in each direction. An
electromagnetic actuator modelling has been realized to compute
the magnetic and electromagnetic forces exerted on the mobile
magnet and its displacement. The experimental device was
designed using this model and then manufactured. The stroke of
the mobile part is 1 x 1 mm. The driving current ranges from 3 A
to 7 A. A comparison between experimental and modelled results
is carried out. A good agreement on the displacement curves and
on the rise times are observed for all the range of controlling
currents.

Index Terms—Actuators, Digital mechanisms, Electromagnetic
devices

I. INTRODUCTION

N the literature, a numerous electromagnetic actuators is

described, studied and used. These actuators can be
classified into two categories among their way to create the
displacement, the analogical and the digital actuators. The
main characteristic of the analogical actuators is that they can
theoretically reach any position between the extreme positions
of the stroke. Numerous architectures and types of actuators
with dedicated control law exist. For example, multi degree of
freedom actuator [1], [2], linear actuator [3], [4], rotary
actuator [5] and spherical actuator [6], [7] can be found in the
literature.

On the contrary, the actuators based on the digital principle
possess only few discrete positions and can not reach
intermediate positions. However, these actuators have two
main advantages for displacement generation in comparison
with the analogical actuators. The first one is the low energy
consumption such that energy supply is only needed to switch
between the discrete positions. Pulsed signals used to generate
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the displacement allow reaching higher current value in
electrical wires than continuous current [8] and lowers the
undesirable effects like Joule effect. The second advantage is
an open loop binary control. Indeed, a digital actuator ensures
highly repeatable and accurate positions at the ends of the
stroke which can lead to a sensor-less design simplifying the
electrical connection and the integration of the actuator in
meso or micro-mechanical systems. The limited stroke
represents the main drawback of the digital actuation.
However, an assembly of several digital actuators can permit a
variable stroke.

The digital principle is used in several applications where a
mobile part is displaced between two discrete positions. The
main application is optical [9], electrical [10] or fluidic [11],
[12] switches. The mobile part is displaced between the open
(ON) and closed (OFF) positions. Moreover, digital actuators
can also be assembled in parallel to compose a tactile display
[13] or in serial to compose a binary modular robot [14].

Bistable actuators are particular digital actuators possessing
a supplementary advantage: they remain at one of their local
minimum states without energy input [15]. This effect ensures
the bistability of positioning then the holding of the stable
positions. In a simple digital actuator, a holding of the discrete
positions can be added to maintain and to improve the
positioning of the mobile part in discrete positions. Some
analogical actuators have also the ability to maintain their
position after a displacement [16]-[19] means of by
maintaining the driving current. When this current is cut off,
they remain in the central stable position.

To realize a digital actuator, various physical principles are
used [9]-[13], [20]-[24]. Electromagnetic actuation is well
adapted because the holding effect could be easily obtained
magnetically with Permanent Magnets (PMs).

In this work, an electromagnetic actuator based on the
digital principle is presented. Compared with those in the
literature, it has the particularity of performing displacements
in two perpendicular directions. It is not composed of an
assembly of two perpendicular digital actuators but only one
which has four discrete positions, two in each direction. The
advantages of this structure are the compactness of the device
and the reduction of the assembly errors. In this paper, the
principle of the actuator and a modelling are presented. This
modelling is used to design the experimental device which is
manufactured. Finally, a comparison between experimental
and modelling results are carried out.
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II. PRINCIPLE

The mobile part of the digital actuator is composed of a
square Mobile Permanent Magnet (MPM) which can reach
four discrete positions. The holding effect is generated
magnetically with four Fixed Permanent Magnets (FPMs)
placed at each side of the MPM (Fig. 1). The FPMs exert a
magnetic attraction force on the MPM when it is near them.
Two perpendicular wires placed below the MPM are used to
produce the driving force. When a current passes through a
wire, an electromagnetic force (or Lorentz force) appears
because of the presence of the flux density from the MPM.
Unlike the holding force which is always active, the driving
force is only active during the transition of the MPM between
two discrete positions. The displacement direction is
perpendicular to the wire axis and is limited by two stops in
each direction. To study the actuator, a coordinates system is
defined (Fig. 1). Its origin is located in the middle of the
square stop (Fig. 1a) and at 1 mm above the plane on which
the MPM slides (Fig. 1b). The device has two independent
displacement axes (x-axis and y-axis) and four discrete
positions.
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Fig. 1. Principle of the four discrete positions actuator
a. Side view b. Top view

When the MPM is in the position (—x ; +y) (Fig. 1) and if a
current passes through the y-axis wire (called “x-axis

switching wire”) in the —y-direction, a Lorentz force is exerted
on the wire in the —x-direction because the flux density is
oriented in the +z-direction. The direction of the force acting
on the wire is obtained by the left hand rule. The wire is fixed
then an opposite force is exerted on the MPM which switches
in the +x-direction and reaches the position (+x ; +y). During
the switch, if a second current passes through the x-axis wire
(called “y-axis switching wire”) in the +x-direction, a Lorentz
force is exerted on the wire in the —y-direction then an
opposite force is exerted on the MPM in the +y-direction. This
force increases the holding effect which can be interesting to
minimize the straightness errors. In that case, the y-axis wire is
called “driving wire” and the x-axis wire “holding wire”.

III. MODELLING

To design the actuator, a modelling is realized. The first
objective of this one is to compute the different forces exerted
on the MPM. This computation has been used to design the
experimental device. The second objective is to compute the
displacement between two discrete positions depending on the
controlling currents in order to correlate the simulated results
with the experimental results.

To compute the electromagnetic and the magnetic forces,
the flux density generated by a Permanent Magnet (PM) must
be first modelled. In the next paragraphs, an analytical
modelling of flux density is presented and two models of the
magnetic and electromagnetic forces are realized using this
analytical flux density modelling.

A. Analytical flux density modelling

The analytical flux density modelling is based on the charge
model. Using this model, a PM is reduced to a distribution of
equivalent magnetic charge. To realize this analytical
modelling, we suppose that each PM is rectangular, in free
space, its geometry is considered perfect and its magnetization
is considered uniform and oriented along the z-axis.

The expressions of the three components of the flux density
(B, By, B,) for any point in the space (x, y, z) are given in
Equations (1) [25]. The values (x, — Xi, Y2 — Vi1, Z2 — Z1)
correspond to the dimensions of the PM.

B. Force between two PMs

The second step is to model the magnetic force exerted
between two PMs. Two PMs (PM1 and PM2) are considered
fixed and their elastic deformation is neglected. Their
magnetizations are considered uniform and orientated along z-
axis. The expression of the force exerted by PM2 on PM1 is
given in Equation (2) [25].

The o, represents the surface charge density of the two
surfaces S where the poles of PM1 are located. The B,,; vector
is the flux density generated by PM2 around PMI1 and is
computed with Equations (1). Because in most cases it is not
possible to evaluate Equation (2) analytically, the force is
obtained by discretizing the surfaces S of PMI1 in p surfaces
AA,. The flux density is computed for each AA, surface and
the force is obtained with Equation (3) [25].
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C. Force between PM and wire

The third step is the modelling of the electromagnetic force
exerted on a PM by a wire surrounded by the external flux
density (B.,;) generated by the PM. The expression of this
Lorentz force acting on the wire when a current (I) passes
through it is given in Equation (4) [25]. Equations (1) are used
to compute the flux density generated by the PM around the
wire.

=1 dxB, @

Electromagnetic

Moreover, computations of the magnetic field generated by
the current in the wires have been realized with a semi-
analytical software (RADIA) which shows that the influence of
this effect represents 0.3% of the total force exerted on the
MPM. As a consequence, in this modelling, the magnetic field
generated by the current in the wires is then not considered
because it is negligible in comparison with the magnetic effect
between the MPM and the FPMs and the electromagnetic
effect between the MPM and the wires.

D. Design of the device

The three models (flux density, magnetic and
electromagnetic forces) were compared with semi-analytical
and FEM models which permit to validate them. The presented
models were then used to design the digital actuator. The
interactions between the MPM, the four FPMs and the two
wires were considered. The flux density exerted around the
MPM (B,,,) is the sum of the contribution of each FPM and the
total force exerted on the MPM is the sum of the magnetic and
electromagnetic forces.

The properties of the NdFeB PMs which compose the

experimental device are given in Table I. In a first study,
several computations of forces were realized and we have
estimated that under normal conditions, a magnetic force of 1
mN is necessary to hold the MPM in discrete position. To
obtain this holding force, the FPMs must be placed at a
distance of 17 mm from the stop (d; in Figure 1).

TABLEI
DIMENSIONS AND REMANENT MAGNETIZATION OF PMS

Dimensions -
Magnet (mm) Remanent magnetization (T)
MPM Sx5x%x2 1.345
FPM 10x5x2 1.43

Figure 2 represents the three components of the total force
exerted on the MPM (Fy, Fy and F,) in function of its position
along the x-axis. The different curves represent different
driving current values (0 A, 3 A and 5 A) in the y-wire, called
“x-axis switching wire”. Here, the current in the x-wire
(holding current) is zero. The discrete positions (—x, +y) and
(+x, +y) are located at —0.5 mm and +0.5 mm respectively for
a given stroke of 1 mm.

The component of the total force along the x-direction is
represented in Figure 2a. When the MPM is in discrete
position (0.5 mm), a holding force of +1 mN is exerted by the
FPMs on the MPM. This force can be considered linear in
function of the x-position because of the small stroke (1 mm)
in comparison with the dimensions of the PMs (5 mm) and the
long distance of the FPMs from the stop (d; = 17 mm in Fig.
1). If the FPMs are placed nearer to MPM or if the stroke is
increased, non linearity would appear. The distance d; depends
on the desired holding force (I mN) and the remanent
magnetization of the FPMs (1.43 T). When a current passes in
the y-axis wire, the straight line is shifted upward. This upper
shift corresponds to an addition of a positive electromagnetic
force in comparison with the initial configuration. This force
represents 3.9 mN and 6.5 mN for 3 A and 5 A driving
currents respectively. The slope of the line for each driving
current is not modified by the value of the driving current.
Indeed, the slope which represents the gradient of the magnetic
force applied to the MPM is only fixed by the position of the
FPMs. This gradient is not affected by the driving current
because the two effects, magnetic and electromagnetic, are
independent.

The component of the total force along the y-direction is
represented in Figure 2b. This force corresponds to the holding
force. The scale accentuates the variation but it varies slightly
in function of the x-position. The force value is a little bit
higher for the 0 mm position (+0.43%) than for the £0.5 mm
position. Indeed, when the MPM is in the middle position (0
mm), the flux density generated by the FPMs around the MPM
is maximum because the MPM and the two FPMs are aligned
along the y-axis (Fig. 3b). For the two extreme positions (0.5
mm), the flux density is a little lower because the MPM and
the two FPMs are misaligned (Fig. 3a and 3c). The curves for
different driving currents (0 A, 3 A and 5 A) are superimposed
because the driving current has no effect on its value. The wire
is indeed oriented along the y-axis.
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Fig. 2. Total force exerted on the MPM in function of its position and the
driving current a.Fy b.Fy c.F,

The F, force corresponds to the vertical component of the
total force (Fig. 2c) which is exerted when a current passes
through a wire and when the MPM is misaligned with the
driving wire (Fig. 3a and 3c). In this case, the orientation of
the flux density around the wire is not totally along the z-axis
but there is also a component along the x-axis which generates
vertical force. It is null when the PM is in the 0 mm position
and maximum when the PM is in discrete position (0.5 mm)
(Fig. 2¢). Unlike the force along the x-axis, the slope of each
line of the vertical force is function of the driving current. The
vertical force is considered because it may disturb the
functioning. Indeed, a vertical force can lift up the MPM if its

value is higher than its weight.
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JL- — current
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Fig. 3. Position of the MPM related to the FPMs
a. & c. misaligned b. aligned
Note: The two FPMs in the x-direction are not represented

In addition of these forces, when a driving current is used, a
torque around the z-axis is exerted on the MPM when it is in
discrete position. This torque is a function of two phenomena.
The first one comes from the mismatch between the
geometrical centre of the MPM and of the origin of the global
coordinates system and the second one is due to the difference
between ly and ly’ in Figure 3a. However in the experiments,
ly’ — Iy (1 mm) is very small in comparison with the length of
the wire Ly (120 mm). Computations were done with semi-
analytical computing software (RADIA) and it was found that
this torque value is negligible (7x10® mN.mm with a 7 A
driving current value) and does not disturb the trajectory of the
MPM during a switch.

The second objective of this modelling is to compute the
displacement of the MPM. In this case, the dynamic effects,
the weight of the MPM, the friction and the adhesion are taken
into account. A friction force (Frycion) 1 computed with the
weight (W) of the MPM and with the friction coefficient
UFrictions PFriction = W X UFriction- Lhe lateral friction generated by
the holding effect which forces the MPM to be in contact with
the lateral stop is also considered, Fiu. pricion = Frowing X
HLat. friction- These two friction forces (FFriction and FLat. friction) are
subtracted from the total force exerted on the MPM along the
displacement axis. For the adhesion phenomenon, an adhesion
force (Fagnesion) 1S computed with the weight (W) of the MPM
and the adhesion coefficient tagnesions Fadhesion = W X U Adhesion-
If the total force value enters in the range [—Fagnesion, +Fadnesion]
its value is set to zero. The three coefficients (Ugricton,
Uiat friction aNd U adnesion) Were determined with experimental
measurements using an inclined plane and with correlations
using experimental displacement curves. The MPM is covered
with a gold coating and is laterally in contact with a stop made
up of aluminium and with glass on its lower face to avoid
electrical contact between the MPM and the wires and to have
a plane surface on which the MPM is moving. The values
considered for the coefficients are: ugicion = 0.41 (gold —
glass), ppa fricion = 0.3 (gold — aluminium) and uaghesion = 0.48
(gold — glass).

The previous Equations (1), (3) and (4) are implemented
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directly in the displacement modelling. The total force exerted
on the MPM is computed using these equations. The
acceleration (y) is computed in agreement with the Newton’s
inertial equation (5) and is function of the total force exerted
on the MPM and of its mass (m = 449 +1 mg). The values of
velocity (v) and displacement (d) are computed by using time
derivative of the acceleration. A MATLAB™ simulation is
carried out by implementing this model.

- - > 2_‘
ZF=m}/=mﬂ=md zd ®)
dt dt

IV. EXPERIMENTATION

A. Experimental actuator

An experimental device of a four discrete positions
electromagnetic actuator was manufactured. The details of this
experimental setup are given in Table II. The control signal is
composed of two currents (driving and holding). A computer
and a data acquisition board (PCI NI 6733) are used to
generate two voltages using the Labview™ software. These
two voltages are converted by two independent amplifiers
(voltage-current converters), one for each axis. The input
voltage and the output current of the amplifiers are
respectively in the range [0 V, 10 V] and [0 A, 7 A]. The
conversion is linear in this range and the bandwidth is 50 kHz.

TABLEII
DETAILS OF THE EXPERIMENTAL SETUP

Dimensions

25 cm?
5 mm x 5 mm x 2 mm
10 mm X 5 mm X 2 mm
@ 0.5 mm x 120 mm

Overall dimensions
MPM dimensions
FPMs dimensions
Wire dimensions

Thickness of the stop 3.5 mm
Height of the stop 2 mm
Thickness of the thin glass layer 160 pm
Distance d; (Figure 1) 17 mm
Distance ds (Figure 1) 410 um
Materials
PMs NdFeB with gold coating
Stops Aluminum
Wire Copper
Remanent magnetization
MPM 1.345T
FPMs 143T
Experimental parameters
Theoretical stroke 1 mm
Controlling current range 0Ato7A

An electric pulse is used to switch between the discrete
positions. During the experiments, the width of the pulse is
always longer than the switching time in order to be sure that
the MPM reaches the second discrete position before the end
of the pulse. With this configuration, the MPM switches only
between the discrete positions and can not reach another
position. The holding force of this actuator is 1 mN when the

MPM is in discrete position. When the MPM is near to the
middle of the stroke (0 mm x-position), the holding force in
the x-direction is near zero. If the electric pulse is shorter than
the switching time, the friction and adhesion effects may stop
the MPM in a position located between the two discrete
positions. This actuator is then intrinsically not a bistable
actuator but remains a digital actuator. However, the control is
realized to obtain a bistable behaviour. Figure 4a represents an
overall view of the experimental device. The MPM, the FPMs
and the two wires are easily viewable in Figure 4b and the
MPM on which a mirror is glued in Figure 4c.

Optical probe

Inclined

MPM .
mirror

- 5mm

c

Fig. 4. a. Experimental device b. Zoom on the actuator c. MPM and mirror

B. Displacement sensor

During the experiments, a measurement of the displacement
of the MPM was performed. This measurement is however not
easy to realize because of the dimensions of the MPM and the
stroke of the actuator. Moreover, the displacement
measurement does not disturb the functioning of the actuator
which does not need sensor when it is used in real
applications. The choice of a miniature optical sensor was
made because of the contact-less measurement technique (Fig.
4a). A mirror should be fixed on the MPM of the actuator (Fig.
4c). In normal conditions, the plane of the mirror should be
orthogonal to the measurement axis which is collinear to the
displacement axis. The principle of an inclined mirror is
chosen in order to lower the position of the centre of gravity of
the system “MPM + mirror” which avoids disturbances in the
functioning of the actuator. In the configuration of the
experimental measurements, the range of the sensor is 2 mm,
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its resolution is 0.34 um and the acquisition frequency is 500
Hz. The optical sensor is a fibre optic probe which is
composed of an emission fibre and four reception fibres. Light
coming from a LED is emitted by the emission fibre then
reflected by the mirror and finally collected by the reception
fibres. The output voltage of the sensor is a function of the
quantity of light collected then of the distance between the
sensor head and the mirror. The measurement technique using
an inclined mirror has been described in details in [26].

C. Experimental results

Experimentations are realized with different driving current
values [3 A, 7 A] and holding currents values [0 A, 5 A].
Figure 5 represents the evolution of the position of the MPM
in the x-direction as function of time. Twelve switches
between the +x and —x positions are shown. For this
experiment, the y-axis wire is the driving wire and the x-axis
wire is the holding wire. The driving current is +3 A or -3 A
according to the displacement direction. The width of the
current pulse is 125 ms and the MPM stays in discrete
positions during 200 ms. The real stroke of the actuator is
measured with the optical sensor, doing an average and taking
into account the standard deviation on the twelve switches.
The experimental stroke is (968.55 £+ 0.23) um. The difference
between the experimental stroke (968.55 um) and the
theoretical one (1000.00 um) can be explained by the real
dimensions of the MPM (5.000 + 0.006) mm and of the stop
(5.944 + 0.026) mm that are different from the theoretical
dimensions due to manufacturing tolerances. The + 0.23 um
value corresponds to repeatability of positioning of the
actuator.

0.6 4

125 ms
- [ posion |
il 11) il
! |

I
I
I
I
I
0.2 }
I
I
I
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X position (mm)
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021+
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.
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0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2

"\) o
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Stroke 968.55 um

Position

Time (s) — — — —Driving current

Fig. 5. Displacement curve in the x-direction — Twelve switches

Figure 6 represents five transitions between +x and —x
positions. The values of the driving and holding currents are
respectively 5 A and OA. The values of the driving current do
not permit to consider an instantaneous switch. There is then a
transient effect between the discrete positions. At the
beginning of the switch, the velocity is zero. Then, it increases
to reach the maximum value when the MPM reaches the —x
position. The increase of the velocity explains the shape of the
displacement curve. It is observed that the transient effect
between the two discrete positions is very repeatable: the

curves of each switch are similar and are well superimposed.
When the MPM reaches the —x position, an oscillation
phenomenon is visible. This phenomenon corresponds to a
measurement artefact of the optical sensor. Indeed, an
orientation of the MPM modifies the quantity of light collected
by the sensor which interprets the orientation by a
modification of the position of the MPM.

0.6
—n°1

—n°2
0.4 —n°3
—n°4

—n°5

0.2

-0.4

X position (mm)
o

-0.6

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (s)

Fig. 6. Five switches from the +x position to the —x position

The next results emphasize the influence of the driving and
holding currents on the switch between two discrete positions.
Figure 7a represents the evolution of the transient effect when
the driving current increases from 3 A to 7 A without holding
current. For these current values, the switching time ranges
from 12.1 ms to 29.1 ms. It is observed that the switching time
decreases when the driving current increases. In this case, the
actuation force increases too, then the switching time is
reduced. Figure 7b represents the evolution of the transient
effect with a 5 A driving current value and when the holding
current increases from O A to 5 A. For these currents values,
the switching time ranges from 15.7 ms to 22.9 ms. The
switching time increases when the holding current rises
because of the increase of the lateral friction generated by the
holding current.

D. Comparison between experimental and simulated
dynamic behaviour

The displacement modelling previously presented was used
for the comparison with the experimental results. With this
modelling, the displacements were computed for any driving
and holding currents. The comparison for driving currents
from 3 A to 7 A without holding current (Fig. 7a) shows a very
good correlation between experimentation and simulation
results. The shape of the displacement curves and the
switching times are very similar in each configuration. The
oscillation phenomenon generated by the artefact of
measurement is visible on each experimental curve but not on
the modelled curve because this was not taken into account in
the modelling.

Figure 7b  represents the comparison between
experimentation and simulation for 5 A driving current with 0
A, 1 A, 3 A and 5 A holding current respectively. The
correlation between experimentation and simulation is still
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good whatever the holding current value which means that the
lateral friction integrated in the modelling corresponds to the
experimental behaviour observed. As it is mentioned before,
the holding current may be used to reduce the straightness
error of the actuator during a switch. When a holding current is
used, an increase of the holding effect forces the MPM to be in
contact with the lateral stop. Moreover, if exterior disturbances
can potentially disturb the switch of the MPM, the holding
current, which forces the MPM to be in contact with the stop,
can be adapted in order to reduce the straightness error due to
the disturbance. One of the prospects is to improve the
measurement of the lateral displacement during a switch to get
the experimental value of the straightness error.
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Fig. 7. Comparison between simulation and experimentation
a. Influence of the driving current b. Influence of the holding current

On the experimental displacement curves, the switching
times are not easy to be determined because of the oscillation
phenomenon observed when the MPM reaches the target
position. To compare simulation and experimentation, the rise
times are then studied. The rise time corresponds to the time
necessary to pass from 10% to 90% of the total stroke of the
MPM. In Figures 8a and 8b, the same experimental points are
plotted in two different ways in order to highlight the influence
respectively of the driving and holding current on the rise time.
The dots represent the experimental values and the modelled
results are represented by the lines. In Figure 8a, the different
lines correspond to different holding current values from 0 A
to 5 A. In Figure 8b, the lines correspond to different driving

current values from 3 Ato 7 A.

In Figure 8a, when the holding current increases, the rise
time and the lowest driving current necessary to switch
increase. Indeed, without holding current, 3 A driving current
is enough to switch the MPM but with 3 A holding current, the
former driving current is no more sufficient. In this
configuration, the MPM doesn’t switch because of the high
lateral friction which is higher than the driving force. In Figure
8b, the influence of the driving and holding currents previously
described are also observed. Besides, the increase in the rise
times generated by the holding current is more important on
low driving currents than on high driving currents. The total
force exerted on the MPM corresponds to the driving force
minus the friction and lateral friction forces with the
consideration of the adhesion effect. When a low driving
current is used, the total force is slightly higher than zero. The
MPM switches then slowly. When a holding current is added,
the lateral friction is increased. This increase represents a high
variation of the total force then of the rise time (4.1 ms-A’!
with 3 A driving current). On the opposite side, when a high
driving current is used, the total force is clearly higher than
zero. The MPM switches then quickly. In this case, when a
holding current is added, the increase of the holding force
represents a small variation of the total force then a small
variation of the rise time too (0.3 ms-A" with 7 A driving
current).
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Figures 7 and 8 show that the displacement curves and the
rise times computed using the modelling correspond well to
the experimental measurements for all the range of driving and
holding currents. The average relative error between
experimental and modelled rise times (Fig. 8) represents 3.6%.
From this accordance between experimental and simulated
results, it is considered that the mechanical and magnetic
hypotheses realized in the modelling are suitable and that the
phenomena considered in the modelling are really those which
characterize the actuator behaviour.

Finally, the measurement of the payload capability was
realized. On the upper side of the MPM, a mass was fixed (the
mirror was removed) and the set “MPM + mass” was
switched. The maximum mass displaced experimentally by the
actuator was 1.3 g with a 6.5 A driving current without holding
current.

V. COMPARISONS OF PERFORMANCES

Table III gives a comparison of the performances between
the presented actuator and other digital actuators. The
dimensions, degree of freedom, energy consumption for a
switch, switching time, stroke and driving force are compared.
It is observe that the dimensions of the presented actuator are
greater than the other actuators. Most of them have been
indeed manufactured using microfabrication. However, this
big size permits to have a longer stroke and to produce higher
driving force. The energy consumption to switch is among the
highest because of the big size. The switching time is about the
same among the different actuators and represents several
milliseconds except for one actuator which is lower than a
millisecond. Finally, the main advantage of the presented
actuator is the two degrees of freedom which permits to move
the MPM independently in two orthogonal directions.

VI. CONCLUSION

Based on digital principle, an electromagnetic actuator
having four discrete positions was developed. A modelling of
this actuator was realized using the charge model. An
experimental actuator was designed using this modelling and
manufactured. Experimentations were realized and the
displacement of the MPM was measured using an optical
sensor. The displacement curves and the rise times were
compared to the simulated results. A good correlation between
the numerical and experimental results was observed for all the
range of controlling (driving and holding) currents which
means that the phenomena considered in the modelling are
really those which control the actuator behaviour. In this work,

only one axis of the actuator was presented because the
objective was to validate the principle of discrete
displacement. In a future work, the two axes of displacement
will be presented.

During the actuator manufacturing, the wires and the thin
glass layer were manually assembled. This step is very
important because the performances of the actuator strongly
depend on it. In near future, the influence of the assembly and
manufacturing errors (error in the positioning or orientation of
the FPMS and wires, variation of the remanent magnetization
of the PMs, etc.) will be studied and a second four discrete
positions actuator will be designed and manufactured
considering this analysis. In addition, the straightness of
displacement will be studied and the influence of the driving
and holding currents on it will be quantified.

Applications can be found as well with single actuator
devices as multiple actuators devices and will be investigated
in future works. For example, 2D micro tribometers with
single actuator device is a new way to analyze contact between
two bodies. Another application using a multiple actuators
device can be applied to the optical profilometry field to get
new long-range instruments including 2D positioning stage
composed of numbers of microfabricated elementary digital
electromagnetic actuators. In this case, the actuation force of
this stage will be the sum of the whole elementary forces and
this device will have two orthogonal displacement axes, like
each elementary digital actuator.
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