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Abstract

In this paper, we report an actuator with a magnet made of novel rare earth magnetic powder
Sm-Fe-N with diameter of 2 um to 5 um. Micro magnets were fabricated by mixing the
magnetic powder with wax at temperature of 90°C. Alignment of the easy axis process was
employed to enhance the remanence of the micro magnets. A 8T strong pulse magnetic field
was utilized to magnetize the micro magnets. The properties of magnetic powder were
revealed with vibrating sample magnetometer (VSM) by measuring micro magnets with
various magnetic powder weight loading percentages. In the best condition, the remanence
reaches 0.9 T and the energy product reaches 70 kJ/m?. After that, the electromagnetic
actuator was fabricated by embedding the magnetic powder in deep-reactive-ion-etched
(DRIEed) Si cavity with wax binder and parylene capping. The completed MEMS structure
was mounted on a 4-layer printed circuit board (PCB) with embedded coils. Upon the
application of a direct current (DC) current for actuation, a displacement of 180 um was
obtained from a device volume of only 1.5 mm? with a low actuation power consumption of
11.5 mW.

Keywords: rare earth Sm-Fe-N magnetic powder, remanence enhancement, electromagnetic actuator, large displacement, low

power consumption

1. Introduction

In recent years, the development of
microelectromechanical system (MEMS) actuators has
drawn an increasing attention in various application
scenarios where conventional massive mechanical actuators
are unable to be adapted due to the requirement of
compactness and low power consumption. During the past
decades, a number of MEMS actuators with various

XXXX-XXXX/ XX/ XXXXXX

characteristics and actuation principles have been developed.
Among them, actuators with small size and large
displacement are highly desired. To obtain in-plane
displacement larger than 100 um, the actuation principles
including  electrostatic, thermal, piezoelectric  and
electromagnetic transduction can be used [1]-[6].

For example, a motion stage based on lever mechanism
was reported to achieve almost 100 pm by utilizing electro-
thermal actuation [7]. An electrothermal actuator with
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displacement larger than 200 pm microns was achieved in
[8]. However, the thermal actuator needs to be intensively
heated up for large displacement, which significantly
increases power consumption. Besides, the slow response of
thermal actuation is also an awkward drawback. A
piezoelectric actuator is usually used for out-of-plane or
torsional motion. Several in-plane piezoelectric actuators
were reported in [9]-[12], but one with a displacement over
100 um is based on resonance [9].

In general, an electrostatic comb drive actuator can
provide relatively large displacement. For example, a large
stroke electrostatic actuator with displacement more than 100
um was fabricated [13]. A unidirectional displacement of
200 um was reported [14]. Also, a bi-directional electrostatic
actuator with displacement more than 200 um in each axis
was presented [15]. However, such actuators have
significantly weak springs, and eventually the force, rigidity
and resonance frequency are too small to drive a practical
load. In addition, snap-in phenomena, which is lateral pull-in
phenomena of comb drive, limits the maximum displacement
[16]-[18].

Compared with the actuation principles mentioned above,
electromagnetic micro actuators, which utilize Lorentz force
generated by the coupling of magnetic field and current, have
the advantage of large displacement with relatively low
power consumption or low drive voltage and a linear
behavior. Therefore, high attention has been paid in
developing electromagnetic micro actuators. There are two
categories of electromagnetic micro actuators; moving coil
type and moving magnet type. The former is widely used for
scanning micromirror devices[19]-[27], but it needs a large
external magnet. Furthermore, a coil on a MEMS structure is
severely heated up by the application of current, because it is
suspended by thin spring beams, i.e, thermally isolated. Thus,
this paper focuses on the moving magnet type, which may
better fit large displacement micro actuators.

Duque et al., developed a digital electromagnetic actuator
array driven by a coil underneath, the moving magnet and
demonstrated displacement more than 1000 pm [28]. Also,
the actuation of a moving magnet by achieving displacement
of hundreds of microns is also widely used in application of
optical image stabilization devices [29]-[33]. Although a
large displacement was achieved, they were unable to
minimize the size because a conventional bulk magnet was
used. On the contrary, Tao et al., fabricated an
electromagnetic actuator with a size of several milli-meters
by manually assembling a micro permanent magnet which
was fabricated by bonding Nd-Fe-B powder with resin [34].
However, the displacement is still limited to 10 um. Han
fabricated a bi-directional electromagnetic actuator with
displacement of several hundred microns by actuating a
moving chessboard magnet [35]. However, the short lifetime
and the impossibility of turning it upside down during usage

could be problems due to the mechanism character of micro
balls and V-groove guideways. The property of a bulk or
film magnet plays an important role in the performance of
electromagnetic actuators. A strong magnet with high
remanence flux is able to generate a large displacement even
using a strong support spring or by applying small current.
Thus, the selection and fabrication of a micro magnet is one
of the most important factors to fabricate a large
displacement electromagnetic  actuator. The magnet
manufactured by the conventional mechanical process has
preferable property because of a well-established
manufacturing process. However, it is not suitable for
MEMS structures because it is not able to provide a
sufficient structural accuracy in microscale. An alternative
approach is to fabricate a deposition-based magnet with
MEMS process. However, the magnetic flux of a magnetic
thin film fabricated from electroplating, pulse laser
deposition (PLD) or sputtering is extremely small because of
a high self-demagnetization field caused by its low aspect
ratio [33]-[39]. The application of such kinds of magnetic
thin film is impossible for large displacement actuators.

Therefore, to fabricate a micro magnet by bonding
magnetic powder within an expected shape of a mold
becomes a promising candidate [43]-[47]. However, the
related up-to-date research works confronted with a similar
problem that Nd-Fe-B powder with micro size is easily
oxidized [48]. The magnetic powder is subject to be oxidized
and has to be handled in a non-oxygen environment even at
room temperature, otherwise the properties of the magnet
will be degraded, or even worse the magnetic power burns
naturally. Such a property is incompatible with MEMS
fabrication process or requires a special fabrication tool. In
addition, to increase the remanence, which plays an
important role in practical application, is also a challenge for
powder-based magnets.

Assuming that a desired micro magnet is available, the
integration of the micro magnet with a Si MEMS is not
straightforward. The process of assembling the micro
magnets with a micro actuator manually is not simple or
reproduceable [49]. Considering a monolithic approach,
MEMS fabrication process often includes heating steps such
as photoresist baking and thin film deposition, which may
degrade the magnet. Furthermore, the current fabrication
method of an actuation coil is often based on thin film
deposition [21], [22], [34]. limiting the number of turns or
thickness.

To overcome these challenges, we propose a combination
of a strong micro magnet made of antioxidant magnetic
powder, a monolithic Si MEMS actuator body with an
embedded micro magnet, and a printed circuit board (PCB)-
based multilayer coil for displacement greater than 100 pum.

In this paper, we present the micro magnet made of
nitride-based rare earth magnetic powder, Sm-Fe-N.
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(a) Dice the Si wafer ~ (b) DRIE to etch the  (c) Doctor blade to
into 2 cm X 2 cm chips modes for micro  remove excess powder
magnets :

(f) Align easy axis by
applying 2T for 30s

(e) 90°C for 2 min (d) Deposit a

layer of Parylene

-

(h) Dice into single (1) Measured by
magnet VSM

(g) Magnetization
by applying 8T

Figure. 1 Fabrication process of micro magnet. (a) The Si
wafer was diced into 2 cm square chips. (b) The Si chip was
dry etched to pattern the cavity for micro magnets. (c) The
mixture of magnetic powder and wax was loaded into the
cavity by doctor blade. (d) A layer of parylene with 3-5 um
thickness was deposited on the whole chip surface. (e) The
chip was heated up to 90 °C for 2 minutes to melt the wax. (f)
The alignment of easy axis process of magnetic powder was
conducted by applying 2 T magnetic field. (g) An 8 T pulse
magnetic field was applied to magnetize the micro magnet.
(h) The Si chip was diced into single magnet. (i) The single
magnet was measured by VSM.

Compared with Nd-Fe-B powder, Sm-Fe-N powder is stable
in air and can be heated up to 110°C, which allows
monolithically integration with a MEMS structure. After
systematic optimization, we obtained a coercivity, remanence,
and energy product of 560 kA/m, 0.9 T, and 70 kJ/m?,
respectively. The micro electromagnetic actuators were
fabricated by embedding the magnetic powder in a Si-based
structure with wax binder and parylene capping. The
dimension of the fabricated actuator was as small as 5 mm x

4 mm x 0.5 mm. A 4-layer PCB with a thickness of 0.4 mm

was designed for an actuation coil. By the application of a
DC current, the performance of actuators with different
strength magnets was tested, and a displacement as large as
180 pm was demonstrated.

2. Micro Magnet Made of Sm-Fe-N Powder

2.1 Fabrication of magnets

SN A
5.0V x1.50k

Figure. 2 SEM image of Sm-Fe-N powder.

In this study, Sm-Fe-N micro magnets embedded in a Si
substrate were fabricated on different conditions according to
the process shown in Fig. 1. The fabrication process started
with the dicing of a 4-inch Si wafer, and a 2 cm X 2 cm Si
chip was then etched by deep reactive ion etching (DRIE) to
create the mold for the micro magnet with a lateral
dimension of 3 mm x 1 mm and a depth of 0.5 mm. The
magnetic powder used here is SmoFei7Ns; provided by
NICHIA Corporation. As shown in Fig. 2, the diameter of
the powder is consistently around 2-5 pm, which allows the
powder to form a micro magnet with various dimensions.

Before the fabrication of the magnets, magnetic samples
were prepared by mixing different weight percentages of the
magnetic powder and wax with a melting point of 75°C in
glass tubes. Then the glass tubes were heated to 90°C and
stirred by a heater for 2 min. The magnetic powder weight
loading percentage of the slurry samples ranged from 80% to
100%. The magnetic slurry was packed into the cavities by
doctor blade at a temperature of 90°C. After the mold was
cooled down to room temperature, a layer of parylene with a
thickness of 3 pm to 5 um was deposited on the surface to
encapsulate the magnetic powder. The Si chip was heated up
to 90°C by the heater for 2 min to completely melt the wax.
Immediately after that, a 2 T magnetic field was applied to
the Si chip for 30 s using an electromagnetic treatment
machine (TEM-WV101C-252, TOEI Industry Co. Ltd.
Japan) to align the easy axis of the magnetic powder inside
the melted wax. The wax was naturally cooled down to room
temperature, and froze again to bond the powder. Then, an 8
T pulse magnetic field was applied with a pulsed high field
magnetization system (MPM 07, TOEI Industry Co. Ltd.,
Japan) by increasing the charge voltage from 0 V to 390 V
for around 3 min to magnetize the micro magnet at room
temperature. Due to all the fabrication processes were all
performed in air by manually, high risks to damage the
magnet inside the cavity. Besides, when the wax is not
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Figure. 3 Prepared magnet sample. 4 micro magnets are
embeded in the 2cm square Si chip. The dimension of one
micro magnet is 3 mm *x I mm % 0.5 mm.
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Figure 4. Comparison of micro magnets with and without
performing the alignment of the easy axis process. By the
alignment of the easy axis, the remanence of the micro
magnets with wax can be increased. The effect of the
alignment of the easy axis is not obvious when there is no
wax inside the magnet

Table 1 Summary of the samples for testing.

Sample No. 1 2 3 4 5 6 7 8 9 10
Dimension 3mmx 1 mmx 0.5 mm

Magnetic Powder

Weght Percentage | 80.94 | 82.32 | 86.78 | 94.47[100.00| 80.94 | 82.32 | 86.78 | 94.47 [ 100.00
(Wt%)

Easy Axis 2T, 2 min, 90 °C NA

Alignment

Pulse

8 T, 300 V, Room Temperature

Magnetization

0.8
061
E
e |
04r =
—80.94wt% — 91.85wt%
— 82.32wt% — 94.47wt%
0.2 83.92wt% 96.25wt%
’ —85.68wt% — 97.78wt%
—87.79wt% — 100.0wt%
g | ) s || = 90.92wt%
-600 -500 -400 -300 -200 -100 0
H (KA/m)

Figure 5. Demagnetization curve of micro magnets with
different powder weight loading percentages. The remanence
of micro magnets increases with the increase of powder
weight loading percentage. But when the wax is not enough
to bond the magnetic powder, the remanence decreases
sharply.

600

100

500 ]
180

S
o
IS)

300

140

Coercivity (KA/m)

200

Energy product (KJ/mS)

20
100 | 7

. : ‘ 0
80 85 90 95 100
Magnetic powder loading (wt%)

Figure 6. Coercivity and energy product of micro magnets.
When the wax is enough to bond the magnetic powder, the
coercivity remains constant and the energy product increases
as the increase of magnetic powder weight loading
percentage. When the wax is not enough to bond the
magnetic powder, both coercivity and energy product
decrease sharply.

sufficient enough to bond the powder, the powder inside the
cavity intends to drop out of the cavity. Thanks to the
parylene film, the magnetic powder was protected during the
following fabrication process after parylene deposition,
including heating, easy axis alignment, magnetization, dicing



Journal XX (XXXX) XXXXXX H. Wang et al
and measurement. Fig. 3 shows one of the prepared samples.
We prepared the magnet samples with and without the
Table 2 Comparison with previous works.
Year Material Fabrication Coercivity (kA/m) BHmax (kJ/m3) Magnet Size
2020 CoPt Electroplate 1000 77 T100 pm film
2019 NdFeB/Fe SUS8 bond 246 <18 050 um x T100 pm
2019 NdFeB ALD 700 <50 L175 pmx W175 pm x T400 pm
2019 CoPt Electroplate 850 56 T60 um film
2017 NdFeB Resin bond 772.4 18.4 L600 pm x W600 pum x T200 pm
2016 NdFeB ParyleneN/C 127~1040 <70 L4 mm x W4 mm x T400 um
2016 CoPt Electroplate 800 100 T6 um film
This work SmFeN Wax bond 500~560 40~70 L3 mmx W1 mmx T0.5 mm

Permanent Silicon Spring Spacer

4-Layer

Magnet PCB 1

Frame

Figure 7. Schematic of electromagnetic actuator. The
actuator mainly consists a permanent magnet, a silicon
actuator frame, a 4-layer PCB. The wire in the PCB of each
layer is connected by via hole. The magnet is suspended by
silicon springs. The actuator is assembled with the PCB by
utilizing spacers, which can maintain the gap between
magnet and the PCB
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Figure 8. Magnetic simulation model in COMSOL. The
simulation aims to study the Lorentz force generated by the
coupling between permanent magnet and current. The 2D
model consists of a permanent magnet with magnetic flux in
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accordance to the designed PCB. In the simulation, the
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magnet displacement in horizontal direction are studied
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Figure 10. Lorentz force in Y direction decreases as the
increase of gap between magnet and PCB. With the
displacement increases, the Lorentz force in Y direction
becomes larger.
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Figure 11. Prediction diagram for displacements in X and Y
directions with different applied currents, 1.

alignment of the easy axis. Table 1 summarizes the
conditions of the samples

2.2 Measurement method

The magnet samples were evaluated by a vibrating sample
magnetometer (VSM) (BHV-55, Riken Denshi Co. Itd
Japan) to find the best magnetic powder loading percentage
and to study the effect of the alignment of the easy axis on
the characteristics of the magnets. The measurement started
with the calibration of the VSM with a Ni reference sample
which has the same shape of the magnet sample. After the
calibration, the magnet samples were mounted on a rod with
vibration frequency of 24 Hz and measured for 5 min per
piece. From the VSM, demagnetization curves in M-H
format were obtained. To remove the effect of the magnet
shape and to know the intrinsic magnetic property, the self-
demagnetization field Hgq = —NJ/po , where N is
demagnetizing factor, / is magnetization strength, and pq is
permeability in vacuum, caused by a magnetic charge on the
polar surfaces of the magnet was compensated. N was
calculated as 0.59 for this magnet according to [50].

2.3 Evaluation results

Fig. 4 shows the comparison of the magnet characteristics
in J-H format with and without the alignment of the easy axis
process. The demagnetization curves reveal that the
remanence was increased by 60% and the coercivity was
decreased by 30% by conducting the alignment of the easy
axis. As shown in Fig. le, the wax inside the magnet was

totally melted when the chip was heated up to 90°C. The
powder inside the mixture was able to mechanically rotate
when a 2 T magnetic field was applied in Fig. 1f. When the
wax froze in Fig. 1f, therefore, the easy axis of the magnetic
powder was aligned in one direction. As a result, the
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When the gap g is 160 ym
Displacement in X is 165 um
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400
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1
1,

Y-Lorentz force {uN)

Spring stiffness in Y

Figure 12. Prediction diagram for displacements in X and Y
directions with different magnet-coil gaps, g.

remanence flux of the micro magnet was enhanced. However,
the effect of alignment of the easy axis was not obvious
when there was no wax in the micro magnet. This could be
explained that the majority of the powder particles inside the
cavity was not able to rotate because of no wax works as
binder during the measurement by VSM. As a result, the
coercivity and remanence were small.

With adopting the alignment of the easy axis, the magnets
with various magnetic powder loading percentages were
compared. As found in Fig. 5 and Fig. 6, when the magnetic
powder loading weight percentage was below 94%, the
coercivity remained around 550 kA/m, the remanence flux
increased as the increase of magnetic powder weight loading
percentage. However, when the magnetic powder weight
loading percentage exceeded 96%, both remanence and
coercivity decreased due to a lack of wax to fix the magnetic
powder inside the cavity. As a result, the magnetic powder
could rotate freely inside the cavity according to the
magnetic field by VSM during measurement, which leads to
the decrease of coercivity and remanence. When there was
no wax inside the cavity, both the remanence and coercivity
decreased significantly compared with the best condition.

The energy product as shown in Fig. 6 changes in the
same manner as the coercivity. The best weight loading
percentage of the magnetic powder is between 90% and 96%.
In this case, the remanence could reach as large as 0.9 T and
the energy product could reach 70 kJ/m?® as well. The
previous works related to the micro magnet are summarized
in Table 2. The overall performance of the micro magnets
made from Sm-Fe-N could compete with those fabricated
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from Nd-Fe-B [21], [25], [36], [39], [44], [47], [51]. Besides,
even though the electroplated magnets possess higher
coercivity, the real application by utilizing the out of plane
magnetic field was not ideal because of the high
demagnetization field caused by the shape of thin film. The

a: SOI Box layer et O2RIE

Device layer

Handle layer

b: DRIE f: DRIE

c: Filling Material
00 e

g: DRIE

d: Parylene Deposition h: HF Wet Etching

Si I Si0: I SmFeN Parylene C Photo Resist
Figure 13. Fabrication process of magnetic actuator. (a) The
fabrication process started with a SOI wafer. (b) The
substrate layer was dry etched by deep RIE to pattern the
cavity for micro magnet. (c) The mixture of magnetic powder
and wax was loaded into the cavity by doctor blade. (d) A
layer of parylene with 3 um to 5 um thick was deposited on
the surface. (e) The unnecessary part of the parylene was
removed by O: plasma. (f) The substrate layer was dry
etched to pattern the suspended part of the actuator. (g) The
spring was patterned on the device layer. (h) Finally, the
structure was released by HF wet etching.

(a) Top side

(b) Back side

Figure 14. Top side and back side of the actuator on the PCB.

Sm-Fe-N powder could stand with at least 50°C higher
temperature than that of Nd-Fe-B with similar diameter [48].

It is found that Sm-Fe-B powder has a promising feature in
MEMS application.

3. MEMS Actuator Using Sm-Fe-N Micro Magnet

3.1 Design

Figure 15. Experimental setup to evaluate actuator
displacement. The displacement of the actuator was
measured and recorded by the microscope.

Fig. 7 shows the schematic of the one axis actuator. A
movable magnet made of the Sm-Fe-N powder was
embedded in the Si frame suspended by Si springs. The
dimension of the actuator was limited within 5 mm x 4 mm x
0.56 mm. A layer of parylene with a thickness of 3 um to 5
um was deposited on the surface of the magnet. A PCB
with4 layers was designed for an actuation coil as a Cu loop
in each layer was connected by via through holes. By taking
advantage of the standard manufacture process, the inner
diameter of the via through hole is 70 pm and the diameter of
the via pad is 140 pm. The actuator was then glued onto the
PCB by using spacers to maintain the gap between magnet
and PCB.

3.2 Finite element method (FEM) simulation

To evaluate Lorentz force generated by the coupling of the
magnetic field and current, FEM simulation was performed
utilizing commercial software, COMSOL. In the simulation
model, the thickness of the permanent magnet is 0.5 mm and
the magnetic flux is defined as 1.3 T in vertical direction. As
shown in Fig. 8, both the gap maintained by the spacer and
relative position between the magnet and the coil were
changed. A DC current of 300 mA was applied in each wire.
As shown in Fig. 9, the Lorentz force in X direction is almost
constant regardless of the lateral position of the magnet. It
becomes larger with the gap g decrease. In this simulation,
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Lorentz forces of almost 1000 uN and 400 uN were obtained
when the gaps were 20 pm and 500 pum, respectively.
Multiple coils are helpful to enlarge the Lorentz force
compared with single coil. Unfortunately, with the increase
of the PCB layers, the distance between the coil in bottom
layers with the magnet is also increased. As a result, the
contribution from the coils with large distance grows larger
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Figure 16. Displacement vs current. The displacement in
both X and Y direction of the actuators with powder weight
loading percentage ranged from 87.79wt% to 96.25wt% was
measured by microscope

in Lorentz force in Y direction during the movement which
will increase the out-of-plane displacement. Moreover,
considering the manufacturing cost, 4-layer PCB is the best
candidate for the actuation in our case. In the current design,
the simulated spring constant of two Si springs supporting
the magnet is 1.24 N/m in X direction, and the displacements
of 800 pm and 320 um are expected at 300 mA.

The Lorentz force in Y direction was also investigated. As
shown in Fig. 10, when the X-axis displacement of the
magnet is 0 pm, the Lorentz force in Y direction is 0 N. The
Lorentz force became larger as the increase of the
displacement. Similarly, as the gap became smaller, a larger
Lorentz force in Y direction would be generated. Based on
FEM simulation, the Y-axis spring constant of the support
springs is 5.8 N/m, if the spring width is 6 pm. In order to
predict the displacement of the actuator in both X and Y
direction, the magnet is defined as the magnetic flux of 0.88
T in simulation which is same with the test result of
91.85wt% magnet. Two scenarios are considered as shown in
Fig. 11 and Fig. 12. In Fig. 11, when the gap g is defined as
160 pm, the displacements in X and Y directions are
predicted as the applied current increased from 30 mA to 150
mA. Similarly, in Fig. 12, when the applied current is

defined as 120 mA, the displacement in X and Y directions
are predicted with the gap g increased from 160 pm to
640pum. Combine the results in Fig. 11 and Fig. 12, when the
gap g and applied current are 0 pm and 120 mA, the
displacement in X and Y are 165 p and 11 um, respectively.

3.3 Fabrication

Fig. 13 shows the overall fabrication process flow, which
mainly incorporates Si dry etching process and the micro
magnet fabrication process. We used a silicon-on-insulator
(SOI) wafer, where thickness of, a device layer, a BOX layer
and a handle layer were 60 um, 1 pum and 500 pm,
respectively. The handle layer was etched to pattern the
cavity of the micro magnet. After that, the cavity was filled
with the Sm-Fe-N slurry by doctor blade. Since this was a
manual process, it was inevitable for the slurry to distribute
on the surrounding surface of the sample. The residual slurry
could be removed by stripping away the photoresist. The
next step was to deposit a parylene layer with a thickness of
3 um to 5 um on the surface. The excess parylene was etched
by Oz RIE. Then, the handle layer was etched to pattern the
suspended moving plate, followed by the magnetization. The
condition is the same with samples in Table 1. The spring
was patterned in the device layer by DRIE. Finally, the
actuator was released by buffered hydrofluoric acid (BHF)
wet etching.

The completed Si actuator is shown in Fig. 14. It was
assembled with the PCB and the gap between the PCB and
the magnet was maintained by the spacer made by a double
side tape. The thickness of spacer could be controlled by
adding or removing one layer of tape for 160 pm variance.
Then, the spacers with different thickness were prepared for
testing the performance of the actuator.

3.4 Characterization

The displacement of the actuators was measured with a
microscope as shown in Fig. 15. We varied the magnetic
powder weight loading percentage and the gap between the
suspending magnet and the PCB to investigate the
displacement. The current was supplied with a power source
with the maximum current of 262 mA. As shown in Fig. 16,
the displacements in both X and Y directions increased as the
increasing of actuation current, and the largest displacement
in X direction and Y direction were 180 um and 17 pum,
respectively. As the magnetic powder weight loading
percentage of the magnetic powder increased, the
displacement increases with the same current. Large Lorentz
force occurred by the coupling between the magnet with
large remanence and magnetic field induced by the PCB
circuit. The coupling depends on the gap as shown in the
simulation result, becomes weak with large thickness of the
spacer. As shown in Fig. 16¢ and e, the actuator with the
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magnet of 91.25wt% and 96.25wt% showed the smallest
actuation current of around 120 mA to achieve the largest
displacement of 180 pm when the gap between the magnet
and the PCB was 160 pm in X direction.

Meanwhile, compared with the simulation results, the
measured displacement is identical with the simulated value
which could be observed in Fig. 16. The variances in X and
Y direction when achieving the largest displacement is
within 15 pm and 3 um, respectively, which proves that the
predictions in Fig. 11 and Fig. 12 are reasonable. The
variance is mainly contributed by the measurement error, a
softer spring from the fabrication process and the position
error between actuation coil and magnet. Meanwhile,
because of the weight of the magnet is around 5 mg, the
displacement in Y direction without applying current is
around 8 um caused by the gravity of suspending magnet.
Therefore, the displacement in Y direction was increased
from around 8 um to 25 pm as shown in Fig. 16b, d and f.
The magnet was pulled by the PCB when actuated by DC
current and the value of the displacement in Y direction was
negative regardless the displacement in X direction.

4. Conclusion

The rare earth magnetic powder Sm-Fe-N was utilized to
fabricate micro magnets. By conducting the alignment of the
easy axis process, the remanence of the micro magnet was
significantly enhanced. The properties of the magnets with
different weight loading percentage of magnetic powder
were investigated by utilizing a VSM. As the results show
that, with the increase loading of magnetic powder, both
remanence and energy product increased. The coercivity
remained almost the same when the wax was sufficient to
bond the powder. However, both remanence and coercivity
decreased significantly when the wax was scare to bond the
magnetic powder. In the best condition, the remanence
reaches 0.9 T and the energy product reaches 70 kJ/m®. This
is the best performance ever reported for micro magnets in Si
except for thin films. Nevertheless, still improvement could
be made to increase the properties of the magnet by
increasing the density of the magnet. In our samples, the
magnetic powder was filled into the cavities by manually,
which means the density was not so large. High pressure
could be helpful in fabricating a magnet with much higher
density.

Magnetic simulation was performed to study the Lorentz
force generated by the coupling between the current and the
magnetic field. The displacements in both X and Y direction
are predicted. The actuators with various magnetic powder
weight loading percentage were fabricated. By the
application of DC current, the actuator could reach 180 pm
in-plane displacement and 17 pm out-of-plane displacement.
The measured results are identical with the simulation which
proved that the prediction of the displacement was

reasonable. The results of the actuation revealed that the
fabrication of the magnet made from the rare earth magnetic
powder Sm-Fe-N was successful and this powder is
promising in MEMS devices.
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