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Abstract This work aims at increasing the velocity of micrometer scale par-
ticles controlled by non contact magnetic actuation systems. The particles are
placed in an ambient environment (i.e. in air) to minimize the drag forces.
However this approach raises two major issues: the repeatability and the pre-
cision of position are difficult to obtain in ambient environments due to the
adhesion force between the substrate and the particle. This work proposes to
use first a magnetic torque to provoke in-plane rotation of the particle to over-
come adhesion between the particle and the substrate. Then a magnetic force
is applied to induce the movement of the particle. To ensure that the static
friction is broken and that the position of the particle can be controlled pre-
cisely a current pulse actuation mode is used. A dedicated closed loop control
law which controls both the amplitude and the duration of the current simul-
taneously is proposed to ensure accurate positioning of the particle. Speed
during pulse can reach 176 mm/s (more than 350 body lengths per second) in
open loop on silicon substrates. Adhesion is overcome in 95% of the tests using
the magnetic torque, compared to 66% using classical approaches. Precision
of positioning of less than 20% of the size of the particle can be reached. The
approach proposed in this paper is generic so that it can be easily transposed
to other systems in the literature. The large number of experimental tests
provides a deep understanding of the possibilities and challenges of magnetic
actuation in ambient environments.
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1 Introduction

Micrometer scale is the scale of biological cells, but also the scale of MEMS
and NEMS components. There is thus a huge applicative interest in the ma-
nipulation of micrometer size objects. However fast, precise and repeatable
positioning remains a challenge at this scale. Classical approaches, based on
the use of grippers and tips, suffer from the inertia of the robotic structure
which limits the manipulation speed [1] [2]. To overcome this issue remotely
actuated microrobotic systems, based on remote force fields to position the
microobjects, have gain a large interest these last few years [3], [4].

Among the most commonly used force fields magnetic actuation is highly
attractive since important and long range forces can be produced by the coils
[5], [6], [7], [8]. Rotating magnetic fields actuate helical microrobots [9] while
magnetic field gradients are widely used to induce displacements of magnetic
particles [8], [10]. Oscillating fields move particles with a mass-spring architec-
ture [11] and the magnetic torque induces stick slip motion if the particles are
on a substrate [12]. The motion of the particles can be controlled either in the
plane (2D motion) [13], or in space [14]. The independent control of several
magnetic particles using a single force field is presented in [15]. Indirect manip-
ulation where magnetic particles are used as tools to manipulate non magnetic
objects is demonstrated in [16] or in [17]. In [18], magnetic actuation controls
on-board degrees of freedom, to remotely open and close grippers. However,
even if some works report high velocities in specific conditions [13], [19] only
very few works propose strategies to increase the velocity of the displacement
of the particles on non specialized surfaces.

The goal of this article is to propose practical solutions to increase the
velocity of magnetically actuated micrometer particles on non-specialized sur-
faces. To increase the velocity the drag forces must be minimized. To fulfill this
requirement this work proposes to place the particles in ambient environments
(the particles are actuated in air). However this approach raises two major is-
sues: (i) the repeatability is difficult to obtain in ambient environments due to
the adhesion between the substrate and the particle that must be overcome
before a movement occurs and (ii) the precision of positioning is difficult to
obtain since high amplitude magnetic force is used to reach high velocities.
Most of the works dealing with magnetic actuation get rid of these issues by
placing the particles in a liquid [14], [20]. Adhesion between the substrate and
the particle is then highly reduced, and the viscosity of the liquid induces an
important drag force that limits the velocity. This work aims at evaluating the
performances that can be reached while placing the particles in air.

Two previous works proposed an original approach to increase repeatabil-
ity of actuation [21], [22]. In [21] a piezoelectric actuation is used to overcome
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adhesion between the particle and the substrate. However it necessitates to
apply high voltages which present the risk of electrical breakdowns. In [22]
substrates of different materials are proposed and textured using clean room
facilities to reduce either the contact area between the particle and the sub-
strate or the electrostatic charges. However it requires time consuming micro-
fabrication process of the substrate. This current work proposes a different
strategy, for non specialized surfaces. First a magnetic torque is used to pro-
voke in-plane rotation of the particle (contrary to stick-slip actuation which
uses out of plane rotation) to overcome adhesion between the particle and the
substrate. Then a high magnetic force is applied to induce the movement of
the particle. To ensure the precision of positioning despite the application of a
high magnetic force this work proposes a specific control mode, using current
pulses in which high currents are applied for a short duration. Two inputs, the
duration of the actuation and the current set to the coils can be controlled. In
[22] the control law controls only the duration of the signal. On the contrary, in
this work, a dedicated control law able to control these two inputs simultane-
ously is proposed and evaluated. It is based on these two proportional-integral
PI controllers.

The experimental results show that a precise positioning of the particle
can be reached in a limited number of steps. This works opens the door to
advanced control aiming both at increasing the velocity of the control, and the
complexity of the tasks performed by the micrometer size particles. Remote
handling of components, or remote assembly is envisioned. From the applica-
tion point of view, as it is performed in ambient environments, this actuation
technique is of interest for the handling of MEMS and NEMS components as
long as they are compatible with magnetic fields.

This paper is organized as follows. The experimental setup is presented in
Sec. 2. Sec. 3 presents a strategy based on the magnetic torque to overcome
adhesion in order to improve repeatability for magnetic actuation in ambient
environments. Current pulse actuation is analyzed in Sec. 4. A dedicated closed
loop control is proposed to ensure the precision of positioning. Sec. 5 concludes
the paper and provides directions for future works.

2 Magnetic actuation at the micrometer scale

2.1 Magnetic actuation platform

The setup is composed of the micrometer size particle that must be controlled,
and a macroscopic system dedicated to the detection and actuation modules
(see Fig. 1). To generate large magnetic gradients and thus large magnetic
forces a specific care has been taken to the compactness of the actuation
platform. In addition, ferromagnetic cores are added to the coils.

The micrometer size particle is fabricated using clean room facilities (see
[22] for details). A layer of around 25µm of nickel is made by electrodeposition
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on a sacrificial substrate. The particles are obtained by saw dicing the sample
at the desired dimensions (around 500µmx300µmx25µm). One single particle
is then placed on a substrate, either on glass or on silicon. To limit dust de-
posited on the substrates, which is a major issue for repeatability, the particle
and the substrate are placed on a sealed arena inside a controlled environment.
During the assembly the temperature of the room is regulated to 24 ◦C, and
the assembly is performed in a microbiological safety cabinet (PSM airster 20,
MMSI). This cabinet limits dust deposition since it is a class 100 FED STD
209E, equivalent to class 5 ISO EN 14644 cabinet.

The detection of the particle is performed by a camera. Both the position
of the center of mass and the orientation of the particle are determined by
classical image processing techniques (erosion, dilatation, canny filter). The
actuation of the particle is ensured by four orthogonal in-plane coils that
generate a magnetic field. A digital to analog National Instrument converter
PCIe 6259 and a voltage-to-current amplifier are used to apply the currents
determined by a PC to the coils. Two parameters can be controlled for each
coil e (e = 0, .., 3): the amplitude of the current ie and the duration of the
signal he. When powered the coils produce a magnetic field B. A magnetic
object placed in the vicinity of the coils experiences both a magnetic force Fm

and a magnetic torque Tm given by:

Fm = V(M • ∇)B (1)

Tm = VM×B (2)

where V and M are respectively the volume and the magnetic moment of the
particle. A PC running real time Xenomai/Linux controls the input of the
coils and processes the images coming from the camera.

2.2 Determination of the magnetic field

To move the particle to a given position a magnetic force Fm must be applied.
The control law computes the corresponding magnetic field B to be produced
by the coils (Eq. (1)). Since the relation between Fm and B will be used for
closed loop control (Sec. 4.2) the model of the magnetic field must be invertible
in real time. A polynomial function approximation is used in this work. The
coefficients of this function are identified from experimental measurements
made by a hall sensor (GaussMeter Hirst GM08) mounted on a motorized
micromanipulator. For each coil powered by a given current (ie=1,..,4 A),
three measures are made at a given position (x, y). Results for coil e = 0
and i0=3 A are given in Fig. 2 where the dots represent the mean value of
the magnetic field. For a given current, the variation of the magnetic field
along the longitudinal direction of the coil Bx can be interpolated by a 3 order
polynomial function along the x axis and by a 2 order polynomial function
along the y axis. The one representing the magnetic field along the radial
direction of the coil By can be interpolated by a 2 order polynomial function
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Fig. 1 Experimental platform. a) Global view of the non contact actuation platform. b)
View of the arena that includes the micrometer size particle. c) Visual detection of the
particle position and orientation. P is the position of the particle and θ is its orientation.

1 A 2 A 3 A 4 A 0P̄22[m,n] σ 0P22[m,n]

0P22[0, 0] 9,13 10,02 10,86 11,22 10,31 0,93
0P22[1, 0] -1,32 -1,15 -0,95 -0,80 -1,06 0,22
0P22[0, 1] -3,34 -4,00 -4,61 -4,92 -4,22 0,70
0P22[2, 0] 0,12 0,09 0,07 0,05 0,08 0,03
0P22[1, 1] 0,08 0,10 0,10 0,09 0,09 0,01
0P22[2, 2] 0,46 0,56 0,65 0,70 0,59 0,11

Table 1 Values of the coefficients of polynomial 0P22 interpolated for different values of
current. The numbers inside brackets, referring to m and n are the degree of the coefficient of
the polynomial 0P22 for the x and y variable respectively ( 0P̄22[m,n] refers to the coefficient
of the term xmyn).

along both x and y axes. The order of the interpolation functions is chosen to
fit correctly the experimental data. In addition, the magnetic field is considered
proportional to the current ie [14]. The magnetic field produced by one coil e
is:

B∗ = ePjk(x, y)ie (3)

where B∗ stands either for Bx or By, P is a polynomial function of order j,
respectively k along ex,respectively ey axis. The coefficients of the polynomial
functions ePjk are identified by a polynomial regression based on the least
mean square technique for each value ie. Table 1 presents the coefficients of
the polynomial 0P22 for each value of ie, as well as the mean value and the
standard deviation. Since the values of 0P̄22[j, k] determined do not vary
much depending on the current, the mean values are taken as the coefficients
of the polynomials. Interpolated values B̂x, B̂y are compared to experimental
measurements in Fig. 2. The coefficients of determination are respectively 0.94
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Fig. 2 Experimental (represented by the dots) and interpolated (represented by the sur-
faces) values (Bx, By) for coil e = 0 and i0=3 A.

and 0.68 for B̂x, B̂y. The interpolation of B̂y is less precise than B̂x because
the values of the radial magnetic field produced by the coil are lower than the
ones of the axial magnetic field. Measurements using the hall sensor are thus
less accurate. This interpolation is however considered satisfactory for closed
loop control of the particle as the feedback loop will correct the variations
between the values of the magnetic field predicted by the model and the real
ones. If the magnetic actuation system has to be used in open loop, a more
accurate model would however be required. Model-based calibration could be
an interesting alternative [23].

The magnetic field produced by the three other coils can be deduced from
these results by considering that the coils are orthogonal. However, to take
into account the slight differences of the coils, due for example to a slightly
different number of turns, the same study is performed for the three other coils.

It is supposed that the core of the coils are ideal soft-magnetic materials,
that hysteresis is negligible and that the system is operated with the cores in
their linear magnetization region. In that case, the magnetic field produced by
the four coils is the superposition of the magnetic field produced by each coil
[14]. The magnetic gradients Bdx(P) and Bdy(P) are obtained by the spatial
derivation of this field:

Bdx(P) =

(
∂(0P32(x,y))

∂x
∂(1P22(x,y))

∂x
∂(2P32(x,y))

∂x
∂(3P22(x,y))

∂x
∂(0P22(x,y))

∂x
∂(1P23(x,y))

∂x
∂(2P22(x,y))

∂x
∂(3P23(x,y))

∂x

)
and :

Bdy(P) =

(
∂(0P32(x,y))

∂y
∂(1P22(x,y))

∂y
∂(2P32(x,y))

∂y
∂(3P22(x,y))

∂y
∂(0P22(x,y))

∂y
∂(1P23(x,y))

∂y
∂(2P22(x,y))

∂y
∂(3P23(x,y))

∂y

)
where P is the position of the particle. The magnetic force can be obtained
from the previous results:

Fm = G(P, θ)I (4)
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where I = [i0 i1 i2 i3]T is the current sent to the coils and G(P, θ) is defined
as:

G(P, θ) =

(
VM(θ)TBdx(P)
VM(θ)TBdy(P)

)
(5)

and P = [x y]T is the position of the particle, θ is its orientation and M is its
magnetisation given by:

M(θ) = ||M||[cos(θ) sin(θ)]T (6)

The particle is made from electrodeposited nickel. The magnetization ||M|| is
considered constant here and equal to 4.7 105A/m according to [24].

These last equations will be used in Sec. 4.2 to compute the current I sent
to the coils to produce the required magnetic force to position precisely the
particle.

3 Magnetic torque for increased repeatability

In an ambient environment the drag forces are greatly reduced due to the low
viscosity of air, which enables to generate high speed displacements. However it
first necessitates to overcome the adhesion forces between the particle and the
substrate, which makes repeatability a major issue. In [22] different substrates
are analyzed to reduce adhesion and increase repeatability. Experiments show
that the polished silicon surface presents a reduced roughness and electrical re-
sistivity. It guarantees the highest percentage of particle displacements among
the tested surfaces (glass, structured silicon and polished silicon). However, it
induces a strong limitation on the substrate that must be used. To overcome
this limitation, an original approach based on the application of a magnetic
torque to overcome adhesion is proposed and evaluated in this section.

To demonstrate the benefit of the proposed approach based on the magnetic
torque we purposely chose to perform all experimental tests of this section
on a common substrate, glass, which induces issues in terms of repeatability
(according to [22]).

3.1 Proposed approach

To break the contact between the particle and the substrate a magnetic force
Fm and/or a magnetic torque Tm greater than the adhesion force between
the particle and the substrate Fadh and the corresponding torque Tadh must
be applied. Tm is a function of the magnetic field whereas Fm depends on
the gradient of the magnetic field (Eq. (2), Eq. (1)). At a distance d from the
magnetic source, the amplitude of the magnetic field decreases as d−3. The
one of the gradient of the magnetic field decreases as d−4 [25]. The torque is
thus a good candidate to overcome adhesion.

The proposed approach is to decompose the actuation of a particle in two
stages:
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Fig. 3 Application of a magnetic torque to produce in-plane rotation of the particle to
overcome adhesion. Left: initial position, right: position after the application of the magnetic
field.

ex

ey

ez

Fig. 4 Magnetisation of the particle. The magnetic moment is aligned with the long axis
of the particle, in the direction u. A magnetic field is applied with an angle φ to induce a
magnetic torque on the particle along ez .

– Stage 1: a magnetic torque is applied to break the contact between the
particle and the substrate. It must thus overcome adhesion. In this stage the
particle should experience an in-plane rotation around its center of mass.
The center of mass should stay at the same position. Any displacements of
the center of mass is referred to ”undesired displacements” in the paper,

– Stage 2: a magnetic force is applied on the particle, to move it to a desired
position.

The torque applied in this paper differs from stick-slip actuation since it
is about the z-axis, which provokes an in-plane rotation of the particle as de-
picted in Fig. 3. On the contrary, stick slip motion necessitates to apply a
torque about the x or y-axis [12], which requires an out-of-plane coil. The
setup used in this work is composed of only four in-plane coils, which prevents
from performing stick slip actuation.

The torque depends on the magnetic moment M. For soft ferromagnetic
particles, this moment tends to be aligned along the longest axis of the particle
(Figure 4) [26]. Based on Eq. (2) and Eq. (6) the magnetic torque can be
written as:

||Tm|| = V ||B|| ||M|| |sin(φ− θ)| (7)

It depends on ||B|| and the φ − θ angle. It is null for φ = θ and increases as
φ − θ increases until it reaches 90◦. The magnetic torque tends to align the
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Fig. 5 Determination of the parameters |φ−θ|min and hmin. To be considered the param-
eters should correspond to a value of ||B|| lower than 35 mT. The absence of a bar (for 30,
60 and 75◦) means that even after 200 trials the value of ||B|| still has to be increased to
detach the particle.

magnetic moment along the direction of the magnetic field. It is directed along
the ez axis.

3.2 Tuning of the actuation parameters

In Stage 1, to apply a torque to the particle, a magnetic field must be gen-
erated. However, as the coils are not in an Helmholtz configuration it is not
possible, using the setup presented in Fig. 1, to generate a uniform magnetic
field. A magnetic gradient is thus present in Stage 1. This magnetic gradient
induces an undesired magnetic force, which provokes undesired displacements
of the center of mass of the particle. The amplitude of the magnetic field ||B||,
its orientation φ and the duration of the signal h must be tuned to limit the
undesired displacements of the particle while applying the torque able to break
the contact between the particle and the substrate.

Experiments are performed for a (φ− θ) angle comprised between 15◦ and
90◦. Its value varies in increments of 15◦. Values below 0◦ would lead to a
rotation of the particle in the opposite direction, while values above 90◦ would
lead to a re-magnetisation of the particle. The duration of the signal varies from
0.5 ms to 1.5 ms. Two hundred iterations are performed as follows: a magnetic
field is applied with an angle φ and an amplitude ||B||. If the particle adheres
to the substrate the amplitude ||B|| is increased, otherwise it is kept constant.

For each angle, Figure 5 depicts the necessary amplitude ||B|| to detach
the particle for a given duration of application of the signal hmin. For a given
angle, the absence of a bar means that after 200 iterations the value of ||B||
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still had to be increased to get a repeatable detachment of the particle. A set
of parameters {||B||, hmin, |φ− θ|min} is considered as valid if the amplitude
||B|| converges after 150 iterations to a value lower than 35 mT. This limit
is set to avoid the heating of the coils. As shown in Fig. 5 all the set of pa-
rameters for which ||B|| converges are acceptable except for hmin = 0.5 ms,
|φ−θ|min = 15 ◦.The fact that the 0.5ms pulse often fail is most probably due
to the inertia of the particle. This will be verified in the next section since,
according to Fig. 7, it takes around 1 ms before a particle starts moving while
applying a force on a glass substrate, and few milliseconds when the particle
is on a silicon substrate. The duration of the pulse should thus be sufficient so
that the particle starts moving.

To evaluate the corresponding unwanted displacements the torque corre-
sponding to each set of selected parameters is applied 200 times. The rotation
as well as the amplitude of displacements are measured after a 1 second delay.
Figure 6 gives the percentage of tests that are successful (a displacement or a
rotation occurred), as well as the corresponding undesired displacements.

To limit the displacement of the center of mass in Stage 1, the duration
of application of the undesired force (and thus of the magnetic torque) has
to be limited. Indeed, the displacement is the double integral over time of the
acceleration of the particle, which is directly linked to the force that is applied.
The shorter the application of the undesired force is, the smaller the undesired
displacements of the particle are. However, long duration of application of the
torque corresponds also to the highest percentage of successful tests. In this
work, it is chosen to place emphasis on the criterion of successful tests as
undesired displacements can be corrected by closed loop control. The selected
parameters are thus an angle of 90o and a duration of the signal hmin =
1.5 ms. The corresponding ||B|| is equal to 20 mT according to Fig. 5. They
correspond to the highest success rate: 87% of successful tests.

3.3 Validation of the approach to increase repeatability

This section compares two approaches to induce a movement to the particle:

– the classical approach which consists in applying a force Fm to induce the
displacement,

– the proposed approach which consists in first applying a magnetic torque
to break the adhesion between the particle and the substrate, and then a
magnetic force Fm to induce the displacement.

For each approach the magnetic force Fm is the same, and is proportional to
||∇B|| = 4 mT/mm. The magnetic torque is applied with the parameters se-
lected in the previous section (|φ−θ|min = 90

◦
, hmin = 1.5 ms, ||B|| =20 mT).

Each approach is tested 100 times. The initial and final positions are set
randomly. The displacement of the particle is measured after a 1 second delay.
It might happen that some configurations are such that the classical and the
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(a) Percentage of successful tests (a movement occurs,
which proves that adhesion has been overcome).
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(b) Average values of the amplitude of the displacements
for each values (||B||, |φ− θ|min, hmin)

Fig. 6 Evaluation of the torque actuation for the values |φ− θ|min and hmin selected. 200
trials are performed for each set of parameters. (a) represents for each set of parameters
the percentage of tests, among the 200 trials, for which a displacement or a rotation of the
particle occurred. (b) represents the mean value and the standard deviation of the undesired
displacements of the center of mass of the particle.

proposed approach are similar, in case the displacement and the orientation of
the particle are 90 degrees apart. In that case a torque is also applied to the
particle in the classical approach. However, the high number of experiments
enable to get statically representative results.

Results are given in Table 2. A displacement occurs in 95 % of the tests
while using the magnetic torque in addition to the force, compared to 66 %
using the classical approach. The proposed approach is indeed suitable to
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increase the repeatability of the actuation in ambient environments. However,
as expected, it provokes larger displacements (mean value ||P̄||), with a larger
standard deviation (σP). A closed loop control must be implemented to correct
these unwanted displacements.

Actuation technique % of success Unwanted displacements
||P̄||[µm] σ||P||[µm]

Classical approach 66 158 239
Proposed approach 95 613 348

Table 2 Comparison between the classical approach for which only a magnetic force is
applied and the proposed approach that uses both a magnetic torque to overcome adhesion
and a magnetic force to induce the displacement of the particle.

4 Current pulse actuation

To ensure a break of static friction a magnetic torque is applied to the particle,
as well as a high amplitude force. However, to ensure the precision of position-
ing this high amplitude force must be applied for a short duration. A specific
actuation mode is proposed in this paper based on current pulses to limit the
time during which the coils are powered. The relevance of this approach is first
analyzed experimentally in open loop. To ensure the precision of positioning a
closed loop control law dedicated to the specificity of current pulse actuation
is presented.

4.1 Open loop current pulse actuation

The proposed actuation mode by current pulses is evaluated experimentally.
To get a deep understanding of the trajectory of the particle a specific high
speed camera, Fastcam SA1.1 from Photron [27] is used in this paragraph. It
records 5000 fps, but only off-line processing is possible. Figure 7 presents the
results. On a glass substrate the mean velocity during one pulse corresponds to
55 mm/s. Significantly higher velocities can be obtained on a silicon substrate,
since average speed during pulse can reach 176 mm/s, more than 350 body
lengths per second (which means that the displacement of the particle in 1s
corresponds to 350 times its size). These velocities can be compared to ones of
classical magnetic actuation systems at micrometer scale [13], [19]. Velocities
up to 20 mm/s (40 body lengths per second) are reached in an ambient envi-
ronment in [11]. In [28], 74 mm/s (128 body lengths per second) are obtained.
Velocities inside liquids are generally smaller due to drag forces. However high
velocities can be obtained in specific conditions, such as in [19] which reports
556 mm/s (1390 body lengths per second). The tests performed in this paper
use low amplitude currents (i = 3A) as their goal is only to demonstrate the
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Time [ms]

Substrate: glass

(a) Glass substrate

Time [ms]

Substrate: silicon

(b) Silicon substrate

Fig. 7 Position of the particle as a function of time when a single coil is powered (i = 3A,
h = 3 ms). A high frequency camera (5000 fps) records its trajectory for different substrates.
Speed during pulse up to 176 mm/s are reached.

relevance of the approach. However velocities higher than what is commonly
found in the literature in ambient environments are reached.

In addition it can be noticed that even if the duration of the current pulse
is only a few milliseconds (h = 3ms) the particle movement lasts several tens
of milliseconds due to inertia. In ambient environments, a short but high am-
plitude force must be applied to overcome adhesion. As long as the particle
is detached from the substrate, the quasi absence of drag forces enables to
generate large displacements, even after the magnetic force has been switched
off. This consideration highlights the relevance of current pulse actuation in
ambient environments.

4.2 Closed loop control for current pulse actuation

To ensure the precision of the position of the particle closed loop control is
implemented. In this paragraph a silicon substrate is used as the velocity is
higher than on a glass substrate. For this first work it is considered that re-
peatability on a polished silicon substrate is sufficient, as mentioned in [22],
so the classical approach, which consists in applying only a magnetic force, is
implemented.

The current pulse actuation mode necessitates a dedicated controller able
to control simultaneously two inputs, the amplitude of the current set to the
coils and the duration of the signal. The proposed control scheme is depicted
in Figure 8. Two independent proportional integral controllers (gain Kp and
Ki) controls respectively ie and he for each coil. The computed current pulses
are set to the coils. They generate a magnetic force during the computed dura-
tion h. This induces the movement of the particle. The new position P of the
particle is used as a feedback. The two independent controllers, which control
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Particle
Actuation 
platform

Control of the amplitude of the pulse

Control of the duration of the pulse

Fig. 8 Block diagram of the closed loop control of the position of the particle

respectively the amplitude of the pulse and its duration, are detailed below.

4.2.1 Controller dedicated to control the amplitude of the pulse

This first controller must compute the current to be set to the coils based on
the error of position of the particle.

The direct relation between the current set to the coils and the magnetic
force produced can be derived from Eq. (4)which provides the magnetic force
as a function of the magnetic gradient. The magnetic gradient can be obtained
from the magnetic field identified in Eq. (3). However this relation is non linear.
Indeed, for a given current ie, the force Fm that will be applied to the particle
depends on its position relative to the actuated coil. To use a PI controller a
different input should be used. One intuitive choice is to use the desired force
Fref that should be applied to the particle.

This force Frefmust be computed from the error of positioning ε . How-
ever, it is a real issue to know the exact force Fref that should be applied
to perform a given displacement. This is especially true in this article since
the experiments are performed in ambient environments, which means that the
particle is actuated in air and the environmental conditions are not controlled.
Adhesion between the substrate and the particle is unknown and varies greatly
depending on these experimental conditions (humidity, cleanliness of the sub-
strate ...). The estimation of this force is still an active research area, and it is
thus out of the scope of that article [4]. In this work, since the position of the
particle is controlled in closed-loop, it is not necessary to know the exact value
of the force. It is considered that Fref is proportional to the error ε between
the desired and the actual position of the particle (the proportional gain is
comprised in the KpIand KiI gains of the controller). The feedback loop will
correct the errors induced by the lack of a precise model.
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Fig. 9 Displacement of the particle as a function of the duration of the input signal for
different values of the magnetic field.

The currents iewill then be computed from the desired force Fref (Eq.(3)
and (4)): {

Fref −G(P, θ)I = 02

ie > 0 and ie < imax ∀e = 0, 1, 2, 3
(8)

For technical reasons the following constraints will be taken into account: the
current is limited to imax = 6 A (corresponding to the saturation block in Fig.
8), and no more than two coils will be powered simultaneously. The solution
of the equation is approximated using the standard least squares method to
compute the current IMC :

IMC = argmin
I

||Fref −G(P, θ)I||

Based on this equation the controller can compute the current that should be
set to the coils to perform the desired displacement.

4.2.2 Controller dedicated to control the duration of the pulse

The second controller defines the duration of the signal. The displacement of a
particle that undergoes a magnetic force during a time interval h is identified
experimentally. Fig. 9 presents the data obtained from 10 trials. For duration
below hoff = 0.5ms there is no displacement (corresponding to the saturation
block in Fig. 8). It can be seen that the relation between the displacement
and the duration of the signal (h− hoff ) is linear. This input can be used in
combination with a PI controller.
This second controller can thus compute the duration of the pulse necessary

to perform the desired displacement.
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Fig. 10 Closed loop control of the position of the particle. Each image corresponds to one
actuation step. The particle size is 470µmx300µmx25µm. Video is available as supplemen-
tary material.

4.2.3 Experimental validation of the control law

Experiments are performed to validate the control law. Ten tests are made
during which the initial and final positions of the particle are set randomly.
The experiments are stopped as soon as the error between the desired and the
actual position are less than 20% of the size of the particle. The experiments
are performed on a silicon substrate. Since the repeatability on a polished
silicon substrate is sufficient, as mentioned in [22], the classical approach,
which consists in applying only a magnetic force, is implemented.

An example of a positioning test is given in Fig. 10 where the position
of the particle for each step is recorded. Fig. 11 represents the corresponding
errors along the x and y axes for a given step. The mean value of the final
positioning error is 87 µm, which represents less than 20% of the size of the
particle. Around 15 actuation steps are necessary. These experiments show
that precise positioning can be reached in a limited number of steps using the
proposed control scheme.
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Fig. 11 Position of the particle along the x and y axes and related errors during the
experiment depicted in Fig. 10.

4.3 Discussion

The goal in this paper is to propose practical solutions to perform fast, re-
peatable and precise magnetic actuation of micrometer size particles. The ex-
perimental results show that applying a torque to break the contact between
the substrate and the particle enables to increase repeatability, and that the
control scheme dedicated to pulse actuation enables to perform precise posi-
tioning. These first results are highly promising. To go further several points
can be improved. In particular the system could be modeled more accurately,
and the control law could be modified.

Concerning the model, in this paper the magnetization of the particle is
considered constant (Sec. 2.2).However, since the value of the magnetization
depends on the properties of the object and its fabrication process, it might be
interesting to measure directly the magnetization of each particle using a VSM
(Vibrating Sample Magnetometer). Alternatively this value can be identified
based on open loop position response of a particle actuated by coils [13]. Using
one of these technique would improve the accuracy of the dynamic model of
the object, and could be used to improve the performances of the actuation
system. In this paper, the particle is controlled in closed loop. This is why an
approximated value of magnetization is sufficient since the feedback loop will
correct for the inaccuracy in the estimation of the magnetization.

Concerning the control, the closed loop control presented in Section 4.2has
been demonstrated on a silicon substrate because the velocity is higher than
on a glass substrate. For this first work it is considered that repeatability on
a polished silicon substrate is sufficient, as mentioned in [22].The classical
approach, which consists in applying only a magnetic force, is implemented.
The control law should be slightly modified as follows to include the strategy
based on torque actuation to break the contact between the substrate and
the particle in case adhesion prevents from performing the experiments. The
torque has to be applied each time adhesion between the substrate and the
particle prevents the particle from moving when a force is applied on it. Most of
the time it is sufficient to apply it only once, at the beginning of the experiment.
Adhesion between the particle and the substrate depends on the duration of
the contact. However, this dependency is still an open research area [4].To
ensure an efficient actuation despite this lack of knowledge about adhesion one
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solution is to monitor at each step if a displacement occurred or not after the
application of the force. If the particle did not move a torque should be applied.
This implies to slightly modify the block diagram of Fig. 8.On the feedback
loop a comparison should be made between the position of the particle at step
kand the one at step k−1. If the position is different, nothing special is done.

On the contrary, if the position is the same two cases must be considered.
Either the applied force Fm at step k was null (the particle is not supposed
to move), then nothing is done. Else, if the force applied at step kis not null
but the position at step k is the same as the one at step k− 1 this means that
adhesion prevented the particle from moving. A torque should be applied to
the particle to break the contact between the particle and the substrate, as
explained in Sec. 3.

The torque is applied to the direction |φ− θ|min = 90
◦
,no matter what the

direction of the desired displacement is. Then the force Fm should be applied
to the particle to move it to the desired position. The magnetic force depends
on the gradient of the magnetic field. However, depending on the relative po-
sition of the particle, the desired position and the orientation of the particle,
the particle might also experience a magnetic torque at this stage. For exam-
ple, if the goal position is in the same direction as the magnetization of the
particle, the magnetic torque will be applied to the direction |φ−θ|min = 90

◦

(first stage). In the second stage, a magnetic force will be applied. However,
since the orientation of the particle has been modified, the desired position is
orthogonal to the magnetization of the particle. The magnetic force will thus
also induce a torque to re-orient the particle. In this work orientation of the
particle is not controlled. This issue could be considered in future works by
using a low amplitude magnetic field set in the direction of the desired ori-
entation. The low amplitude will minimize the displacements of the particle
while enabling its rotation when the final position is reached.

At the moment the control is performed sequentially: an actuation signal
is sent to the platform and the detection of the particle is performed only after
100 milliseconds. This strategy has been adopted since the inertia of the par-
ticle induces a displacement of the particle long after the actuation signal has
been stopped (see Fig. 7). In the future predictive control could be investigated
to perform trajectory tracking. The goal of the generalized predictive control
is to find the optimal future control actions that drive the future process out-
put to track the reference trajectory as closely as possible based on the system
model in the presence of system constraints and disturbances [29]. In addition,
a linear closed loop control has been implemented. Despite its simplicity the
proportional-integral-derivative controller remains widely used in the litera-
ture to control magnetically actuated micrometer size particles [30], [31], [32],
[33], [13]. In this paper, the experiments show that precise positioning can be
reached in a limited number of steps using the proposed proportional-integral
control scheme. However advanced control laws would undoubtedly improve
the control. Since the magnetic field is non linear, control laws dedicated to
non linear systems should be considered in future works. In particular gain
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scheduling could be investigated. Gain scheduling is an approach to control
non-linear systems that uses a family of linear controllers, each of which pro-
vides satisfactory control for a different operating point of the system [34].The
results of this first work on PI controllers would serve as a basis to implement
this control law.

5 Conclusion and future works

This work aims at proposing practical solutions to increase the velocity of
magnetically actuated particles on non-specialized surfaces. The particles are
manipulated in an ambient environment (i.e. they are placed on a substrate
in air), to limit the viscous coefficient. However adhesion is a major issue.
A strategy based on the use of the magnetic torque and a high amplitude
magnetic force to overcome adhesion forces on non specialized substrates has
been proposed to increase repeatability. Adhesion is overcome in 95% of the
tests when a magnetic torque is applied, compared to 66% without the torque.
To generate a high magnetic force while ensuring the precision of positioning
high currents must be set to the coils during a short duration. The closed
loop control scheme proposed takes into account this specificity as both the
duration of the pulse and its amplitude are controlled simultaneously. After
linearisation of the system two PI controllers are implemented. The particle
is positioned with an error of less than 90 µm (20% of its size), and less than
16 actuation steps are necessary. Experiments performed on a single current
pulse have confirmed that high velocities can be obtained in such environments,
reaching speed during pulse in the order of 176 mm/s (more than 350 body
lengths per second). These results highlight the great potential of the system
since these velocities are higher than what is commonly found in the literature.

This work provides key elements to get high speed actuation systems. The
proposed solutions are all independent from the used setup, by opposition to
classical approaches that necessitate specialised surfaces. This work on high
speed control of micrometer size components in ambient environments will
pave the way for future handling techniques of MEMS and NEMS based on
non contact actuation. Future works include the development of strategies to
manipulate non magnetic components with the magnetic particle. An actuated
tool, such as a thermal microgripper, will be added to the particle to perform
microassembly tasks.
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