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Abstract: In this paper, a novel micro-positioning device based on a 3D digital actuator is presented.
The proposed system allows realizing planar motions of micro-objects, which could be implemented
in several applications where micro-positioning tasks are needed such as micro-component manufac-
turing /assembly, biomedicine, scanning microscopy, etc. The device has three degrees of freedom,
and it is able to achieve planar motions of a mobile plate in the xy-plane at two different levels along
the z-axis. It consists of a hexagonal mobile part composed of a permanent magnet that can reach
twelve discrete positions distributed between two z-axis levels (six at each level). Two different
approaches are presented to perform positioning tasks of the plate using the digital actuator: the
stick-slip and the lift-mode approaches. A comparison between these two approaches is provided on
the basis of the plate displacement with respect to different current values and conveyed mass. It
was observed that for a current of 2 A, the actuator is able to displace a mass of 1.15 g over a distance
of 0.08 mm. The optimal positioning range of the planar device was found to be £5.40 mm and
+7.05 mm along the x- and y-axis, respectively.

Keywords: micro-positioning device; digital actuator; magnetic forces; electromagnetic (Lorentz)
force; frictional forces; 3D actuator

1. Introduction

Micro-positioning devices enable precise motions of micro-objects from one point
to another one, generally in the xy-plane. These devices play a key role in the micro-
manipulation tasks in micro-factories to ensure the positioning of objects between different
manufacturing and assembly stations. The performances of these stations and of the micro-
factory are strongly dependent on the characteristics of these micro-positioning devices
such as the production rate, flexibility, precision, and energy consumption. Different
architectures of micro-positioning devices can be found in the literature and can be classified
according to their architecture, either long-range actuators [1-5] or on an array of short-
range actuators [6—10]. Positioning with the help of long-range actuators is mostly carried
out using the analogical principle due to their high precision and good position repeatability.
This principle includes actuators that can reach any position within their working range.
However, such actuators require the use of feedback sensors with closed-loop control to
ensure their positioning precision. The integration of such sensors could be difficult, in
particular in compact systems.

The second architecture of micro-positioning devices is based on an array of short-
range actuators. The actuators of such an array can be based on a digital principle [11].
This kind of actuator is open-loop-controlled and does not require any feedback sensor
to measure the actuator displacement. Digital actuators have a fixed number of discrete
positions, generally two as the bistable actuators, that characterize the actuator stroke. To
ensure a digital behavior, the discrete positions need to be highly repeatable and are defined

Actuators 2021, 10, 310. https:/ /doi.org/10.3390/act10120310

https:/ /www.mdpi.com/journal/actuators


https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-0401-9521
https://orcid.org/0000-0002-9340-4770
https://orcid.org/0000-0003-0420-9285
https://orcid.org/0000-0003-4439-6417
https://doi.org/10.3390/act10120310
https://doi.org/10.3390/act10120310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10120310
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act10120310?type=check_update&version=1

Actuators 2021, 10, 310

20f18

during the manufacturing process of such actuators. As a consequence, the manufacturing
techniques have a high influence on the actuator performance. Digital actuators are also
energy efficient as they only need energy to switch between the discrete positions and
there is no energy consumption when the mobile part remains stationary at a discrete
position [12]. This behavior is particularly interesting in order to avoid any disturbances in
the actuator functioning.

Two main functions are necessary to ensure the working of a digital actuator: the
switching and holding functions. The switching function enables the switch of the mobile
part between the discrete positions. This function is carried out using several physical prin-
ciples such as the electromagnetic [13-17], electro-thermal [18-22], piezoelectric [7,23-28],
and electrostatic principles [29-34]. The holding function corresponds to the holding of a
mobile part at any of the discrete positions to ensure the actuator’s repeatability and the
digital behavior even in the presence of disturbances. In the literature, several solutions
have been employed to realize this function using magnetic holding [35,36], compliant
structures [37], and locking actuators [38].

In our previous work [13], a planar motion device based on a digital actuators array
was presented. This device was based on digital actuators with a square architecture
with four discrete positions, which enabled 2D motions. In the present paper, a short-
range positioning device based on a 3D electromagnetic digital actuator is presented. The
proposed work presents two main originalities. The first one is related to its architecture:
the z-axis displacement allows reaching positions at two levels, and the hexagonal shape
enables six discrete positions at each level, which leads to twelve discrete positions in
total. The second originality is related to the possibility of generating motions with two
different positioning approaches, lift-mode and stick-slip. The objective of the paper is
to present the 3D hexagonal architecture of the actuator and to validate the ability to
realize planar motions. In Section 2, the design and working principle of the 3D digital
actuator are explained. The design of the device was realized with the help of a magnetic
and electromagnetic modeling, described in Section 3. Section 4 provides a prototype
description and an experimental characterization of the performances using two different
approaches. Finally, Section 5 summarizes the work and provides future perspectives.

2. Design and Working Principle of the Positioning Device
2.1. Description of the Digital Actuator

This section provides a detailed description of the 3D digital actuator. Its mobile part
consists of a hexagonal Mobile Permanent Magnet (MPM) placed in a fixed hexagonal
cavity. A z-axis retainer is fixed at the bottom of the MPM to define the actuator stroke
along the z-axis (Figure 1a).

The retainer also prevents the MPM from going out of the cavity. Two plates (top and
second) are stacked together to form the hexagonal cavity and to obtain the z-axis stroke.
The fixed part of the actuator integrates six cylindrical Fixed Permanent Magnets (FPMs)
placed around the MPM cavity. The magnetic orientations for the FPMs are upturned
compared to that of the MPM in order to obtain a magnetic attraction force between the
MPM and the FPMs at each discrete position. This holding force helps the MPM remain
at any of the discrete position without any energy consumption. There are in total twelve
discrete positions, which are distributed at two different levels along the z-axis, as shown
in Figure 1b. Due to the standard hexagonal architecture of the actuator, different strokes
are obtained in the xy-plane and are named as Short-x-stroke (a = 0.60 mm), Long-x-stroke
(c =1.20 mm), and y-Stroke (b = 1.04 mm). Moreover, the stroke along the z-axis (z-Stroke)
is defined to be 0.5 mm (d).

A four-layer Printed Circuit Board (PCB) is placed beneath the hexagonal cavity in
order to switch the MPM between the discrete positions in the xy-plane. The PCB build-up
consists of two sets of three serially connected conductors placed on the top layer the and
second layer for x-axis and y-axis switching, respectively (Figure 1c), whereas, the third
and fourth layers are used for routing purpose. Three conductors are used in each direction
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to ensure the generation of sufficient electromagnetic force to switch the MPM. A thin glass
layer (thickness = 170 um) is placed between the PCB and the MPM for electrical insulation
and also to provide a smooth surface for switching. The lower and upper z-axis levels are
called z; and zy, respectively.

Mechanical
support

Mobile plate

x-axis switching
wires

Top plate MPM at z,level (Pos.7)

Cross-section view
of air core z-axis switching coil
Second””}

plate

L4 7z-axis switching
air core coil

z-axis retainer y-axis switching
(c) wires

Figure 1. Representation of (a) the micro-positioning device. (b) Different strokes at twelve discrete
positions: (I) MPM located in position 1, (II) MPM located in position 6 and (III) MPM located in
position 7. (c) Cross-sectional view of the digital actuator AA’.

The switching along the z-axis is obtained with the help of a current-carrying elec-
tromagnetic air core coil placed beneath the PCB. An air core coil is considered to avoid
any attraction between the MPM and the ferrite core. Unlike the switching in the xy-plane,
which is obtained with pulsed current signals, a continuous current is needed to switch
the MPM along the z-axis and to maintain it at the z, level. The continuous current in
the coil serves also as a holding current for the MPM at the z; level. At the z; level, the
MPM remains at any position under the action of its own weight and with the help of
the magnetic holding generated by the six FPMs. The details about the dimensional and
magnetic properties are shown in Table 1.

2.2. Displacement Approaches

A mobile plate (¢15 x 1mm; mass = 0.26 g) is placed on top of the actuator, as
shown in Figure 1, and it is displaced with the help of the MPM. The architecture helps to
propose two different displacement approaches (stick-slip and lift-mode), as described in
the following paragraphs.

2.2.1. Stick-Slip Approach

In this approach, the MPM is always in contact with the mobile plate, which can be
moved along the x- or y-axis at both levels along the z-axis (z; (coil not excited) or z, (coil
excited)). The step-by-step displacement sequence is shown in Figure 2a for a displacement
along the x-axis. In the figure, the MPM is initially located in the left position, and a
low driving current value is firstly used to switch it along the + x-axis. This low driving
current limits the MPM acceleration and then maximizes the energy transfer between
the MPM and the plate, which is then moved along the + x-axis. In the second step, the
MPM is switched back to the original position with a high driving current in the opposite
direction. This high current ensures a slipping between the MPM and the plate due to a
minimization of the energy transfer and then a return of the MPM to its initial position with
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a minimum disturbance on the plate. After the MPM has returned to its initial position, a
new displacement sequence can be realized.

Table 1. Dimensional and magnetic properties of the actuator.

Permanent Magnets

MPM FPM
Shape Hexagon Cylinder
Dimensions 5.5 mm (side) x 2mm @2.25 x 2mm
Material NdFeB NdFeB
Magnetization 1.40T 1.37T
Mechanical structure and coil
Material PMMA
Top plate dimensions 40mm x 40mm X 1 mm
Second plate dimensions 40mm x 40mm X Imm
Coil Dot 20mm X 10mm
it 9 mm
Distances
FPM to cavity center 12.88 mm
x-switching wires to MPM 0.2mm
y-switching wires to MPM 0.3mm
Stroke values
Short-x-stroke 0.6 mm
Long-x-stroke 1.20 mm
y-Stroke 1.04 mm
z-Stroke 0.5 mm
View A

z-axis y-axis
switching

switching C
ontact aircore cog/ wire

Conveyancg¢ direction
\\\\\ f V] ! Conveyance direction
\\\\\ M * MPM 727 1
i limiting % ¢l ]
1. LTI _— 7 contact
x-axis Stick Phase (1" sequence ZL 2
sw1tch1171'g’ w1rw>’ C T — ~
KL ¥ 4 MPM
2 /)
‘ Slip Phase ZL View B
%14 — 14 MPM “H ¥
3. .
Stick Phase (2™ sequence Plate } i Backlash
motion effect No contact
4 Current carrying air core coil
rymg 5.
* Magnetic orientation for PMs p];qci—bi
( ) (b) motion
a

Figure 2. Representation of the different approaches for conveyance: (a) Stick-slip approach. (b) Lift-
mode approach.

2.2.2. Lift-Mode Approach

In this approach, the MPM is not always in contact with the mobile plate, and its
motion can only be obtained at the z; level. With this approach, the z-axis is used to
ensure or avoid the physical contact between the plate and the MPM (no contact when the
MPM is at the z; level and in contact when the MPM is at the z, level). This non-contact
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configuration is used when the actuator is switched back to its initial position, which
avoids disturbance on the mobile plate. The working principle is detailed in Figure 2b
for a displacement along the + x-axis. In the figure, the MPM is initially placed in the left
position at the z; level. In the first step, the MPM is switched from the z; to the z; level in
order to ensure the contact between the MPM and the mobile plate. In the second step, the
MPM is switched along the + x-axis with a low driving current value, which ensures the
plate motion in the same direction. After that, the MPM is moved back to the z; level to
release the contact with the plate. In the fourth step, the MPM is switched back to its initial
position without any disturbance to the plate, and then, the system is ready for the next
conveyance sequence.

3. Modeling of the Positioning Device
3.1. Magnetic Flux Density Calculation

In order to design a prototype based on the presented principle, the magnetic and
electromagnetic forces exerted on the MPM have to be computed. For that purpose, the
magnetic flux density generated by the FPM and MPM were determined. Analytical
equations were used to compute the magnetic flux density, and a comparison is provided
with a semi-analytical model developed using the Radia software (Mathematica add-on).
The FPM is cylindrical in shape, and Equation (1) was used to compute the magnetic flux
density where Br and Bz are the radial and axial magnetic flux components, R is the radius
of the Permanent Magnet (PM), M; is the magnetization, y is the vacuum permeability,
Ng is the number of mesh points, Sg(m) is the integration coefficients, and @' (m) is the
value of the integrand evaluated for N mesh points. A detailed description of this model
was provided in [39,40].

B,(r,@,z) = P;(}\];is :Zi(l)kR X NZ_QOS@(m) cos(@ — @' (m))g(r,D,2; R, D' (m), z)
B.(r,0,2) — FOMe 3 () 2 32 o o-0 R
(2,2 = "R Y 1) (T L Solm(reos(@ - @'m) ~R)

R x I(r,@,2; R,@' (m), z)]}

where, )
1

\/,,2 + R2 —2Rr cos(@ — @/ (m)) + (z — z)?

g(r,@,z;R, &' (m),z) =

and,
(z—z)8(nD.zZRD (m),zk) ., 5 o2 -
= 24+ R? — 2Rr cos(@ — @' (m)) if 1"+ R%—2Rrcos(D—2'(m)) #0
B or
sy i r=Reos(@-0'(m) =1z £z

Figure 3 represents the comparison of the magnetic flux density Br or Bz between the
numerical equations and the semi-analytical model developed with the Radia software for
the considered cylindrical FPM. The magnetic flux density components were computed for
different positions of the MPM along the x-axis. It can be observed from the figure that the
two models gave very close results with a relative error of 10~ 10.

The MPM has a hexagonal section, and there is no analytical equation to compute
the magnetic flux density for PMs with such a geometry. A discretization method was
then used as reported in [41,42]. For that purpose, the volume of the considered hexagonal
PM was discretized into n elementary cuboidal PMs in order to simplify the calculation,
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and the total magnetic flux density of the hexagonal PM was determined as the sum
of the magnetic flux density generated by the n elementary cuboidal PMs. Elementary
cuboidal PMs were considered in order to simplify the calculations. The magnetic flux
density model (By, By, B,) for cuboidal magnets is given by Equation (2) where (x; —
x1), (Y2 — y1), (z2 — z1) are the PMs dimensions, M is the magnetization, and py is the
vacuum permeability.

Semi-analytical
0041« Numerical N

979 S A & Y

0.00 |— ﬁg\

Magnetic Flux density B, or B, (T)

L O
‘ ‘ OV

ooaf
i i . i . .
-6 -4 -2 0 2 4 6

Position of PM along x-axis (mm)

Figure 3. Comparison of the magnetic flux density Br and Bz between the semi-analytical and
numerical models for a cylindrical PM.

Bx(x,y,z) =

mMsZZ 1 W —1) /(= 1)+ (= 1) + (2~ )
W —v2) + /(2 =30+ (1 = 12)* + (2 — 1)

By(x,y,2) =

yoMs > Z -, <x—x1>+¢<x—x1>2+<y—ym>2+<z—zk>2 @)
<x—xz>+¢<x—xz>2+<y—ym>2+<z—zk>2

B.(x,y,z) =

oMy & & & e (—x) (= ya) (= 2)

ro°7s (_1) X tan

w s V=) + (= yn)? + (— 2)°

Figure 4 provides a comparison of the magnetic flux density generated by the MPM
between the analytical calculation based on the discretization method and the semi-
analytical model developed with the Radia software. The magnetic flux density compo-
nents (B, By, B,) of the hexagonal MPM were computed for different lengths and widths
of the elementary cuboidal PM used for discretization from 0.004 mm to 0.1 mm. The
magnetic flux density was computed at a calculation point placed outside the MPM with
coordinates (3 mm, 4 mm, 5 mm). It was observed that the error between the discretization
method and the semi-analytical calculation was reduced when the size of the elementary
cuboidal PM decreased. In addition, the calculation time for the discretization method is
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also given, and it can be observed that it strongly increased when the size of the elementary
cuboidal PM decreased. Considering these results, a compromise was made between the
calculation error and time by considering a cuboidal shape dimension of 0.008 mm x 0.008
mm x 0.008 mm. In this configuration, the obtained errors were 0.19%, 0.019%, and 0.08%
for By, By, and B, respectively. These errors are very small and, therefore, neglected.

14.606 |-
14.539 |- ! ‘ ‘ ‘ !
lz 14472 By (Dlscretlzatlon) B, (Radia)
>14.405 - | :l P I | | | | [ T

—— x(D|scret|zat|on) —O—B (Radla)

L 1 ‘
1111 \ /"\ 3
11.00 */'\-/ |

—— B,(Discretization) —<— B, (Radla)

7eaf L 1
7.812 _ _4>_‘_/4\ /

External flux density (m

r ‘\ I —eo— Elgpsed Time
541 '\.i: : : |

27 1, Rt e s st s

0-0-. .‘.?.?.?.?.?.?.?.?

0.00 0.01 002 003 004 005 006 007 008 009 010 011
Length and width of acuboid

Time (S)

Figure 4. Representation of total flux density model for a hexagonal magnet (the accepted configura-
tion is represented using the green dotted line) and the elapsed time for calculation.

3.2. Force Calculation

The magnetic and electromagnetic forces exerted on the MPM were calculated using
the presented magnetic flux density model. Equations (3) and (4) give the expressions of the
magnetic and electromagnetic forces, respectively, where oy, is the surface charge density,
Bextrpm and Beyipipym are the external magnetic flux densities generated by the FPMs and
the MPM, respectively, and I is the current in the electrical wire. The electromagnetic
force exerted by the air core coil on the MPM was calculated using the semi-analytical
software Radia.

FMagnetic = igm Bextrpm ds 3)

FElectromagnetic =1 . dl X Bextmpm 4)
wire

Figure 5 represents the total force (magnetic + electromagnetic) exerted on the MPM
for different positions along the x-axis using the Short-x-stroke. The total force is indicated
at both levels along the z-axis without a driving current (0 A) and with a 1.5 A driving
current. Without a driving current, it can be observed that the magnetic force was almost
linear because of the small stroke (0.6 mm) compared to the distance between the MPM
and FPM (12.66 mm). A small magnetic force difference was observed between the z;
and z levels (0.02 mN), which was due to the variation of the relative position between
the MPM and the FPM. Between the initial plot (0 A) and the one with 1.5 A, the added
electromagnetic force can be observed (vertical shift). In addition, the electromagnetic force
generated at the z, level was lower than at z; because the distance between the wires and
the MPM was higher (+0.5 mm) when it was located at the z, level compared to z;.
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The generated magnetic and electromagnetic forces exerted on the MPM when it was
located in a discrete position are given in Table2 for the four displacement strokes. As
observed in Figure 5 for the Short-x-stroke, the difference in the magnetic forces between
the two levels along the z-axis can also be seen for the y-Stroke (0.03 mN) and Long-x-stroke
(0.04 mN). For the z-Stroke, the magnetic force was negligible when the MPM was located
at the z; level and maximum at the z, level due to the relative position between the MPM
and the FPMs. It can also be observed that the electromagnetic force along the y-axis was
always lower compared to the x-axis due to the difference in the distance between the
x-axis switching conductors and y-axis switching conductors (100 um) with respect to the
MPM (as shown in Figure 1).

10
= 9 _% driving current 0A (z,level) —— driving current 0A (zzlevel)r
é driving current 1.5A(z level) driving currentl.5A (z, level)
~ 8k R — T E— O — N e
g I
Q 722 S | S N S R O S H S
an - .
g 6L A b g g—
8 L
6 5 R R ' """"""""""""""
< | ;
T e [
2 : 3
B T | T
5 | ", Magnetic force
g0 'i——ariation (0.02 mN) |
B S SO A SRS S S I e IS
® ‘
2
S
E
=

I ge®Ee Tt e
: | | | ; | Short -x-stroke

2 L | L | L | L ] L | L 1 1

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Figure 5. Representation of the total force for the Short-x-stroke.

Table 2. Magnetic and electromagnetic forces exerted on the MPM.

Absolute Values of Magnetic Forces

Short-x-Stroke Long-x-Stroke y-Stroke z-Stroke
71 level 0.95 mN 1.91mN 1.64 mN 0 mN
z5 level 0.93 mN 1.87 mN 1.61 mN 3.18 mN
Absolute Values of Electromagnetic Forces (For 1 A)
Short-x-Stroke Long-x-Stroke y-Stroke z-Stroke
(Foir)
71 level 4.58 mN 4.58 mN 427 mN 0.72 mN
25 level 3.48 mN 3.48 mN 3.23 mN 21.39 mN

The frictional forces between the mobile and fixed parts of the system were also
taken into account using a Coulomb model. There were in total four frictional forces to be
considered, as shown in Figure 6. The Fj,5; and Fj, s, horizontal frictional forces characterize
the contact between the bottom side of the MPM and the thin glass layer and the contact
between the z-axis retainer and the top side of the cavity (Equation (5)), respectively. The
contact between the lateral side of the MPM and the lateral side of the cavity is characterized
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by the F;; vertical frictional force (Equation (6)). The Fj, characterizes the horizontal
frictional force between the top side of the MPM and the mobile part (Equation (7)).

Fhfl = (W — Fomz) X Hnf

)

Fupp = (W — (Fiy + Femz)) X pof
For = Fuotding X Hof (6)
Fypp = (Wp) X oy @)

In Equations (5)—(7), W and Wp are the weights of the mobile part (MPM + z-axis
retainer) and of the mobile plate that were determined using a precise weighing machine
and found to be 3.25 mN and 2.12 mN, respectively. F.; is the vertical electromagnetic
force exerted by the current-carrying conductors. F. ; is the electromagnetic force generated
by the current-carrying air core coil at the z; level. py and j, ¢ are the horizontal and
vertical frictional coefficients that were experimentally determined using an inclined plane
technique and found to be 0.39 & 0.06 and 0.48 £ 0.06, respectively. Fyg4ing is the magnetic
holding force generated by the FPMs on the MPM. This model was used to determine the
different forces exerted on the different parts of the actuators and used to size them. Based
on the design, a prototype was manufactured and is presented in the following section.

/@ Conveyance plate
6: E o \\\ Femz “ F C(:[l /

T ]

%5  F, +—Mobile part 7 ]

404 f jtF i | ;k

r'\‘]j\\
i === | ye—x P i —l
S @ T B @
F Fhfz

» casing F, o

Figure 6. Representation of the generated horizontal and vertical frictional forces for the MPM and
the mobile plate.

4. Experimental Setup and Results
4.1. Experimental Setup and Control Module

The developed prototype was composed of four main parts: a base support, a PCB
support, and two plates with cylindrical and hexagonal cavities for the FPMs and the
mobile part. The different parts were manufactured using the laser cutting technique, and
the complete experimental assembly is shown in Figure 7.

The prototype was controlled via a data I/O module (National Instruments (NI)-PCle
7841) and a LabView interface. Three voltage signals (one for each displacement axis) were
generated and converted into current signals thanks to three voltage-to-current converters
(V-]) (linear conversion, 50 kHz sampling rate (10 V; £7 A)). These current signals were
then injected into the conductors for switching along the xy-axis and in the coil to switch
along the z-axis. During the experimentation, a high-resolution camera (FLIR ORX-10G-
51s5c-c) was used to observe and measure the plate displacement. Images from the camera
were captured by a computer and analyzed using an image-processing program in order
to determine the MPM and plate displacements. A calibration grid was used to calibrate
the camera, and the pixel size of the acquired images was determined to be 0.69 pum.

4.2. Results and Discussions

In this section, the experimental results are presented and discussed. Firstly, the
experimental strokes of the actuator were measured with the help of a sticker with a “plus”
sign placed on top of it (Figure 7a). Images were captured by the camera before and after
the MPM switch, and the strokes were measured five times. The comparison between
the theoretical and experimental strokes is provided in Table3. It can be seen that the



Actuators 2021, 10, 310

10 0f 18

experimental stroke values were always higher than the theoretical ones. In the xy-plane,
the minimum stroke error was obtained for the Long-x-stroke and the maximum error
was obtained for Short-x-stroke. The differences between the theoretical and experimental
stroke values were due to the manufacturing tolerances. The stroke error for the z-Stroke
was the highest as it is linked to several parameters such as the variation in the thickness
of the second plate, the geometry of the z-axis retainer, and its positioning on the MPM.
The average difference of 36 um was due to the use of the laser cutting technique, which
ensures maximum manufacturing tolerances of about 100 um. The stroke variation was
homogeneous for the different directions, and the average stroke variation was lower than
4 um.

.
s N\

Control signals Computer
Ng—g?;Clle Labview
| Program
Module g
® 0 o
g (Volts)
Z| (Volts)
\j
g 2 -
Conveyance A4 &
| Currentin| %- Current in
plate N o
y-axis wWIr 9 X-ax1S wWire
-~
high-resolution
All‘-COl’e COll camera
Front view Control Module

Digital Conveyance device

(a) (b)

Figure 7. (a) Experimental representation of the digital conveyance device. (b) Control module for
the proposed device.

Table 3. Comparison between the experimental and theoretical strokes.

Displacement Directions = Theoretical Stroke (mm)  Experimental Stroke (mm)

Short-x-stroke 0.600 0.635 +0.004
Long-x-stroke 1.200 1.216 £0.003
y-Stroke 1.040 1.072 £ 0.006

z-Stroke 0.500 0.545 £0.002
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The two proposed approaches to move the plate were then tested using the Short-x-
stroke. In order to measure the plate displacement, a similar method as the MPM stroke
measurement was used with a sticker placed on top of the plate. Figure 8 represents
the experimental plate displacement using both approaches for a 2 A driving current
value. With the stick-slip approach, the return current was fixed at 7 A. Images of the
initial plate position, after the first sequence, after the switching back of the MPM, and
after the second sequence are shown. With the stick-slip approach, a backlash effect was
indeed observed (0.17 mm) when the MPM was switched back to its initial position. This
effect was of course not observed with the lift-mode approach. It can also be observed
that the plate displacement in the first sequence was lower for the stick-slip approach
(0.47 mm) compared to the lift-mode approach (0.58 mm). For the presented results, the
plate displacement was obtained at the z; level with the stick-slip approach, while the
zp level was used with the lift-mode approach. During this test, the time needed for
one displacement sequence was approximately equivalent for both approaches and was
30 ms. For this experimental test, the motion speed could then be estimated to be between
15mm-s~! and 19 mm-s~! for the stick-slip and lift-mode approaches, respectively.

Stick- slip Lift- mode

uonisod
[enug

&
[72]
£
5] o =
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g <
k)
E -
: t
& | | | | |
& e A Il Stick-slip approach 2
& | | | (\®)
NS | | | | | g
0.0 0.2 0.4 0.6 0.8 1.0 1. 2 =
@

Plate displacement (mm)

Figure 8. Experimental representation of the stick-slip and lift-mode approaches for the Short-x-stroke.

The proposed actuator was based on an hexagonal architecture whose main interest
was to enable displacements in six directions. The ability to move the mobile plate in all
these directions is shown in Figure 9 for both approaches. To clearly show the position of
the MPM, as well as that of the moved object, a plus mark (without white background)
was placed on top of the plate. Because the plate was composed of a glass layer, the MPM
could also be observed. In the figure, the three displacement directions are shown (i.e.,
Short-x-stroke, Long-x-stroke, y-Stroke) and the three diagonal displacements (i.e., 30°,
60°, and 120°). For each displacement, the initial and final positions are shown, and for
the stick-slip approach, the object position before the comeback step is also added. The
white and red dashed lines represent the initial and final positions of the mobile plate,
respectively, in order to clearly see the generated displacement. In these pictures, some
errors can be observed as angle errors (due to small unexpected rotations of the plate) or
straightness errors. These errors have several origins such as the friction inhomogeneity
between the MPM and the plate and the manufacturing errors of the MPM and the cavity.
In addition, the relative position between the plate and the mobile magnet also had an
influence as the contact conditions depended on it. For the stick-slip approach, the backlash
effect also introduced motion errors. In the future, several solutions will be investigated to
minimize these errors, as described in the Conclusion Section. Based on the figure, it can
be observed that the MPM was able to convey the mobile plate in the different directions
provided by the hexagonal architecture.
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The influence of the driving current value on the plate displacement was studied
for different current values from 1.5 A to 7 A (Figure 10). For both approaches, the plate
displacement was measured at the end of the displacement sequence (i.e., after the backlash
effect for the stick-slip approach). The experiments were repeated five times, and the error
bars correspond to the standard deviation on the measured points. It can be observed
that as the current increased, there was a decrease in the plate displacement for both
approaches. A current increase led indeed to a higher MPM acceleration, which resulted
in an increase of the slipping effect between the plate and the MPM. In addition, it can be
observed that the standard deviation gradually decreased as the current values increased.
The plate motion was obtained thanks to the friction phenomenon between it and the
MPM, and the origin of the observed standard deviation was mostly related to friction
inhomogeneity. At low current, the influence of friction inhomogeneity was important
compared to the electromagnetic force generated, and this influence reduced when the
increase of the current.

The maximum displacement available with the prototype was determined for both
approaches. Figure 11 shows the maximum object displacement using the Short-x-stroke
and y-Stroke for a driving current of 2 A. Initially, the plate was placed at the center of
the MPM, and then, several displacement sequences were realized until the MPM was
not able to move the plate. Indeed, after a given number of sequences, the mobile plate
went out of the limits due to its dimensions (¢15 mm), and it became impossible to move it
back. The total obtained displacement was almost equal for both approaches, and after
13 displacement steps, the mobile part reached a strongly off-center position that prevented
the MPM from moving it further. The same behavior was observed for displacement
along the y-Stroke, and the maximum displacement was +5.40 mm and +7.05 mm for the
Short-x-stroke and y-Stroke, respectively.
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Figure 9. Conveyance possibilities to all discrete positions with the help of the lift-mode and

stick-slip approaches: (a) representation of the experimental stroke values for planar displacement;

(b) representation of the angles obtained for angular displacement.

Because a displacement application was studied, the influence of the object mass on
the generated displacement was also studied (Figure 12). For that, added pieces of glass
(weighing 0.015 g each) were placed on the plate, and its displacement was measured
for each configuration. The displacement was realized with the Short-x-stroke for both
approaches and with a driving current of 2 A for the x-axis and 0.5 A for the z-axis (for lift-
mode approach). From the figure, it can be observed that the obtained plate displacement
was reduced when the mass was increased, and the displacement reduction was almost
identical for both approaches. With the proposed actuator, a maximum mass of 1.15 g can

be moved.
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5. Conclusions

In this paper, a micro-positioning device based on a 3D hexagonal digital actuator
was presented. The device is able to convey a part in the xy-plane using two different
displacement approaches. One approach was based on a stick-slip principle, and the second
used the vertical displacement axis to generate the motion. A model that considered the
magnetic, electromagnetic, and friction forces was presented and used to design the device.
A prototype was then realized and experimentally characterized. The experimental and
theoretical stroke values were compared, and the average error was found to be 36 pm. Its
origin was the manufacturing tolerances of the laser cutting technique. The two positioning
approaches were experimentally validated for displacements along each displacement
direction provided by the hexagonal architecture of the actuator. The influence of the
driving current on the object displacement was characterized, and displacement steps
between 0.6 mm and 0.05 mm could be obtained. The positioning device stroke along the
x- and y-axis was characterized and found to be £5.40 mm and £7.05 mm, respectively.
Finally, the influence of the added mass on the displacement step was characterized, and
the maximum mass that could be moved was found to be 1.15 g.

In the future, a new version of the device will be manufactured using micro-fabrication
techniques in order to reduce the manufacturing errors. High-precision manufacturing
will help to reduce the influence of the disruptions observed and then will contribute
to improving the actuators’ performances. In addition, an array composed of several
elementary tri-dimensional actuators will also be studied. With this array, the plate motion
will be generated thanks to several actuators, which will reduce the influence of the relative
position between the actuator and the plate. An actuator array will also enable more
complex motions, long-range displacements using both approaches, and the motion of
several objects simultaneously. Finally, an improvement of the device control will be
studied. For that, a measurement of the plate position will be implemented in order to
readjust from time to time the reached position and then compensate the motion errors.
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