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Modeling and Experimental Validation of a
Planar Microconveyor Based on a 2 x 2 Array
of Digital Electromagnetic Actuators

Simén Duque Tisnés , Laurent Petit

Abstract—A critical component of the highly packaged
and automated environment of the microfactory is its trans-
portation system. It needs to be autonomous, flexible, pre-
cise and, crucially, easy to integrate given the compact and
dense nature of the microfactory. In this article, we present
the modeling and experimental validation of a digital ac-
tuator array used as a stick-slip microconveyance system.
This array is based on a modular and scalable design of
a 2 x 2 matrix of electromagnetic digital actuators working
in open-loop collaboration to perform planar conveyance
tasks while being easy to integrate. A dynamic model of
the array was developed and compared with experimental
measurements of the mobile parts kinematics, unidimen-
sional and bidimensional conveyed object displacements.
The experimental measurements were taken with a dual
camera setup—one for the position measurements of the
conveyed object and a high-speed camera at 15 kHz for the
kinematics of the mobile parts of the actuators and con-
veyed object. From the experimental tests, we measured
a minimum and maximum object displacement step of 7.9
and 204.5 pm, respectively. The minimum rise time of the
digital actuator was 0.8 ms. The bidimensional movements
of the object demonstrated the planar motion capacity of
the array, with generated angles from 1°to 88°. The dynamic
model achieved a good correlation with the experimental
measurements of the mobile part of the actuator as well as
the conveyed object. The open-loop control performance of
our digital actuation system suggests an interesting alter-
native to the conveyance systems for the microfactory.

Index Terms—Collaborative actuation, conveyance sys-
tem, digital actuator, electromagnetic actuator, MEMS array,
microfactory, planar motion, smart surface.
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[. INTRODUCTION

INIATURIZATION has, and will, yield important the-
M oretical, technological, and application progresses such
as micromechanics theory, microfabrication techniques and mi-
crosurgery, microsatellites, and Internet of Things (IoT). For
the construction of the components of such systems a logical
approach is to implement a factory proportional to the size
of the produced items; thus the concept of microfactory was
born [1]. In this highly packaged and automated microfactory,
the miniature size of the machining and sensing tools reduces
the production cost, notably the energy consumption. A critical
part of any microfactory is its transportation system: from raw
material to final product, multiple parts need to be conveyed
between different machining stations and quality control stages
until the desired product is finished. These conveyance systems
need to be autonomous, flexible, precise, and easy to integrate
given the compact and dense nature of the microfactory.

The conveyance systems based on a continuous or analogical
actuator use closed-loop controls to reach high performance
levels, thus needing high precision sensors and making their
integration complex. As an alternative, conveyance systems
based on a collaboration of digital actuators are integrated in
a simpler way [2]. These digital actuators transport objects with
a series of transitional states. Digital actuators are composed of a
mobile part able to switch between well-known and repeatable
discrete positions. Energy is only required to switch between
these discrete positions and no energy is needed to maintain
them at their discrete positions. The repeatability in initial and
final position of the digital actuators allows the conveyor to be
implemented in open loop. This avoids the need for sensors
and simplifies the system’s integration. The open-loop control
enables the use of simple pulsing signals, reducing the complex-
ity of the control. Also, digital microconveyance systems could
be implemented in modules, easing the task of extending the
microfactory by adding modules and increasing its flexibility
and reconfigurability [3]. On the other hand, the fabrication
process of the actuator is a critical issue as it defines the actuator
stroke. Also, the displacement of the conveyed object is obtained
step by step and the displacement smoothness relies on the
actuator physical principle and step resolution.

Multiple micrometer conveyance systems have been reported
in the literature. They can be described in terms of the energy
type of their actuation system such as pneumatic [4]-[10],
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electrostatic [11], [12], piezoelectric [13], [14], electrothermal
[15], and electromagnetic [16], [17]. Pneumatic systems are fast
and contactless but require constant energy input to hold a posi-
tion, high pressures, complex fluid models and control to predict
and control their behavior and are not simple to integrate due
to their pipework. Electrostatic systems have high displacement
forces, scalability advantages and are easily manufactured with
microfabrication techniques, but require high voltages, produce
short strokes and present their characteristic “pull-in” failure.
Piezoelectric stick-slip systems can achieve long range motions
with submicrometer accuracy and high speeds but need high
working voltages, are sensible to temperature, present strong
nonlinearities such as hysteresis and creep in their displacement.
Electrothermal systems generate large strokes and deflections
with important forces but have slow response times and consume
more power than other actuation principles. Electromagnetic
systems: present large strokes with medium forces compared
to the other actuation principles; slower response times than
piezoelectric or electrostatic actuators but faster than electrother-
mal actuators; are relatively easy to build and assembly; could
generate levitation and driving forces but do not scale as well as
the other systems beyond the millimeter size.

This article seeks to harvest the advantages of the electro-
magnetic and digital actuation principles. This article presents
the modeling and validation of a modular and scalable 2 x
2 array of digital electromagnetic actuators used as a planar
microconveyor for rigid objects. We first present the working
principles of the system, from the elementary digital actuator
to the digital actuator array and its conveyance principle. We
then develop a dynamic model used to predict the acceleration,
speed, and displacement (kinematics) of the array mobile parts
and conveyed object. This developed dynamic model is con-
fronted with previously reported characterization data [18] and
newly presented experimental measurements to validate it. The
materials and conditions of these experiments are presented and,
finally, the specific experimental methods for each test and its
results are analyzed and discussed.

Il. PRINCIPLE OF THE CONVEYANCE SYSTEM
A. Principle of the Elementary Digital Actuator

The elementary digital actuator is composed of five gold-
coated NdFeB permanent magnets in a silicon structure (see
Fig. 1). The mobile permanent magnet at the center of the
digital actuator is called mobile magnet, with dimensions of
2 x 2 x 1.2 mm>. The mobile magnet lies in a square cavity
of dimensions 2.2 x 2.2 x 1 mm?, i.e., slightly larger than the
mobile magnet cross section. The stroke of the digital actuator in
both x and y directions is defined by the gap between the mobile
magnet and the cavity (0.2 mm). The other four permanent mag-
nets, named fixed magnets, are fixed around the square cavity.
The magnetization of the mobile magnet and fixed magnets
are directed along the z-axis in opposite directions to obtain
an attracting magnetic force between them. This configuration
creates four equilibrium positions for the mobile magnet—each
corner of the cavity where the mobile magnet contacts the cavity’
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walls, giving a digital actuation nature to the elementary digital
actuator.

To actuate the digital actuator, a pair of wires is placed under
the cavity for each displacement axis. We chose a pair of wires
per axis to maximize the generated electromagnetic force. When
an electrical current passes through the wires, a Lorentz force
appears between the mobile magnet and the wires. The wires
placed along the x-axis switch the mobile magnet in the y-axis
and vice versa. We name the wires by its actuating axis, i.e., the
x wires are the ones actuating the mobile magnet in the x-axis
as shown Fig. 1. The current used to generate a displacement is
named driving current (15). To avoid electrical contact between
the two orthogonal pair of wires they are placed in different
layers of a 100 ;sm multilayer printed circuit board. This circuit
layer distance was chosen as small as possible to obtain a similar
behavior for each axis (d3). Finally, a thin glass layer is placed
between the mobile magnet and the circuit board to avoid their
direct contact and give the mobile magnet a plane surface to
slide between the discrete positions.

The elementary digital actuator characteristics are presented
in Table I. The design parameters d,, stroke and d; were de-
termined, thanks to the developed dynamic model (Section III).
d, influences the generated electromagnetic force of the driving
current and the mobile magnet. We want to maximize this force,
thus minimize d,. For this, a 100 um glass layer between the
mobile magnet and the circuit board is used. Next, we want the
stroke to be large to exploit the Lorentz principle of actuation, but



TABLE |
ELEMENTARY DIGITAL ACTUATOR CHARACTERISTICS

Element Dimensions (mm) Mass Material Mag. (T)
Mobile magnet 20x20x12 34mg  NdFeB 1.22
Fixed magnet 22x22x1.0 45mg  NdFeB 1.43
Structure 9.9 x99 x20 104 ¢ Silicon -
Glass layer 4.0 x4.0x 0.1 64 mg Glass -
Object 20 x 20 x 0.1 211mg  Glass -
Variable Distance between Value (um)
d; Cavity and fixed magnets 2600
dy Mobile magnet and x wire 185
Stroke Stroke in both axes 200

ds Mobile magnet and y wire (wire separation) 253

dy Mobile and fixed magnets thickness (z-axis) 200

itneeds to be short to keep the displacement resolution fine, avoid
undesired mobile magnet rotations and keep a compact design.
A 200 pm-stroke was chosen as a compromise. To determine
d;, we used the dynamic model (explained in detail in the next
section) to calculate the magnetic force on the mobile magnet at
its discrete positions (without a conveyed mass). To ensure the
digital nature of the actuator, we need this magnetic “holding
force” to be as strong as possible, but, a too strong magnetic force
would impose a high driving current to overcome the magnetic
force and actuate the magnet. A compromise must be found.
We chose d, to ensure that the mobile magnet will return to its
discrete position even if it is at 15% of the stroke value from a
discrete position (30 pm for a 200 pm stroke). Finally, to ensure
that the mobile magnets are the only contact point with the rigid
conveyed object they are thicker than the fixed magnets along
the z-axis by 0.2 mm (dy).

B. Principle of the Digital Actuator Array

The digital actuator array consists of a matrix of elementary
digital actuators. Adjacent actuators share a pair of fixed magnets
to decrease the array size (a). The array combines individual
actions of each actuator to obtain complex tasks, e.g., planar
conveyance motions. The “stick-slip” strategy to convey an
object on top of the array, using this collaborative actuation,
is presented in Fig. 3. The conveyed object is placed on top
of the mobile magnets [see Fig. 3(a)]. The mobile magnets are
switched simultaneously to displace the object [see Fig. 3(b)].
During this step, the friction force between the mobile magnets
and the conveyed object accelerates the object until the mobile
magnets reach their discrete position. Once the mobile magnets
stop, the dynamic friction due to the relative movement between
the moving object and the static mobile magnets acts as a brake
to the object until it stops, reaching a “displacement step.”
The second phase “slip” resets the configuration for a new
displacement step: each mobile magnet is individually switched
back to return to its initial position [see Fig. 3(c) and (d)]. The
friction force between a single mobile magnet and the object is
lower than the opposition force of all the other mobile magnets.
During the steps represented in Fig. 3(c) and (d), the mobile
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conveyance principle of the array (one displacement step represented).
(a) Initial state. (b) Simultaneous mobile magnet displacement. (c) and
(d) Return of the mobile magnets to the initial position.



(@) (b)

Fig. 4. Free body diagram of the actuator.
(b) top view.

(a) Front view and

magnet slide without moving the object. When all the mobile
magnets are back to the initial position, a new displacement step
can begin [see Fig. 3(a)]. The current used to return the mobile
magnets to the initial position is noted as return current (/,.) in
Fig. 3.

[Il. DYNAMIC MODEL

A dynamic model of the array was developed to predict the
acceleration, speed and displacement (kinematic behavior) of
the mobile magnets and conveyed object. The model calculates
the mobile magnet and conveyed object kinematics as a function
of the system variables: intensity and duration of the currents
in both actuation axes. Three different types of forces act onto
the system: magnetic forces due to the interaction between the
permanent magnets, electromagnetic forces due to the interac-
tion between the mobile magnets and the control currents and
friction forces between the mobile and fixed parts (see Fig. 4).
Each force is calculated at each time-fixed simulation step, as
well as the total force acting on the mobile magnet. We estimate
the mobile magnet acceleration at each simulation step using
Newton’s second law and integrate it to obtain its speed and
position. We present hereafter the force analysis of the system
and then the model of collisions and rebounds of the mobile
magnet as it reaches its discrete position.

A. Magnetic Forces Modeling

Equation 1 is used to calculate the magnetic force (ﬁm)
exerted on the mobile magnet due to the external magnetic flux
density generated by the fixed magnets (éext). As explained in
[19, Sec. 3.4], this equation is the discrete form of the analytical
solution as it is not always possible to implement the analytical
expression, so we divide the mobile magnet poles surface .S into
pareas AA

Tp)AA, (1)

E om(Zp)B

where o, is the “magnetic surface charge density” of the mobile
magnet, BZX[ is the total external magnetic flux density generated
by the fixed magnets on each area element AA, and ), is the
relative position vector of each area element. Eext is derived
from the charge model considering each fixed magnet as a per-
fect square prism and with their magnetization vector perfectly
aligned along the z-axis (M = M?Z, see Mag. in Table I). The
Cartesian coordinates components of one fixed magnet Eext are

presented

(x — 22) T —22) + (Y — ym)? + (2 — 21)?

3)
M 2 2 2
Bu(a,y.2) = B =330 (ke
k=1n=1m=1

o [ (2 = 20)(y — ym) ]

(z = 20)V/ (@ = 20)? + (Y — ym)> + (2 — 21)?
“)

where (22 — 21), (y2 — 1), (22 — 21) are the fixed magnet di-
mensions, and M is the fixed magnet magnetization [19].

B. Electromagnetic Force Modeling

To model the force exerted on the mobile magnet by the
current-carrying wires beneath it, we use (5). With I the current
injected in the wire, dl'the vector along the wire length, and Bext
the magnetic flux density generated by the mobile magnet [19]

P =1 / dl'x Bog )

C. Friction Modeling

The conveyance task obtained with the array is based on a
“stick-slip” frictional principle. We modeled the friction phe-
nomena between the mobile magnet, the silicon cavity walls,
the glass support, and the conveyed object (Ffl, ng, and Ff3
in Fig. 4), adapting the work of Bengisu and Akay [20] (6).
Their model captures the Stribeck effect that was experimentally
observed in our system [18], [21]

Fe (=25 (lell = v0)” + F,) sgin(v)
(F. + (Fy — F.)e=<U1=2)) sgn(v) o]l > v

[[o]] < wo

(6)

where v is the speed of the mobile magnet, F is the value of
static friction, F is the value of the settling friction when v
tends to oo, vy is the transition speed value between the static
friction and dynamic friction, and ( is the decay factor for
the dynamic friction [20]. We determined the friction model
parameters with a separate energy-based set of experiments and
a root mean square error identification process, obtaining the
results presented in (Table II).



TABLE Il
PARAMETERS OF THE DYNAMIC MODEL AND CHARACTERISTIC
VALUES OF THE ELEMENTARY DIGITAL ACTUATOR

Symbol  Variable/Conditions Value  Unit
Fn Magnetic force at a discrete position 0.43 mN

l Length of the wires 8.00 mm
ﬁcmx x-axis electromagnetic force at cavity’s center 1.22 mN/A
F‘;my y-axis electromagnetic force at cavity’s center 1.05 mN/A
s Static friction coefficient 1.00 -

Lhe Dynamic friction coefficient 0.80 -

) Transition speed 93.0 mms~!
¢ Decay factor 300 smm™!
F‘ﬂ Friction force magnet-silicon at 50 mm 57! 0.11 mN
F}Z’fg Friction force magnet-glass at 50 mm s~ 0.50 mN

Y Yield pressure 165 MPa
E Equivalent Young modulus 3577 GPa

p Mobile magnet Density 7.01 gem™
Mg Mobile magnet mass 340 mg
myp Silicon structure mass 104 g

CRr Coeff. of restitution at 0.8 ms™! 0.78 -

D. Collision and Rebound Effect Modeling

Because of the digital principle of the system, the mobile
magnet impacts the cavity walls when arriving to its discrete
positions. The collision and rebound of the mobile magnet due
to this impact were modeled implementing the classic equations
of elasto-plastic collisions in one dimension [22]

Matly + Mpty + MpCr (Up — Ua)

a — 7

v ——— @)

U + mpup + myCr (Ua — up) @)
Ma + My

where v, and u, are the speed of the mobile magnet after and
before collision, respectively. v, and wuy, are the speed of the
structure after and before collision, respectively. m, and m, are
the mass of the mobile magnet and structure, respectively. We
suppose that the structure is static before and after the collision
(vp = up = 0) given its large mass compared to the one of the
mobile magnet (my > m,). CR is the restitution coefficient for
the collision between the mobile magnet and the structure. We
model this coefficient following the work of Weir and Tallon
[23]. If we consider that the cavity wall and mobile magnet side
surfaces are plane, their equation of Ck is given by

S ONORONOI

where Y is the yield pressure, E is the equivalent Young modulus
between neodynium and silicon, p is the density of the mobile
magnet material (in our case neodymium), and v is the mobile
magnet impact speed. «, a numerical coefficient dependent of
the colliding particles’ geometry, hardness and contact area, is
taken as 1 [23].

Finally, Newton’s second law is used to compute the total
force onto the mobile magnet and the energy transferred to
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Fig. 5. (a) Control scheme of the 2 x 2 digital actuator array: 1. Com-
puter with Labview interface. 2. National Instruments PCI16733 DAQ. 3.
Multiple voltage-controlled current sources. 4. The 2 x 2 array system.
5. Grasshopper3 GS3-U3-32S4C camera. 6. Photron FastCam SA1.1
camera. (b) Picture of the real implementation and components in
a5 x 5 digital actuator array.

the conveyed object by friction. Results of the dynamic model
compared to experimental measures are presented in Section V.

V. MATERIALS

The material and signal flux involved in all the experimental
set ups are schematized in Fig. 5(a). The system is controlled
with adeveloped LabVIEW interface [see Fig. 5 a(1)], connected
to a National Instruments PCI6733 input/output board [see Fig. 5
a(2)] that sends four control voltages (410 V) to four current
sources, producing a maximal output of +10 A each [see Fig. 5
a(3)]. The four current signals are injected in the actuators
wires [see Fig. 5 a(4)]. The displacement and dynamics of the
conveyed object and mobile magnets are measured using two
cameras placed on top of the array. To measure the displacement
of the object (a static measure once the displacement step is
done), we use a Grasshopper3 GS3-U3-3254C with a fixed optic
system providing an image with a 0.694 pm/pixel resolution
[see Fig. 5 a(5)]. The kinematics of the mobile magnet and



object (a dynamic measure of displacement through time) are
measured with a Photron FastCam SA1.1 camera at 15 000 Hz
with a variable optic system providing images with resolutions
between 2.45 and 16.1 pm/pixel [see Fig. 5 a(6)]. Fig. 5(b) shows
apicture of the real system. The conveyed object was a glass plate
with a sticker target. The object weight was 211 +1 mg and had a
size of 20 x 20 x 0.1 mm. We measured each experimental point
20 times to obtain a mean value as well as a standard deviation,
represented by the error bars in the figures ahead.

V. METHODS, RESULTS, AND DISCUSSION

This section presents the comparison between the developed
dynamic model and the experimental measurements of the pre-
sented prototype. We first present the kinematics of the mobile
magnets and the conveyed object. Second, the influence of the
current intensity on the conveyed object displacement. Third,
the influence of the current pulse width on the conveyed object
displacement and, finally, bidimensional displacements of the
conveyed object by simultaneous activation of the two axis of
the digital actuators.

A. Mobile Magnet and Conveyed Object Kinematics
Along One Axis

We studied the kinematic behavior (displacement versus time)
of the mobile magnets and the conveyed object at different
current intensities and along one axis. We injected a driving
current into the x-axis wires for 100 ms to ensure that the pulse
was longer than the response time of the system. We varied the
pulse intensity to evaluate its influence on the kinematics of
the system. Fig. 6 presents a comparison between the dynamic
model and experimental results. Fig. 6(a) shows the kinematics
of the mobile magnet and the conveyed object under a 5 A
driving current. Fig. 6(b) and (c) show the influence of the
current intensity on the mobile magnet and object kinematics,
respectively.

From Fig. 6(a), we observed that, as the mobile magnet moves
forward, it transferred energy to the object by friction, dragging
the object forward with it. As the mobile magnet reached the
stroke distance of 200 pm, it rebounded, generating an opposing
friction force on the conveyed object. The result was an inflection
point in the object displacement curve. The dynamic model
predicts that, after the first rebound, the electromagnetic and
magnetic forces drive the mobile magnet toward the desired
discrete position. This causes a second rebound with a smaller
amplitude. This rebound process repeated until the mobile mag-
net rested in the discrete position. When the mobile magnet
finally stayed stationary, the remaining kinetic energy of the
object was dispersed by friction until the object stopped. This
cycle represents one displacement step as explained in Fig. 3.

From Fig. 6(b), we observed that the final mobile magnet
displacement value was independent of the current intensity,
demonstrating the digital nature of its actuation principle. This
displacement value was 200 pm. The settling and rise time of the
mobile magnet varied with the value of current intensity: as the
current intensity increased the kinematics of the mobile magnet
were faster, shortening both the rise time and the settling time.
We defined the rise time as the time needed for the output to
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Fig. 6. Experimental and modeled kinematics of (a) mobile magnet
and conveyed object for a 5 A driving current, (b) mobile magnet kine-
matics for different driving current intensities, and (c) conveyed object
kinematics for different driving current intensities.

reach from 10% to 90% of its final value. We measured mobile
magnet rising times between 0.8 and 3 ms.

From Fig. 6(c), we observed a final object displacement value
that varied with the current intensity (between 50 and 150 pzm).
This displacement range was due to the fact that the object is
carried by the mobile magnets and then slides on top of them
with different kinetic energies for different speeds of the mobile
magnets (6). We measured rising times of the conveyed object
between 3.7 and 7.5 ms.
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in the (a) x-axis and (b) y-axis.

From Fig. 6, we observed that the model predicted the kine-
matics of the mobile magnet and conveyed object in both the
rising part of the curve, the rebound phenomena, and the set-
tling value. We calculated the root-mean-square error (RMSE)
between the dynamic model and all the experimental measures
presented in Fig. 6. For the mobile magnet tests, the mean RMSE
(= std) was 5.72 + 0.89 pm (which corresponds to 2.9 % of the
actuator stroke). For the conveyed object tests, the mean RMSE
was 7.38 4+ 3.32 um (which corresponds to 3.7 % of the actuator
stroke).

B. Linear Motion of the Object Along One Axis

To validate the dynamic model as a prediction tool for the
conveyance system, we studied the influence of the current
intensity and pulse duration on the conveyed object displacement
step along each axis separately.

1) Influence of the Driving Current Intensity: We injected a
driving current in only one of the two pair of wires of each
actuator at a time to obtain a linear motion of the mobile magnet
and the object along that axis only. The same pulse duration
used in Section V-A (100 ms) was selected. Fig. 7 presents the

displacement of the conveyed object as a function of the driving
current intensity for both the x- and y-axes.

From Fig. 7, we observed that the object displacement de-
creased as the current increased. The higher the injected current,
the faster the mobile magnet kinematics, reducing the displace-
ment time and energy transfer through friction to the object.
The model predicted this tendency correctly. The error bars
decreased as the driving current increased. This is attributed
to the important influence of the friction conditions at lower
currents and its reduced influence with faster kinematics as the
current increases.

We observed a maximum experimental displacement at
(1.5 A, 179.3 pm) for the x-axis and (1.75 A, 204.5 pm) for
the y-axis. At these points, the energy transferred to the plate
through friction was maximized though a slow mobile magnet
movement that prevents slipping phenomena of the actuation.
We call these points “critical points” in Fig. 7. The value of
the critical point along the y-axis was higher than along the
x-axis. This is explained by the difference in distance between
the currents wires and the mobile magnet (d, and ds in Fig. 1).
The model predicted greater displacements with lower currents
than 1.5 or 1.75 A, but experimentally, we observed another
phenomenon: the displacement decreased sharply as the collab-
orative effect of the array was lost due to the heterogeneous
nature of friction. This zone of displacement collapse is called
the “collaborative loss zone” in Fig. 7. This collaborative loss
zone was not predicted by the model as it considers all actuators
perfectly homogeneous.

Inside the collaborative loss zone, we observed that the exper-
imental displacements of the object started from current values
of 1.1 A for the x-axis and 1.5 A for y-axis, in accordance
with the model. Lower current values did not generate enough
electromagnetic forces to overcome the magnetic holding and
friction forces of the mobile magnet and object. The RMSE
between the model and the experimental values were 29.87 yum
for the x-axis and 19.05 pm for the y-axis (without considering
the collaborative loss zone).

We measured the straightness error of all the experimental
points of Fig. 7. We explain this error by the asynchronous
movement of the mobile magnets due to the heterogeneity in
friction, causing a torque to appear. Also, manufacturing and
assembly errors like the misalignment between the wires and
the actuators’ axes could contribute to this error. The mean
straightness error for all current values were 13.3 + 6.8 pum
for the x-axis and 10.5 + 5.4 um for the y-axis.

To finish this section, we focus on the driving currents from
5to 9 A in Fig. 7. Under these conditions, the influence of
the different initial conditions of the mobile magnets such as
position and friction heterogeneity are reduced against the rapid
dynamic of the system, explaining the smaller error bars on Fig. 7
for both axes. This high current zone is then useful for repeatable
and precise object displacement steps. The average error bar was
11 pm for the x-axis and 7.5 pum for the y-axis. The average
straightness error was 11 pum for the x-axis and 6.2 pm for the
y-axis. The minimum error bar was 4.7 um for the x-axis and
5.3 pm for the y-axis. The straightness errors of these last two
points were 5.2 and 3.9 um, respectively.
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Fig. 8. Conveyed object displacement versus driving current pulse
duration for (a) 2 A along the x-axis and (b) 6 A along the x-axis.

2) Influence of the Driving Current Pulse Duration: We in-
jected a driving current pulse along the x-axis only. We varied
the pulse duration to observe its influence on the displacement
step of the conveyed object. Fig. 8 presents the displacement
step value as a function of the driving current pulse duration
for current intensities of 2 A [Fig. 8(a)] and 6 A [Fig. 8(b)].
From Fig. 8, we observed a similar behavior for the two driving
current intensities—the model predicted an increasing object
displacement as the pulse duration increased until a saturated
displacement value. When the pulse duration was longer than
the whole kinematics of the mobile magnets, including all
rebounds, the pulse duration no longer influenced the object’s
displacement, explaining this saturation. Before this saturated
value, the effect of the rebound of the mobile magnets on the
object displacement were visible [notably on Fig. 8(b)]. The
model predicted the experimental measures with an RMSE of
14.2 pm for the 2 A test and 6.86 pm for the 6 A test.

C. Bidimensional Linear Motion of the Object

We injected a current into both wires beneath each actuator to
obtain an object displacement in both x and y axes (“I,” and “I,,,”
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Fig. 9. Predicted and experimental object angle (in degrees) for
different (1, I,,) pairs.

respectively). Each combination of I, and I, is called a current
pair. We measured the angle of this bidimensional movement
to the x-axis for multiple currents pairs. The pulse duration of
the current pairs were larger than the kinematics of the mobile
magnets as in Section V-A. The bar plot in Fig. 9 presents the
experimental and model-predicted angle as a function of the
injected currents pairs. Each current pair identification number is
presented in the lower horizontal axis of Fig. 9. The experimental
value is the mean of 20 measures per point with its standard
deviation represented as error bars.

When one of the driving current was zero (I, = O or I, = 0),
we obtained a 1-D linear displacement along the correspondent
axis, i.e., an angle tending to 0° along I, = 0 and 90° along
I, = 0 (pairs 1, 3, and 17 in Fig. 9). For similar values of I, and
I,,, we obtained similar displacements on both axes, i.e, angles
tending to 45° (experimentally from 43.16° to 51.48° for pairs
10-12 in Fig. 9).

For opposing magnitudes of I, and I, currents we observed
an antagonistic phenomena: as shown in Fig. 7, a low current
generated a big displacement of the object, so the low current
axis should generate a big displacement. On the other hand, the
mobile magnet moved quicker in the high current axis than in the
low current axis. As the mobile magnet arrived to its stroke in the
high current axis it contacted the wall’s cavity, creating a friction
force. The high current along such axis increased the mentioned
friction force opposing and limiting the displacement along the
low current axis. The dynamic model predicted the experimental
results with a root mean squared error of 6.82° (excluding the
collaborative loss points). The mean standard deviation for all
the experimental points (angle repeatability, error bars) was 6.3°.

Lastly, we discuss the pairs 18 and 19 of Fig. 9. On those points
we observed the antagonistic phenomena described before, but
the current difference between the currents was small (2.07 and
2.31 A, respectively). With this smaller current difference, as the
mobile magnet arrived to the stroke distance, the created friction
force was not as overwhelming as the previous explained antag-
onistic phenomena and the system entered the “collaborative



TABLE IlI
LITERATURE COMPARISON

Scalable  DoF  Active Surface Actuator  Control Conveyed object Speed Precision/Error
[3] No 1 230 cm Analog Closed 30mm x 30 mm - 12.5um
[4] Yes 16 93mm x 110 mm Analog Closed - 7mms~! -
[5] Yes 3 300mm X 225mm  Analog Closed 2150 mm 300 mms~! 25-230 pm
[6] Yes 3 9mm X 9 mm Analog Open 3 mm, 2mg 2-3mms™! -
[7], [8] Yes 3 120mm x 120mm  Analog Closed 30mm X 15mm, 3.3 ¢ 167 mms~! 0.242 mm - 2.5mm
[9] Yes 2 645 mm?” Analog Closed Smm X Smm, 2.1¢g - 350-550 um
[10] Yes 2 750mm x 170mm  Analog Open 90mm x 100 mm, 139¢ 50mms™! -
[11] Yes 2 290mm X 290mm  Analog Open 132mm X 132mm, 11g 250 mms~! 400 um
[12] Yes 6 1.mm x 1. mm Analog Closed 150 um x 100 um X 50 pm, 0.9 ug 1.5rads™! -
[13] No 1 - Analog Open 260 mg 123rads™! -
[14] No 3 +5mm, 90° Analog Closed 2300mm, 129¢ < 2mms™! 0.4 mm
[15] Yes 3 40mm x 40 mm Digital Closed 7mm X 5Smm 0.67mms"  2-22um
[16] Yes 3 150 mm x 150mm  Analog Closed 68 mm X 68 mm, 3.6 ¢ 12mms! pos 7 um, straig 65 pm
[17] No 2-6 5Smm X Smm Analog Closed 6.5kg - 32 pm-45 pm
Present  Yes 3 100mm x 100mm  Digital Open 20mm X 20mm, 211 mg 2mms™! pos 4.7 um straig. 5.2 um
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Fig. 10.  (a) Object trajectory for five displacement steps in the y-axis.
(b) Correspondent object photos at given time.

loss zone” explained before (Section V-B1). This explains the
divergence between the model and the experimental results on
these points.

D. MultiStep Linear Motion

We repeated the conveyance strategy presented in Fig. 3 along
the y-axis for 5 times with a driving current (/) of 3.5 A during
100 ms and areturn current (/,-) of 7 A for 20 ms. Fig. 10 presents
the obtained trajectory of the conveyed object along the y-axis
after five displacement steps and the straightness error (x-axis

displacement), as well as the model-predicted total displacement
of the object.

From Fig. 10(a), we measured a mean experimental displace-
ment per step of 90.92 ym and a total displacement of 422.72 pm.
The predicted displacement per step was 86.15 pm and total
displacement of 430.76 pm (model position error of 4.77 um
per step, 8 um final position). The total straightness error was
8.18 um. The observed straightness error did not propagate
with multiple step displacement and could be corrected with an
additional displacement step after the desired conveyance task.
Through all the presented experimental results, we observed
no accidental rotation of the conveyed object. An unexpected
displacement due to the return current was observed in the
actuated axis. The average return displacement was 7.97 pm.

E. Performance Comparison With Literature Systems

The requirements for a microconveyor could vary depending
on the architecture, machining stations, and geometry of the
factory where it is implemented. Some common requirements
are the largest possible active area, with planar motion capa-
bilities [three-degrees-of-freedom (3-DoF)], speeds up to mil-
limeters per second and the smallest position error possible, as
well as minimizing its energy consumption. Then, depending
on the conveyed object size, shape, and weight, additional
requirements need to be added. As discussed in Section I,
the integration of this conveyor should be easy, keeping the
complexity of the whole factory as low as possible, thus the
importance of the control structure and its interaction with the
machining/measuring stations. Table III presents a comparison
of proposed solutions in the literature for microconveyance and
the performance of our system relative to them. Following the
comparison of Table III and the performance presented in this
article, our system strengths are the mentioned digital actuation
principle and simple control, the modular and scalable design of
the array, 3-DoF capability, significant active surface to object
size relation, competitive speed, position precision, and low



energy consumption. Judging from the presented general re-
quirements and performance relative to other solutions, we state
that our solution could find its place among the microconveyance
systems for the microfactory, offering the flexibility needed to
adapt to the changing architecture of the microfactories.

VI. CONCLUSION

In this article, we presented a digital actuator array based
on a matrix of elementary digital actuators of electromagnetic
nature. The proposed application of the array, as stick-slip micro-
conveyance system, was experimentally validated. A dynamic
model of the array, considering its magnetic, electromagnetic,
friction, collision, and rebound phenomena, was developed and
compared to the experimental measurements. The dynamic
model correctly predicted the kinematics of the system as well
as the unidimensional and bidimensional displacements of the
conveyed object with low root-mean-square errors. From the
experimental measurements, we obtained digital actuator rising
times from 0.8 ms. For the conveyed object, we measured rising
times from 3.7 ms. The maximum conveyed object displacement
per displacement step was 204.5 pm, and the minimum was
7.9 pm. We obtained unidimensional motion of the conveyed
object with a minimum straightness error of 5.2 and 3.88 pm (x-
axis and y-axis, respectively) and a position repeatability of 4.7
and 5.3 pum (x-axis and y-axis, respectively). We demonstrated
the bidimensional motion capability of the array with a spectrum
of conveyed object angles from 1° to 88°.

Future work will be centered in expanding the array active
area by assembling multiple arrays together, reducing the needed
number of power signals and sources with a dedicated digital
control circuit and then evaluating multiple objects conveyed
at the same time. The dynamic model will be used to develop
model-based control strategies that ensure the trajectory, po-
sition, speed, acceleration, and collision avoidance of the con-
veyed objects as well as optimizing the energy consumption. The
dynamic model could be extended to include planar rotation of
the conveyed objects to predict complex motions, following the
3-DoF of the array. Finally, the development of a thermal study
of the system to find its operational limit is in our perspectives.
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