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Abstract: Micro conveyance devices are important elements in high precision positioning systems,
which play vital roles in many scientific and industrial fields and are widely needed in many
applications. This work presents the modeling and experimental validation of a pre-designed and
fabricated micro conveyance device. This micro conveyance device consists of eight elementary
electromagnetic digital actuators and can realize a conveyance application based on a stick-slip
driving principle. A dynamic model based on the prototype device was established for stick-slip
displacement simulation. Four sub-models of the dynamic model regarding the calculation of
actuation force and friction force within the device were built and integrated. Experiments focusing
on the conveyance application were carried out to test the performance of the prototype device.
It has been observed that the simulated results obtained using the dynamic model were in good
agreement with the experiment results. The proposed device suggests an alternative to the micro
conveyance system.

Keywords: micro conveyance device; stick-slip driving; electromagnetic digital actuators; modelling

1. Introduction

High precision micro conveyances devices, as important elements in high precision
positioning systems [1–3], play vital roles in many scientific and industrial fields, such as
bio-medicine [4,5], optical systems [6], micro-factory [7,8], micro-manipulation [9–11], etc.
The stick-slip principle, which can achieve large precise displacement with high efficiency
and generate large actuating force [12], is an ideal principle for high precision driving,
having drawn widespread attention. The main drawback is its backward motion [13–17]. In
recent years, many micro conveyance devices [1–3,6,18,19] based on the stick-slip principle
have been rapidly developed.

In the literature, the stick-slip-based micro conveyance devices were mostly realized
by using analogical actuators. These devices [2,20–22] were often adopted with closed
loop controls to reach high performance levels. Sensors and closed loop controls are
indispensable to such devices. However, with the miniaturization of precision systems, it
is required that the micro conveyance device should have a compact size and be easy to
integrate, especially for applications where it is difficult to integrate sensors. Moreover, the
integration of sensors for the above-mentioned design may lead to expansive mechanical
setup and complex control.

Digital actuators suggest an alternative to the design of micro conveyance devices
so as to avoid the abovementioned problems. Digital actuators can be switched between
well-known and repeatable discrete/stable positions [23]. During the switching of a digital
actuator, a fixed output stroke can be realized. Energy consumption is only needed during
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the switching process between the discrete/stable positions. The repeatability of the fixed
stroke enables the open loop control for these actuators [24–27]. Sensors are not needed,
and the integration of such devices are also simplified. Pulsing signals can be used for the
open loop control which reduce the control complexity. The other advantages of the digital
actuators include their simple structure, low cost, small Joule heat effect, etc. [28,29]. The
main drawback is that the manufacturing errors of these actuators have to be precisely
controlled, as they cannot be compensated using the control law.

Aiming to profit from the advantages of the digital actuation principle, this work
presents the modeling and experimental validation of a micro conveyance device consisting
of eight digital actuators (fabricated in UTC). With a specific control strategy, a conveyance
application can be realized, and the backward motion can be eliminated theoretically. The
control strategy is verified in the designed device in this work, and it can also be applied to
the other similar designs to eliminate backward motion.

The rest of paper is divided into five sections. The operating principle of the stick-slip
conveyance device is introduced in Section 2. In Section 3, the device dynamic modeling
principle is introduced. In Section 4, an experiment system is established, and the mea-
surement of the prototype device is carried out. In Section 5, a series of experiments are
conducted to validate the proposed design and show the performance of the prototype
device. The results are also listed and discussed. Finally, Section 6 concludes the paper and
prospective future research is outlined.

2. Principle
2.1. Principle of the Elementary Digital Actuator

The elementary digital actuator consists of a mobile part and a fixed part in Figure 1.
The mobile part is a Movable Permanent Magnet (MPM) placed in the square cavity made
of aluminum. The fixed part consists of four Fixed Permanent Magnets (FPMs) assembled
around the square cavity and two orthogonal wires (x- and y-axis switching wires) placed
below the square cavity. The MPM can reach the four corners of the square cavity which
correspond to the four stable positions ( 1© 2© 3© 4©) of the actuator. The four FPMs generate
a magnetic force on the MPM along the two orthogonal axes (x- and y-axis). This force
ensures the holding of the MPM in each corner of the square cavity without external
energy supply.

To switch the MPM between the stable positions, the orthogonal electric wires placed
below the square cavity are used. When a current passes through a wire surrounded by the
magnetic flux density from the MPM, a Lorentz force is generated between the MPM and
the wire. The MPM is then switched from one stable position to another.

In the previous study [23,30], research on the actuators optimization design were
carried out; a double side Printed Circuit Board (PCB) was used to avoid any electrical
contact between the two orthogonal wires (Figure 1). A thin glass layer was placed between
the MPM and the PCB so as to avoid electrical contact between the MPM and the wires.
This thin glass layer also ensures a flat surface on which the MPM moves. The dimensions
and the properties of the actuator are given in Table 1.

2.2. Principle of the Micro Conveyance Device

The micro conveyance device consists of eight elementary actuators which are ar-
ranged symmetrically in plane (Figure 2). The conveyed object is a plate placed on the
device which is just in contact with the MPMs of the eight elementary actuators. In or-
der to realize the conveyance application of the device, the stick-slip driving principle
was adopted.
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Figure 1. Elementary digital actuator. (a) Top view. (b) Cross section view A‐A. 
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Figure 1. Elementary digital actuator. (a) Top view. (b) Cross section view A-A.

Table 1. Actuator properties.

Materials

Permanent magnets NdFeB
Base Aluminum

Thin glass layer Silica
Plate/Conveyed object Silica

Permanent Magnets Dimensions Magnetic remanence

MPM 2 mm × 2 mm × 2 mm 1.45 T
FPM Φ2.26 mm × 1.25 mm 1.45 T

Distances

d1 3850 µm d4 458 µm
d2 375 µm d5 9.9 mm
d3 222 µm d6 9.9 mm

stroke 200 µm
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Figure 2. Schematic layout of the device. (a) Top view. (b) Cross section view A-A.

According to the stick-slip driving principle, a specific control strategy was used to
realize the displacement of the conveyed plate. This control strategy can be explained
by the realization of a complete conveyed plate driving sequence. The complete driving
sequence of the conveyed plate can be divided into two processes: the “slip” process
and the “stick” process. In the “slip” process, all the MPMs are actuated from one stable
position to another simultaneously via the control signal (pulse current). The plate is then
actuated by the friction forces (between each MPM and the plate) conveying displacement,
which is called step size displacement (SSD), illustrated in Figure 2. This “slip” process is
regarded as the major step in the following expression. In the “stick” process, the MPMs
are actuated back to their initial stable position one after another by reversing the control
signal, respectively. Theoretically, no backward motion of the plate is generated due to the
insufficient friction forces. This “stick” process includes eight separate actuations of the
MPMs which are regarded as eight small steps, respectively.

As each elementary actuator can be actuated in both the x- and y-axis direction, the
planar conveyance application of the device can then be realized by repeating the complete
driving sequence (“slip” to “stick” process) [25]. An optimization design of the conveyance
device was also carried out to ensure the homogeneous behavior of all elementary actuators
in the previous research [23,31]. The dimensions and the properties of the conveyance
device are given in Table 1.
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3. Dynamic Modeling

Comprehensive dynamic modeling of the device was established to analyze the dy-
namic characteristics and predict the displacement output of the conveyed plate.

During the movement of the device, the forces exerted on each actuator and the plate
constantly changed with the position change of the plate and each MPM in the device. Four
different types of forces were considered in the dynamic model: the electromagnetic force
(Fem) between the current-carrying wires and each MPM, the magnetic force (Fm) between
FPMs and MPM, the friction forces (Ff 1, Ff 2, Ff 3) between the moving components and
the fixed components and the supporting force (FN) between the MPMs and the conveyed
plate (Figure 3).
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According to Newton’s second law, the acceleration of each MPM (α1) can be calculated
by Equation (1), which is an important parameter for determining the displacement of the
plate. If α1 is not zero, it indicates a non-zero value of the friction force (Ff 1), the plate
then begins to move. The acceleration (α2) of the conveyed plate can be calculated by
Equation (2). The theory displacement of the conveyed plate can be achieved through
quadratic integral to the acceleration (α2).

M1 · α1 = Fem + Fm − Ff 1 − Ff 2 − Ff 3 (1)

M2 · α2 = Ff 1 (2)

where,

M1: MPM mass (0.06) (g)
M2: Conveyed plate mass (0.93) (g)
Fem: Electromagnetic force exerted on each MPM (N)
Fm: Magnetic force (N)
Ff 1: Top friction force between each MPM and the plate (N)
Ff 2: Bottom friction force between each MPM and the thin glass layer (N)
Ff 3: Lateral friction force between each MPM and the base (N)

In order to analyze the dynamic characteristics and predict the displacement output of
the conveyed plate, the above-mentioned forces should be calculated first. Four sub-models
(electromagnetic force model, magnetic force model, friction force model, mass center shift
model) have been created for the calculation, respectively.
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3.1. Electromagnetic Force Modeling

The electromagnetic force (Fem) generated by the considered current-carrying wires
and exerted on each MPM can be calculated by Equation (3) [32].

→
F em = I

∫
wire

d
→
l ×

→
B (3)

where,

I: The current injected in the wire (A)
l: The wires length (m)
→
B: The magnetic flux density generated by each MPM at current-carrying wire (T)

The magnetic flux density generated by each MPM at any point (x; y; z) in the Cartesian
coordinate located outside the MPM can be calculated via the magnetic charge model
presented in Equations (4)–(6) [32].

Bx(x, y, z) =
µ0M
4π

2

∑
k=1

2

∑
m=1

(−1)k+m × ln

 (y− y1) +
(
(x− xm)

2 + (y− y1)
2 + (z− zk)

2
)1/2

(y− y2) +
(
(x− xm)

2 + (y− y2)
2 + (z− zk)

2
)1/2

 (4)

By(x, y, z) =
µ0M
4π

2

∑
k=1

2

∑
m=1

(−1)k+m × ln

 (x− x1) +
(
(x− x1)

2 + (y− ym)
2 + (z− zk)

2
)1/2

(x− x2) +
(
(x− x1)

2 + (y− ym)
2 + (z− zk)

2
)1/2

 (5)

Bz(x, y, z) =
µ0M
4π

2

∑
k=1

2

∑
n=1

2

∑
m=1

(−1)k+n+m × tan−1

 (x− xn)(y− ym)

(z− zk)
(
(x− xn)

2 + (y− ym)
2 + (z− zk)

2
)1/2

 (6)

where,

Bx, By, Bz: Magnetic flux density components along x-, y- and z-axis, respectively (T)
µ0: Magnetic permeability of air (4π × 10−7) (N·A−2)
M: Magnetization of the permanent magnet (A m−1)
x, y, z: Coordinates of the computing point (m)
(x2 − x1), (y2 − y1), (z2 − z1): The MPM dimensions (in Figure 4).

Actuators 2022, 11, x FOR PEER REVIEW  6  of  17 
 

 

�⃗� 𝐼 𝑑𝑙
 

�⃗�  (3)

where, 

𝐼: The current injected in the wire (A) 
𝑙: The wires length (m) 
𝐵: The magnetic flux density generated by each MPM at current‐carrying wire (T) 

The magnetic flux density generated by each MPM at any point (x; y; z) in the Carte‐

sian coordinate located outside the MPM can be calculated via the magnetic charge model 

presented in Equations (4)–(6) [32]. 

𝐵 𝑥, 𝑦, 𝑧 ∑ ∑ 1 ln
/

/     (4)

𝐵 𝑥, 𝑦, 𝑧 ∑ ∑ 1 ln
/

/     (5)

𝐵 𝑥, 𝑦, 𝑧 ∑ ∑ ∑ 1 tan /     (6)

where, 

𝐵 , 𝐵 , 𝐵 : Magnetic flux density components along x‐, y‐ and z‐axis, respectively (T) 
𝜇 : Magnetic permeability of air (4π × 10−7) (NA−2) 
𝑀: Magnetization of the permanent magnet (A m−1) 

𝑥, 𝑦, 𝑧: Coordinates of the computing point (m) 
𝑥 𝑥 , 𝑦 𝑦 , 𝑧 𝑧 : The MPM dimensions (in Figure 4). 

z

x
y

(x1,y1,z1)

(x2,y2,z2)

SF

∆AP

FPM MPM

Wire

 

Figure 4. Magnets and coordinate system illustrated for magnetic force calculation. 

3.2. Magnetic Force Modeling 

The magnetic force (𝐹 ) generated by the FPMs and exerted on the considered MPM 

can be calculated by Equation (7) [32]. This equation was used to discretize the pole sur‐

face area of MPM into sub‐surfaces (SF shown in Figure 4). With the discretization of the 

MPM pole surface, the magnetic flux density can be computed for each MPM sub‐surface 

with Equations (4)–(6). 

�⃗� ∑ 𝜎 𝑥 �⃗� 𝑥 ∆𝐴     (7)

where, 

𝜎 : Surface charge density (A m−1) 

𝐵 : The magnetic flux density generated by the FPMs at MPM (T) 

∆𝐴 : SF surface area (m2) 

𝑥 : The center of ∆𝐴 . 

3.3. Friction Force Modeling 

Friction force modeling is always a complex problem for the stick‐slip‐based convey‐

ance devices due to the transition from “stick” to “slip”. For the proposed device, the stick‐

Figure 4. Magnets and coordinate system illustrated for magnetic force calculation.

3.2. Magnetic Force Modeling

The magnetic force (Fm) generated by the FPMs and exerted on the considered MPM
can be calculated by Equation (7) [32]. This equation was used to discretize the pole surface
area of MPM into sub-surfaces (SF shown in Figure 4). With the discretization of the MPM
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pole surface, the magnetic flux density can be computed for each MPM sub-surface with
Equations (4)–(6).

→
F m = ∑

p
σm
(

xp
)→

B M
(
xp
)
∆Ap (7)

where,

σm: Surface charge density (A m−1)
→
B M: The magnetic flux density generated by the FPMs at MPM (T)
∆Ap: SF surface area (m2)
xp: The center of ∆Ap.

3.3. Friction Force Modeling

Friction force modeling is always a complex problem for the stick-slip-based con-
veyance devices due to the transition from “stick” to “slip”. For the proposed device, the
stick-slip friction forces used to actuate the conveyed plate were considered for the 8 MPM,
respectively. In order to simplify the modeling of the friction forces, the classic Coulomb
friction model (Equation (8)) was used for the calculation of friction force mentioned in
Equations (1) and (2), and the determination of transition from “stick” to “slip” between
each MPM and the conveyed plate.

→
F f =


→
F em, v = 0,

∣∣∣∣→F em

∣∣∣∣ < fs

fssgn
(→

F em

)
, v = 0,

∣∣∣∣→F em

∣∣∣∣ ≥ fs

fcsgn(v), v 6= 0

(8)

where,

fs: Maximum static friction (N)
fc: Kinetic friction (N)
v: Velocity (m·s−1)

3.4. Mass Center Shift Modeling

During the displacement of the conveyed plate, mass center shift of the plate must
be considered, as this phenomenon will result in variation in the friction forces between
each MPM and the plate. The variation in friction forces is generated by the variation
in supporting forces between each MPM and the plate due to its mass center shift. A
sub-model focusing on calculating the supporting forces variation have been created. This
sub-model has been integrated to the device dynamic model for the need of precise friction
forces modeling of the device.

The calculation of the supporting forces can be expressed with Figure 5 and Equations
(9)–(11). In Figure 5, Fi, i = 1, 2, · · · , 8 are the supporting forces exerted on the plate by the
8 MPMs, respectively, O is the calculation coordinate center, O’ is the centroid of the plate.

∑ Fz = 0, F1 + F2 + F3 + F4 + F5 + F6 + F7 + F8 −M2 · g = 0 (9)

∑ Mx = 0, L(F1 + F2 + F3) + ∆y ·M2 · g− L(F6 + F7 + F8) = 0 (10)

∑ My = 0, L(F1 + F4 + F6) + ∆x ·M2 · g− L(F3 + F5 + F8) = 0 (11)

where,

M2: Mass of the conveyed glass plate (0.93) (g)
∆y: y-axis offset of mass center (mm)
∆x: x-axis offset of mass center (mm)
L: Distance between two adjacent MPMs (mm)
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Since the conveyed plate is hyperstatic in the model, supplementary equations are
needed for the calculation of the supporting forces from each MPM. During this calculation,
two assumptions have been made in order to complete the calculation. The first one is
that the MPM is homogeneous and deformable (compressible) at plate gravity. The second
one is that the conveyed plate is homogeneous and rigid(non-deformable) in the model.
The MPMs deformation (∆li, i = 1, 2, · · · , 8) relationship can be obtained via the vector
co-planar theorem [33–35]. The MPMs supporting forces relationship can be obtained via
Equation (12) with the help of Hooke’s law (Equation (13)).

∆l1 + ∆l8 = ∆l3 + ∆l6
∆l2 + ∆l7 = ∆l4 + ∆l5
∆l1 + ∆l5 = ∆l3 + ∆l4
∆l4 + ∆l8 = ∆l5 + ∆l6
∆l1 + ∆l7 = ∆l2 + ∆l6
∆l2 + ∆l8 = ∆l3 + ∆l7

(12)

∆li =
Fi H
EA

, i = 1, 2, · · · , 8 (13)

where,

E: MPM elastic modulus (160) (GPa)
A: MPM cross-sectional area (m2)
H: MPM height (mm)

By using Equations (9)–(13), the variation in the supporting force from each MPM can
then be calculated. The variation in friction forces can finally be calculated with Equation (8)
according to the actual supporting forces.

The abovementioned four sub-models have been integrated in a device dynamic model.
This model was realized in MATLAB/Simulink and the block diagram of the proposed
model is shown in Figure 6. During the simulation, the position information of each MPM
and the conveyed plate were fed back to the magnetic force model and the mass center
shift mode, respectively. The simulation results are presented in the following Section.
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4. Experiment Setup
4.1. Experimental Prototype and Measurements

As is presented in Figure 2, the prototype device consists of a thin plate, a mechan-
ical base support, FPMs, MPMs, a thin glass layer and a PCB. The experimental proto-
type has been fabricated by conventional machining in Roberval laboratory (UTC). Non-
ferromagnetic material (aluminum) was selected for the base support structure in order to
avoid affecting the global magnetic flux density generated by the permanent magnet, and
a milling cutter (diameter: 0.8 mm) was used for the milling processing. The aluminum
prototype is shown in Figure 7a.
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Figure 7. (a) Experimental Prototype made of aluminum. (b) Manufacturing errors along x-axis of
the square cavities. (c) Manufacturing errors along y-axis of the square cavities.

A geometrical study [23] of the prototype was carried out to evaluate the influence of
the manufacturing errors on the prototype behavior. The eight square cavities dimension
of the base support were measured with a white light interferometer machine ZYGOTM at
the Roberval laboratory. The error values (x- and y-axis) of the eight square cavities in the
base support are shown in Figure 7b,c.

It has been observed that the manufacturing errors (9–29.33 µm and 20.67–50 µm
along x- and y-axis, respectively) of the square cavities are irregular and spread over the
device. The dimensions of the used MPMs were also measured along the three axes (x-, y-
and z-axis); the manufacturing error of the MPMs along the three axes varied from −16 µm
to −8 µm.
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In order to minimize the square cavities and the MPMs manufacturing error influences
on the magnetic forces exerted on each MPM presented in Equation (7), and obtain a
homogeneous behavior of the device, eight MPMs were selected and paired with the
cavities to obtain an identical stroke of 207 µm in both switching x- and y-axis directions
for the eight elementary actuators. The influence of manufacturing errors on the magnetic
force change was +0.02 mN and the relative change was +3.2% compared to a perfect stroke
of 200 µm.

4.2. Control Equipment Setup

The control system of the device consists of a computer, a PCI data acquisition board
(PCI-6733) and four V-A converters (10V-10A). The control flow of the whole control system
is shown in Figure 8a.
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LABVIEW software is used for programming and sending control signals to the PCI
data acquisition card. The PCI data acquisition card outputs four independent voltage
signals, each voltage signal is converted into current signal through the V-A converter and
sent to the device.

A non-contact measurement technique based on high frequency capturing camera
(FL2-08S2M/C) and a MATLAB image processing program have been developed and
implemented, respectively to achieve the plate displacement value. A square marker is
pasted at the center of the glass plate surface (Figure 8b) as a position marker for the
measurement. The camera is controlled to take pictures of the plate and transfer pictures to
the computer during the displacement of the plate. The stored pictures are processed and
calculated by MATLAB program to obtain the displacement of the conveyed plate. The
resolution of the camera is 10.42 µm/pixel.

5. Experiments and Analysis

In this section, experimental tests of the prototype have been carried out to validate
the design principle and also characterize the dynamic performance of the prototype device
and its conveyance application. The influence of driving parameter (driving current),
influence of MPM “stick” process, repeatability and the long-range conveyance have been
studied via the device dynamic model mentioned above, the simulation results have been
compared with the experimental results and discussed.

5.1. Influence of Driving Current

Driving current value is an important parameter as it affects the Lorentz force exerted
on each MPM (Equation (3)) furthermore the duration of “stick” and “slip” process of the
plate. In this experiment, 20 step size displacement (SSD) in +x direction and then 20 SSD



Actuators 2022, 11, 112 11 of 18

in −x direction have been realized. Current pulse has been used as the driving current to
save energy. The duration of the current pulse was set to 20 ms and the current value was
set between 5A and 7A. The experimental and simulation average SSD values for different
driving current values along x-axis are presented in Figure 9a.
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Figure 9. (a) Influence of driving current on the conveyed plate SSD. (b) Simulation of plate and
MPM displacement during one switch.

It can be observed from Figure 9a that the changing trend of the experimental results
and simulation results are almost consistent, and the maximum difference between the
two results value is 13.7% (4.92 µm). With the increase in the driving current value, the
difference of results value gradually decreases to the minimum value of 0.7% (0.15 µm),
which indicates that the dynamic model can predict the SSD of the conveyed plate within a
quite small difference especially when the driving current value is set bigger than 6A.

It can also be observed that with the increase in the driving current value, the experi-
mental and simulation SSD values of the plate decrease from 40.88 µm to 21.61 µm and
35.96 µm to 21.46 µm, respectively. This phenomenon can be explained via a dynamic
simulation analysis of MPM. Thanks to the device dynamic model mentioned above, time-
displacement curves of MPM and plate during one SSD have been simulated and presented
in Figure 9b. Two driving current values (5A and 7A) are used to make it clear to analyze.
Points a and b are the time for each MPM to switch from one stable position to another
with 5A and 7A driving current, respectively. They are also the points from which the
conveyed plate begins to decelerate during the switching of the MPMs. With a higher
current value, the relative slip time between MPMs and the plate becomes less (a < b) due
to the augmentation of electromagnetic driving forces exerted on each MPM (Equation (3)).
The SSD value of plate then decreases.

5.2. Influence of the “Stick” Process

A complete sequence contains 1 major step and 8 small steps (presented in Section 2).
Theoretically, the plate is stationary without backward motion during the “stick” process
(8 small steps). Compared to the other designs in the literature, this important phenomenon
is benefitted from the original design of the proposed device and the control strategy
mention above. In order to verify the existence of this phenomenon and the theoretical
design principle, the influence of each MPM on the plate SSD when it is switched back to
its initial stable position one after another (small steps) was studied.

In this experiment and simulation, 5A pulse current is used as driving current with a
duration of 20 ms. This current value has been chosen because it ensures the maximum
SSD value (Figure 9a). The “stick” process influence is then maximized and much easier to
be observed. Four complete conveyed plate displacement sequences of “slip” process to
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“stick” process have been implemented along x-axis direction and the results are illustration
in Figure 10.
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Figure 10. Influence of “stick” process.

It can be observed that the influence of the MPMs “stick” process on the SSD is very
small from the experiment results. In Figure 10, six sticker positions are plotted and
zoomed in area A and B. A small variation (less than one pixel) in the plate position was
observed when the MPMs were switched back to their initial stable positions (area A and
B), which is also the maximum variation in plate position in the complete driving sequence.
Consequently, it can be proved that the backward motion is greatly suppressed based on
the proposed design and the control strategy is effective.

5.3. “Slip” Process Repeatability Test

In this section, a study on the repeatability of the “Slip” process is presented. The
objective of this study is to verify the repeatability of the plate SSD value which is important
for the conveyance application. A 5A pulse current was used during this experiment
because it can output the maximum SSD and is consistent with previous experiments.
During this experiment, the plate was first driven to output an SSD along the +x axis
and then the plate was driven to output a SSD along the −x axis. This driving process
(defined as forth and back process) was repeated for 30 times; the eight small steps in the
“stick” process were not implemented. The plate position along the x-axis is shown in
Figure 11. The difference (∆X) (shown in Figure 11) between the plate current position and
the previous position was taken as a repeatability criterion to evaluate the repeatability
of the “slip” process SSD. It can be observed that the average SSD value is 41.80 µm and
41.92 µm along the x+/− directions, respectively. The real standard deviations of the SSD
value along the two directions are 3.75 µm and 3.70 µm, respectively.

A normal distribution study of the ∆X was carried out with 300 samples of the forth
and back process and are illustrated in Figure 12. It can be observed that most of the ∆X
(81.33% (244/300)) is within the measurement resolution (one pixel: 10.42 µm). It is thus
proved that the prototype device shows good repeatability in the “slip” process.
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Figure 12. Normal distribution of ∆X.

5.4. Realization of Long Displacement Conveyance

In this experiment, long displacement plate conveyance was carried out in order to
determine the conveyance displacement limit. This experiment was realized using a 5A
pulse current with a pulse width of 20 ms. The relation between plate displacement and
sequence number is presented in Figure 13.

In this experiment, 400 complete displacement sequences along the x-axis direction
(“slip” to “stick” process) were realized. It can be observed in Figure 13 that the trajectory
of the plate in the x-axis direction is almost linear with the increase in sequence number
from 0th to 164th (Point a to p). The difference between the average SSD value 37.44 µm
and the origin SSD value (40.88 mium) is only 3.44 µm (8.4%); this zone (from a to p) can
be determined as the stable zone (SZ). The experimental results and simulation results are
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almost consistent in the SZ. It can also be observed in the sticker position pictures presented
in Figure 14 that after 150 plate displacement sequences in the x-axis direction, the y-axis
direction of the plate offset is −175 µm, which is just about four-times the SSD value in the
x-axis direction. It is then proved that the plate displacement linearity is quite good when
driven in the x-axis direction in SZ. The simulated displacement trajectory curve was also
found close to the experimental displacement trajectory curve. The dynamic model offers
great accuracy under the above driving conditions.
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Figure 13. Influence of long displacement conveyance along x-axis.
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tial position. (b) The 50th displacement sequence. (c) The 100th dis-placement sequence. (d) The 150th
displacement sequence. (e) The 200th displacement sequence. (f) The 250th displacement sequence.

From the 164th to the 218th sequence (Point p to q in Figure 13), the average SSD value
of the plate decreased significantly to 11.92 µm. It was observed in the experiments that
the conveyed plate was at the boundary of the actuators. Slight displacements in y-axis
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direction (e.g., Figure 14e, 347 µm) of the conveyed plate were found which caused the
change in the friction forces between each MPM and the plate. This phenomenon, in turn,
proves the decrease in the average SSD value of the plate. This zone from Point p to Point q
can be defined as the transition zone (TZ). The simulated displacement trajectory curve
is not consistent with the experimental displacement trajectory curve in TZ, as boundary
effect has not been taken into account in the dynamic model.

After the 220th sequence (Point q), the experimental displacements of the plate are
about 0. As it has been observed in experiments, the conveyed plate was already removed
from the boundary of the actuators. Several MPMs already lost contact with the plate,
which is the reason why the plate ceased to move. This zone after Point q can be defined as
the end zone (EZ). The maximum range of the device can be limited to 6880 µm.

5.5. Performance Evaluation and Discussion

The requirements for the stick-slip-based micro conveyance device could vary depend-
ing on the application where it is implemented. However, the common requirements are a
large active area, planar displacement capabilities (DOF), high speed, high position preci-
sion, low energy consumption and suppressed/eliminated backward motion. It has been
discussed in the Introduction that the integration of these conveyance devices should be
easy, keeping the complexity of these systems as low as possible; thus, the control structure
is important for these devices, especially for a compact design need. Comparison has been
carried out with several proposed stick-slip-based micro conveyance devices listed in the
literature and the performances are shown in Table 2. The strengths of the proposed design
in this work are the mentioned digital actuation principle, simple control, 2-DOF capability,
significant active surface, competitive speed, low energy consumption and the elimination
of backward motion. Judging from the presented general requirements and performance
relative to other solutions, the proposed solution in this work could find its place among
the stick-slip-based micro conveyance devices (especially for the applications where it is
difficult to integrate sensors and suppression/elimination of backward motion is needed),
which offer the alternative to adapt to the changing architecture of the stick-slip-based
micro conveyance devices.

Table 2. Literature comparison.

DOF Active Surface Actuator Sensor/
Control Speed Range Precision/

Error
Backward

Motion

[1,2] 2 104 × 104 mm2 Analog Yes/Closed 1.54 mm/s 11.3 µm 20 nm Existing
[3] 1 Φ30 mm Analog No/Open 1039 r/min - 27.53 µrad Existing
[6] 2 - Analog No/Open 6.35 µm/s 5000 µm 86 nm Existing

[11] 2 - Analog Yes/Closed 0.02 µm/s 15 mm 20 nm Eliminated
[12] 1 - Analog No/Open 9.7 µm/s - 4.448 µm Suppressed
[13] 1 31 × 12 mm2 Analog No/Open 4.8 mm/s 29 mm 13 nm Existing
[15] 1 41 × 42 mm2 Analog No/Open 26.2 mm/s - 60 nm Existing
[16] 2 67 × 60 mm2 Analog No/Open 13.29 µm/s - 3.96 nm Eliminated
[17] 1 - Analog No/Open 41.96 µm/s - 30.32 µm Suppressed

[18] 1 62 × 87 mm2 Analog No/Open 151.4
mrad/s - 3.03 mrad Existing

[19] 1 - Analog No/Open 1042.99
mrad/s - 1.77 µrad Existing

[20] 1 - Analog Yes/Closed 4.9713
mm/s - 50 nm Existing

[21] 1 240 × 75 mm2 Analog Yes/Closed 3.84 µm/s 960 µm 6 nm Suppressed

[22] 1 Φ50 mm Analog Yes/Closed 9.03
mrad/s - 0.35 mrad Existing

Present 2 52 × 52 mm2 Digital No/Open 292 µm/s 6.88 mm 22 µm Eliminated
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6. Conclusions

In this work, a stick-slip driving micro conveyance device consisting of eight electro-
magnetic digital actuators is proposed. The principle of the device has been illustrated.
A dynamic model consisting of four sub-models (Magnetic force model, electromagnetic
force model, friction force model and mass center shift model) has been created for the
dynamic modeling of the device. Focusing on the stick-slip driving principal validation
and the conveyance application performance characterization, an experimental prototype
was fabricated using conventional manufacturing. Several experiments were carried out
on the prototype device. The experimental results and the simulation results have been
compared and discussed.

The experimental results show that the SSD of the conveyed plate decreases with the
increase in the driving current value, and the maximum and minimum values are 40.88 µm
and 21.61 µm, respectively. In the “stick” process, the position change of the conveyed
plate is slight when the MPM is switched to the initial position. The backward motion is
greatly suppressed on the proposed design and the control strategy is effective. In the “slip”
process, a good SSD repeatability of 81.33% has been obtained within the camera resolution
(10.42 µm). The maximum conveyance distance of the device is 6.88 mm, and the optimal
linear conveyance range is 0–6.14 mm. It is also proved that the dynamic model simulation
results are quite consistent with the experimental results.

In the future, research on micro conveyance devices will mainly focus on the follow-
ing three aspects. The first one concerns a new prototype device with a higher precision
manufacturing process (such as silicon etching), which will be used instead of conven-
tional milling (the current prototype manufacturing precision is not enough) to reduce
the negative influence of manufacturing errors on magnetic forces and the inhomogeneity
of friction on the contact surface of each component. The second one concerns detailed
research on the “slip” process of the plate. An industrial camera with a high frame rate
and high resolution will be used for upgrading the non-contact measurement system, so
as to obtain more precise dynamic characteristics (response time, displacement, speed,
acceleration, etc.) of MPMs and the plate for further study and verification of the dynamic
model. The last one concerns the influences of the different mass/shape/material of the
conveyed object on the SSD using the new high precision device.
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