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Abstract

®

CrossMark

We present the design, fabrication and testing of a bi-stable vertical magnetic actuator

which exhibits non-contact latching behavior that is enabled by magnetic microlamination
technology. The lamination technology translates the structural periodicity (i.e. the multilayers
of alternating magnetic and nonmagnetic materials) into magnetic-field-pattern periodicity,
which in turn results in multi-stable energy states of the microsystem and leads to the defined
latching behavior. A single-mask process is utilized to reduce the fabrication complexity

of this actuator. The actuator has bi-stable vertical latching positions 40 pm-apart and the
latching mechanism is solely based on magnetostatic interaction without the need for a
mechanical stop. Input energies as low as 0.6 mJ for switching up and 0.02 mJ for switching
down are needed to fulfill one full period of the bi-stable actuation. No external energy is
needed in the latching positions. The behavior of the actuator is explained in terms of the
energy landscape theory. These types of vertical multi-stable actuators could have potential
applications as valves in micro-fluidic controls, or as integral parts of micro-mirrors in optical

applications.
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1. Introduction

Microelectromechanical systems (MEMS)-based actuators
are a key research area, with a wide range of applications
including valves [1], stepper motors [2], and relays [3].
Electrostatic actuators are by far the most popular type of
MEMS actuators, but can suffer from high actuating voltage,
short actuating range and/or low actuation force [4]. Magnetic
MEMS actuators can alleviate some of these issues; however,
integrating exotic magnetic materials in a CMOS-compatible
and fully integrated manner, and/or fabricating dense coils,
typically requires much more intensive microfabrication
effort than their electrostatic counterparts. These complexities

1361-6439/18/105010+10$33.00

have hindered the technological progress of these small-scale
magnetic actuators [5].

Latching schemes for actuators are often desirable since
they allow actuators to remain in defined states with no
expenditure of energy. Typical approaches to magnetic actu-
ator latching have involved a combination of electromagnetic
actuation with electrostatic latching [6], or the use of a
mechanical stop [1]. While effective latching can be realized
using these approaches, there are other operation scenarios
where non-contact latching (i.e. positional latching without
touching a mechanical stop) is desirable.

Among the various actuation mechanisms for magnetic
MEMS systems, two types are most commonly seen [7]: in
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one type, actuation is induced due to the minimization of
magnetic reluctance (e.g. closing of a magnetic circuit); in
the other, actuation arises as Lorentz force acts on a current
carrying wire. These two mechanisms can be invoked individ-
ually to realize the desired actuation, or they can be combined
to achieve both actuation and latching, in an effort to reduce
energy consumption. An excellent example of this hybrid
mechanism can be found in [8], where actuation is achieved
utilizing the combined effects of Lorentz force (current to
magnet) and minimization of magnetic reluctance (magnet to
magnet), while latching is achieved by harnessing the magne-
tostatic force from the closing of a magnetic circuit, together
with a mechanical stop. This process requires multiple align-
ment steps and a wafer bonding process, due to the latching
and actuation mechanisms used.

In this work, we propose a bi-stable vertical magnetic
actuator design that utilizes only magneto-static force to
realize latching (without any mechanical contact), and by
integrating a current conductor and a permeable component
into a single piece, we significantly reduce the fabrication
complexity down to a single-mask process. This single-mask
process is enabled by two recently-developed technologies:
a single-mask process for dual-height metallic structures [9];
and a robotic-assisted magnetic lamination technology [10,
11]. The magnetic lamination technology in which permeable
and non-permeable materials are sequentially electrodepos-
ited in a multilayer fashion has been previously used to
achieve multilayer surface/interface-property enabled func-
tions and applications (e.g. microlaminated MEMS magnets
with preserved magnetic properties [12]), and multilayer
bulk-property enabled functions and applications (e.g. nanol-
aminated inductor cores with suppressed eddy-current losses
[13]). In this work, both the architectural sequence and the
periodic magnetic field patterns of the magnetic multilayer
are exploited to create a bi-stable microsystem that enables
defined latching behaviors.

2. Actuator design

2.1. Operation principle

The operation principle of the bi-stable vertical magnetic
actuator is shown in cross-sectional view in figure 1. For ease
of understanding, consider a simplified latching mechanism
shown in figure 1(a). A movable, magnetically permeable,
electrically conducting piece is flanked by two fixed perme-
able pieces (with narrow gaps between the movable and the
fixed pieces), and placed in an external magnetic field oriented
in the horizontal direction (refer to figure 1). If only one degree
of freedom of motion is available, namely the vertical direction
(+£y direction), the movable piece has a tendency to align with
the pair of fixed pieces to reduce magnetic potential energy.
This serial configuration corresponds to the energy minimal
state in an energy well, hence the stable position. If two pairs
instead of one pair of fixed permeable pieces are stacked in
the vertical direction separated by a layer of a non-permeable

(of much lower relative permeability (e.g. unity) material,
similarly, two energy minimal states are created, one position
(latching-down (LD) state, figure 1(b)) nearly aligned with
the bottom and the other (latching-up (LU) state, figure 1(e))
nearly aligned with the top pair of the fixed permeable pieces.
Note that the near-alignment, rather than perfect-alignment, is
due to the interactions of the movable piece with both the top
and bottom pairs of the fixed permeable pieces. The transition
between one energy minimum to the other requires external
energy input. Applying a current pulse through the movable
permeable piece (i.e. also using it as a conductible piece) in
the presence of the external magnetic field results in a Lorentz
force which can be exploited to switch the movable piece
between LU and LD states. Assuming the movable piece is
initially in the LD state (figure 1(b)), a proper pulsed current
(directed into the plane of the figure along with a left-pointing
external field) would break the latching and initiate an upward
movement (pulsing-up (PU) state, figure 1(c)). If sufficient
current to overcome the energy barrier, i.e. the UPFB, has been
applied, the upward movement continues without additional
current input due to inertia until it surpasses the energy barrier
(unstable-equilibrium (UE) state, figure 1(d)), after which it
falls into the other energy well, i.e. the LU state (figure 1(e)).
Similarly, a current that is induced in the opposite direction
would initiate the pulsing-down (PD) state (figure 1(f)). The
actuator will fall into the LD state if the current is sufficiently
large to overcome the corresponding DPFB.

Should the stacking of the vertical fixed pairs of permeable
pieces be continued, additional energy wells can be created,
forming a multi-stable system that can pave the way for appli-
cations such as vertical stepper motors with defined stepping
sizes. In this work, we focus on the bi-stable system with two
pairs of fixed permeable pieces.

The designed 3D bi-stable actuator design is shown in
figure 2. Three main components are presented: (1) a pair
of tri-layer ‘flux guides’ which are the fixed permeable/non-
permeable/permeable stacks in figure 1; (2) a single-layer,
serpentine-shaped ‘shuttle’ which is the vertically movable
permeable piece in figure 1; and (3) a pair of contact pads
which operate as mechanical anchors and electrical contacts.
Note that the serpentine spring is designed to act both as a
current path for the Lorentz switching force, as well as to
provide a mechanical support for the vertical movement of
the shuttle.

2.2. Material selection

The device is fabricated on a glass substrate. Glass is utilized
for its electrical insulation as well as optical transparency
to facilitate the fabrication process. Permalloy (NiggFey) is
used as the permeable material due to its high permeability
(pr = 900), saturation flux density (By = 1.2 T) and process
compatibility. The material properties of electrodeposited
Permalloy can be find in [13]. Copper is used as the non-per-
meable material due to its high electrical conductivity, which
facilitates subsequent electrodeposition.
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Figure 1. Operating principle of the bi-stable magnetic actuator (cross-sectional view). (a) A movable permeable piece has a tendency

to latch in alignment with a pair of fixed permeable pieces to reduce magnetic potential energy, so to stay in an energy well. Two pairs of
fixed permeable pieces stacked in the vertical direction separated by non-permeable pieces, and the movable permeable piece latched at the
latching-down (LD) state (b); at the pulsing-up (PU) state (c) initiating upward motion due to Lorentz Force produced by a pulse of current;
at the unstable equilibrium (UE) state (d) barely going over the energy barrier; latched at the latching-up (LU) state (e); and at the pulsing-
down (PD) state (f) initiating downward motion due to Lorentz force produced by an opposite pulse of current.

2.3. Device modeling

The proposed actuation and latching mechanism involves
three forces: (1) magneto-static force; (2) spring force; and
(3) Lorentz force. Since bi-stable latching is enabled only
when these forces are balanced appropriately, a compre-
hensive analysis of these forces is very important. All three
forces exist during the pulsing-up and -down states (figures
1(c) and (f)). At all other states (including LD (figure 1(b)),
LU (figure 1(e)), unstable equilibrium states (figure 1(d)),
and anywhere in-between, only magneto-static and spring
forces are present.

First, we model the magnetostatic force exerted on the
shuttle, to design a proper gap in between the shuttle and the
flux guides. When the gap is sufficiently small, the actuator
will possess two stable latching states, LU and LD. Second,
a spring is designed such that the mechanical restoring force
of the spring is sufficiently small so as to not overwhelm the
magnetostatic latching forces. Third, the LU and LD positions,
where the total passive force (i.e. superposition of the magne-
tostatic and spring forces) acting on the shuttle becomes zero,
are determined. The upward-passive-force-barrier (UPFB)
and downward-passive-force-barrier (DPFB), i.e. the forces
that must be overcome to switch the shuttle from one latching
position to the other, are calculated. Lastly, the necessary min-
imum input currents to switch between LU and LD positions
are estimated by balancing the calculated passive-force-bar-
riers with the Lorentz force.

A vertical actuator is designed such that (1) a reliable
bi-stable latching is achieved while (2) the necessary input
current pulses are sufficiently small to be supplied by a typical
DC current source (e.g. <0.5 A); this device is referred to as
type A device. As a control, a type B device without latching
capability is designed.

2.3.1. Magnetostatic force. The origin of magnetostatic
latching force is the magnetic interaction between a Permalloy

Contact Pad

Shuttle (released)

Flux guide

Permeable Material

\ 4

Non-permeable Mate\rE\'

Glass

7 Z /

Figure 2. 3D design sketch of the bi-stable vertical magnetic
actuator. Tri-layer (permeable/non-permeable/permeable) flux
guide, shuttle and contact pad as marked. A-A’ indicating the cross-
sectional cut demonstrated in figure 5.

shuttle and flux guides. The device geometry and the coor-
dinate system are shown in figure 3(a). The x- and z- comp-
onents of the magnetostatic force are assumed to be zero
since the device is symmetric with respect to the y axis. The
y-component of the magnetostatic force (Fy,) experienced
by the shuttle could be analytically calculated using Kelvin’s
formula as shown in equation (1) [1, 14]:

dB,
Fy, = VM,—
M.y dy (1)

where V and M, are the volume and x-component magnetiza-
tion of the shuttle, respectively, and B, is the x-component of
the magnetic flux density without the presence of the shuttle.
As observed in equation (1), the force Fy, is proportional to
dB,/dy.
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Figure 3. (a) Schematic showing the proper coordinate system and dimensions. Note the term ‘spacing’ is utilized to indicate the distance
between two flux guides, while the term ‘gap’ is utilized to indicate the distance between the edge of the shuttle and the flux guides. (b)

A 2D map of simulated dB,/dy, when the spacing equals 170 pm, and no shuttle is present within the flux guides. The dotted lines show
the relative proximity of the shuttle edge (when presented) to the flux guides, with small gaps (edge at S line) and large gaps (edge at L
line). (c) Simulated magneto-static latching force () versus vertical displacement of the bi-stable magnetic actuator using finite-element
analysis for gap sizes 10, 20, 30, 50, and 70 pum. A force sign convention is used such that a force along the positive y direction is deemed
positive. Uniform external magnetic flux density of By (0.75 T) is applied in the models.

The flux gradient dB,/dy is calculated, without the presence
of a shuttle, using 2D finite-element analysis (FEA) (figures
3(a) and (b)); the 2D magnetostatic simulations are performed
based on COMSOL Multiphysics AC/DC module. The magne-
tostatic force that will be potentially induced to a shuttle could
be estimated by tracking the magnitude and the sign of dB,/dy
along the vertical imaginary traces that are positioned between
the flux guides; these traces will correspond to the moving edge
of the shuttle. It can be observed that the shuttle will actuate in
two different modes depending on its relative proximity to the
flux guides. For example, consider the shuttle moving along the
trace ‘S’, which is close to the flux guides. The sign of dB,/dy
changes three times; hence, the magnetostatic force (exerted
to the shuttle) would also exhibit three sign changes. Such an
actuator would exhibit bi-stable latching, as will be discussed
shortly. On the contrary, the shuttle moving along the trace ‘L’
will be subjected to a force which sign changes only once; such
actuator will be in the non-latching mode.

These two potential actuation modes are confirmed by
simulating the magnetostatic force imposed to a shuttle as a
function of vertical position (or, as a function of y), param-
eterized by the gap between the shuttle and the flux guide
(i.e. 10, 20, 30, 50 and 70 pm) using FEA (figure 3(c)). A
force sign convention is used such that a force in the positive
y direction is deemed positive. Two types of devices (i.e. type
A device with 10 gm gap and type B device with 50 ym gap)
are considered; as mentioned earlier, the former represents a
bi-stable latching device, while the latter represents a non-
latching device. Type A device exhibits LD and LU positions
indicated by the black circles, where magnetostatic forces are
equal to zero in addition to negative slopes indicating high sta-
bility (i.e. negative force is incurred when the shuttle is trying
to move in the positive direction, and vice versa). The origin
of these high stability positions is the relatively large change
of dB./dy in close proximity to the flux guides. The black X
marks the state of UE between them (positive displacement
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Figure 4. (a) Schematics of the passive force (sum of magneto-
static force (F),) and spring force (F,)) and stable latching
positions (LD and LU) of the bi-stable actuator. (b) Simulated
passive force (Fy, + Fs,) versus vertical displacement of type A
device, from which LD, LU, upward-passive-force-barrier (UPFB)
and downward-passive-force-barrier (DPFB) could be determined.
A force sign convention is used such that a force along the positive
y direction is deemed positive.

incurs positive-signed force causing further displacement, and
vice versa). On the contrary, the magnetostatic force that is
induced to type B device shows a monotonic variation along
with vertical displacement; no stable latching positions are
observed.

In summary, to operate an actuator in the latching mode,
and thereby achieve bi-stable actuation, the designed shuttle-
to-flux-guide gap should be sufficiently small (<20 pm, in
this specific case). Note this is true only if f¢, is sufficiently
large to magnetically decouple the top and bottom permeable
layers of the flux guides.

2.3.2. Spring force. A properly designed spring must (1)
exhibit sufficiently low vertical spring constant to not over-
whelm the magnetostatic latching force; and (2) possessing
sufficiently high lateral spring constant to minimize spurious
lateral (£x-direction) actuation; a long, thin serpentine spring
with a sufficiently large spring width (150 pm) is designed
accordingly.

The mechanical restoration force of the spring (i.e. or
simply, the spring force (Fs,)) is simulated as a function of
vertical displacement using finite element analysis (COMSOL
MEMS module) and the result is plotted in figure 4(b) (Spring
constant: 5.7N m~!). The asymmetrical spring force results
from the fabrication-influenced design of the zero spring
deflection position aligned with the bottom pair of the perme-
able pieces (i.e. directly on top of the substrate) instead of the
center of the flux guides.

Y Lietal
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Figure 5. Fabrication sequence (side view, cross-section A-A’ of
figure 2) of the bi-stable actuator using a single mask. (a) Sputtering
of Ti/Cu/Ti seed layer on glass substrate and patterning positive
resist mold; (b) electrodeposition of NiFe layer followed by
positive resist mold stripping; (c) exposed seed layer wet-etching,
electrically insulating the shuttle region followed by negative
resist spinning and backside UV exposure; (d) negative resist
development, forming a self-aligned mold; (e) electrodeposition
of Cu and NiFe sequentially on the flux guide region only; and
(f) negative resist mold stripping followed by glass substrate wet-
etching, releasing the shuttle from the substrate.

2.3.3. Passive force. The total passive force is calculated as
the superposition of magnetostatic force and spring force, i.e.
Fyy + Fs,. The passive force is calculated for type A device
(i.e. the devices with 10 pm gap). The latching positions (LD
and LU, figure 4(a)) are determined at which the actuator
experiences zero passive force. The calculated LD (also PU)
and LU (also PD) positions of type A device are determined to
be —23.1 pm and 18.4 um, respectively (figure 4(b)). Hence,
the designed actuation range would be 41.5 pm. The upward-
passive-force-barrier (UPFB = —0.409 mN) and downward-
passive-force-barrier (DPFB = 0.116 mN) are calculated
from figure 4(b); the difference between UPFB and DPFB is
due to the asymmetric spring force.

2.3.4. Lorentz force.
_ = _—
Fi py = /1 X By(x,ypy,z) dl

=Ipy,; [Bx (veu)Lrc + BOLR} Y =FrLpuyy (2)

— y —
Fr pp= /1 X By(x,ypp,2) dl

=Ipp, [Bx (yep)Lrg + BOLR] Y = Frppyy 3)
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Figure 6. SEM micrographs of the bi-stable actuator type A (a) and its enlarged view (b). The fully released single-layer NiFe shuttle with
a thickness of 10 pm is flanked by two tri-layer (NiFe 10 pm/Cu 40 pm/NiFe 10 pm) flux guides (flux guides undercutted but not fully

released). Gaps in between shuttle and flux guide is 10 ym wide.

- 1 2™
where B (ypy) = W/l B (x,ypy) dx 4)
§ S =W

L
By (yrp) = / . By (x,ypp) dx. (5)
s J 1w,

W,
The Lorentz force can be estimated using equations (2)—
(5), assuming (1) uniform current distribution; (2) constant
B.(x,y,z) over the thickness (y direction extent) of the thin
shuttle; and (3) negligible fringing effects. In equations (2)
and (3), the Lorentz force at PU and PD states, respectively

. —_ —_ .
(i.e. Fr, py and Fy, pp), are the functions of the x-component
of the magnetic flux densities at PU and PD, respectively (i.e.

B, (x, ypU,z; and B, (x, pr,Z;). The calculation of Lorentz

force can be simplified by using the average x-component of
flux densities between the flux guides at PU and PD positions
(i.e. B, (ypy) and B, (ypp), in equations (4) and (5)). Note
these fluxes are calculated without the shuttle being involved
[15, 16]. The simulated (COMSOL, AC/DC module) average

fluxes are B, (ypy) =0.789 T and B, (ypp) = 0.788 T, respec-
tively. The parameter Ly (0.5 mm) is the designed length of
the shuttle between flux guides in the z direction, Lg (2.3 mm)
is the designed total shuttle length in the z direction that is
perpendicular to the ambient field, and W, (150 um) is the
designed width of the shuttle. The calculation of the necessary
Ipy; and Ipp ., i.e. the necessary current to switch between LU
and LD states, follows. Here, a current sign convention is used
such that a current into the plane (figures 3 and 4) is treated
as a positive current. With the external magnetic field induced
toward the negative x direction, a positive current generates a
positive Lorentz force to the positive y direction.

2.3.5. Lorentz force versus passive force. The Lorentz force
should exceed the passive-force-barrier (i.e. 7 py, > UPFB
and Fppy, > DPFB), to actuate a shuttle from one latch-
ing state to the other. Using equations (2)—(5), along with
the calculated UPFB and DPFB (figure 4(b)), the necessary

Figure 7. Experimental setup for the characterization of the bi-
stable vertical magnetic actuator, including a digital microscope, a
test bench and a galvanostat.

pulsing-up and -down current of 0.19 A and —0.05 A, respec-
tively, are calculated.

3. Fabrication sequence

The fabrication sequence must contemplate the realization
of two essential features for actuator operation: dual-height
structures, i.e. structures in which the shuttle is single-lay-
ered in contrast with nearby tri-layered flux guides; and the
ability to separate the dual height structures by narrow gaps
for proper bi-stable latching. Conventional multimask layer-
by-layer fabrication is not ideal for the proposed design, due
to increased fabrication complexity and alignment issues
associated with thick, multiheight structures [17]. Hence,
we developed a fabrication process capable of creating dual-
height magnetic structures separated by a narrow gap detailed
in [9]. A brief process description is provided here for the con-
venience of the reader, as shown in figure 5.

A glass wafer was used as a substrate, and a titanium(30 nm)/
copper(300 nm)/titanium(30nm) seed layer was sputtered
onto the substrate. An AZ40XT photoresist mold was formed
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Figure 8. Static vertical displacement measured using digital microscope with a fixed pulse duration (#; of 10.0ms) and various actuating
current pulses (0.1, 0.3, and 0.55 A in pulse height) for (a) type A device (10 pm gap), showing an LU state 40 pm from the LD state could
be triggered with a 0.55 A pulse, followed by a return of the LD state with a reverse pulse of —0.1 A. (b) Type B device (50 pm-gap),

showing no LU state regardless of the pulse heights.

on the seed layer (figure 5(a)) and conventional through-mold
electrodeposition of a 10 um NigpFeyyp Permalloy layer was
subsequently carried out to form the entirety of the shuttle
and the bottom layer of the flux guides. After removing the
AZAOXT mold (figure 5(b)), using the deposited NiFe as an
etch-mask, the titanium/copper/titanium seed layer was wet-
etched. Upon completion of this step, the shuttle and contact
pad region formed an inner region electrically insulated from
the outer regions. The area between these regions became
transparent due to the removal of the seed layer exposing the
underlying glass substrate. A thick KMPR1050 photoresist
was then spun on the wafer and, utilizing the electroformed
Permalloy as a lithography mask, UV exposure from the
backside of the wafer (figure 5(c)) followed by development
created a high-aspect-ratio (HAR, 10:1) photoresist mold for
a second round of electrodeposition (figure 5(d)). The second
round of electrodeposition [13] comprised a 40 pm Cu layer
and a 10 pm NiFe layer to form the remaining layers of
the flux guides (figure 5(e)). Since the shuttle is not electri-
cally connected to the flux guide areas, no electrodeposition
occurs in the shuttle region. After dissolving the KMPR resist
mold, the wafer was subsequently immersed in hydrofluoric
acid solution (commercial (KMG) buffered oxide etchant
(BOE), 6:1 volume ratio of 40% NH4F in DI water to 49%
HF) to undercut the glass substrate and release the shuttle

(figure 5(f)). The wafer was then diced using a green laser
(IPG IX280-DXF). Two types of devices are fabricated, type
A and type B. The SEM micrographs of a type A featuring
the BOE released Permalloy shuttle is shown in figure 6(a)
with an expanded view in figure 6(b). Some etching defects
(e.g. pinholes and surface roughness) are visible in the SEM
images. Ideally, hydrofluoric acid and BOE should have good
selectivity to Permalloy [18] and Copper [19], and the usage
of BOE to release Permalloy structures from silicon dioxide
substrates has been demonstrated [18]. However, Nickel oxide
and Copper oxide can be attacked by hydrofluoric solutions
[20, 21], which might be a possible cause for the etching
defects on the actuator structure.

4. Device characterization

Characterization of the fabricated devices (type A and B)
was performed as shown in figure 7. An external magnetic
field of 0.75 T was provided through a pair of NdFeB per-
manent magnets (K&J magnetics, grade N52) mounted on
a 3D printed test bench (figure 7 insert). The field strength
of 0.75 T is determined through two methods: (1) simulated
using the manufacturer’s online simulator (www.kjmagnetics.
com/calculator.asp) with the magnetic-property specifications
of the magnets and the spacing between the magnets; and (2)
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schematic of the latching up (LU) state (side-view) and the corresponding digital microscope image (d) (top-view).

(a) —1(A) * §(um)
t
- B[]
0.4 - t - 40
03 - sk @ L 30 _
— €
< 0.2 - t 20 2
T 01 9'HQ L 10 ©
0+ S S s —SS—SS—H—SS*—* 0
0.1 - Sk - -10
0.2 - t, - 20
t(ms)
(b) —(A) = Slum)
06 - Sk - 60
0.5 L 50
0.4 4 t L 40
0.3 sk L 30 __
o €
< 0.2 - t F20 X
T 01 ik L 10 ©
RS P I —ssrss—[ss&~ 0
0.1 Sie 10
0.2 - t, L 20
t(ms)

Figure 10. Static vertical displacement measured using digital microscope with a fixed pulse duration (¢, of 1.0ms) and various actuating
current pulses (0.1, 0.3, and 0.55 A in pulse height) for (a) type A device (10 um gap), showing an LU state 40 pm from the LD state could
be triggered with a 0.55 A pulse, followed by a return of the LD state with a reverse pulse of —0.1 A. (b) Type B device (50 pm-gap),
showing no LU state regardless of the pulse heights.
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Figure 11. Static vertical displacement measured using digital microscope with a fixed pulse duration (#3 of 0.5 ms) and various actuating
current pulses (0.1, 0.3, and 0.55 A in pulse height) for (a) type A device (10 um gap) and (b) type B device (50 um gap). A current pulse
width of 0.5 ms could not trigger LU state in either types of devices regardless of the pulse heights.

measured using a Gauss meter (Model GM2, AlphaLab, Inc.).
The vertical static displacement (actuation range) at the center
of the shuttle was measured by a digital microscope (Keyence
VHX-5000) based on focus-detection with vertical resolution
of 0.5 um. A galvanostat (Gamry, reference 600+) was used
to provide a controlled pulsed current sequence.

A series of current pulses with various pulse heights
(selected pulse heights, 0.1, 0.3, and 0.55 A are plotted here
for demonstration purposes) and pulse widths (10.0ms,
shown in figures 8(a) and (b); 1.0ms, shown in figures 10(a)
and (b); 0.5ms, shown in figures 11(a) and (b)) were sup-
plied from the galvanostat, and the before- and after-pulse
vertical displacements were manually measured by the digital
microscope, with the LD state (initial state) being zero dis-
placement (6 = 0 pm). Figure 8 shows the experiments with
pulse width of 10.0ms for type A (figure 8(a)) and type B
(figure 8(b)) devices. The primary vertical axis records var-
ious pulse heights whereas the secondary vertical axis records
the displacement. The horizontal axis records time elapsed,
where even though pulse width was precisely recorded, due
to the manual nature of the focus-detection based displace-
ment measurement, the exact time at which displacement
data were measured was not traceable. As can be seen from
figure 8(a), the shuttle was initially at LD state, corresponding
to the vertical displacement (8) of 0 pm. A current pulse of

0.1 A in height and 10.0ms in width was firstly applied, fol-
lowed by an after-pulse displacement measurement. The
zero after-pulse displacement indicates the shuttle was not
switched into LU states. Sequentially increased pulse heights
(same pulse width) were subsequently applied to the system
followed by the after-pulse displacement measurements in a
similar fashion. It was observed that for the type A device,
a current pulse height as high as 0.55 A was needed in order
to switch the LD state (6 =0 pm) to LU state (6 = 40 pm).
A minimum negative pulse of —0.1 A was needed to switch
from the LU state back to the LD state. However, for the type
B device shown in figure 8(b), no LU state was observed; zero
displacement before and after the current pulse was recorded,
even though dynamic behaviors such as vibration can be
seen when pulsing occurs through the recorded video (refer
to supplementary materials stacks.iop.org/IMM/28/105010/
mmedia). The absence of a defined LU state in type B devices
is in accordance with the discussion of section 2.3. The exper-
imental pulsing-up current height (0.55 A) and -down current
height (—0.1 A) differ from the simulated values (0.19 A
and —0.05 A). The possible reasons of these differences might
be traced back to (1) testing related error (e.g. misaligned
magnetic field to current angle, magnetic field deviation due
to test bench assembly) and (2) fabrication related error (e.g.
fabrication dimension variations and etching defects such as


stacks.iop.org/JMM/28/105010/mmedia
stacks.iop.org/JMM/28/105010/mmedia

J. Micromech. Microeng. 28 (2018) 105010

Y Lietal

pinholes, which might lower the mechanical stiffness of the
shuttle, reducing the magnetic forces/pulse current needed to
switch between stable positions).

A video clip demonstrating the operation of the bi-stable
actuator (10ms pulse on and 1s pulse off) can be found in
the supplementary material. Screen shots of the video clip can
be seen in figure 9. The schematic of the LD state and the
corresponding microscope image can be found in figures 9(a)
and (b), respectively; the schematic of LU state and the corre-
sponding image is shown in figures 9(c) and (d).

Similarly, experiments with a fixed pulse width of 1.0ms
for type A and type B devices are shown in figures 10(a)
and (b). For the type A device, same minimum current pulse
heights (pulsing-up current height (0.55 A) and pulsing-down
current height (—0.1 A)) and actuation range (40 pm) has been
recorded; and for type B device, no LU state was observed.
An even smaller pulse width of 0.5ms, however, could not
trigger the LU state in either type of devices, shown in fig-
ures 11(a) and (b). This observed behavior may be explained
by considering the shuttle as a mass-spring system, with a
reduced amplitude response above the natural mechanical
resonant frequency of the system (determined to be 1121.5
Hz using the MEMS module of COMSOL Multiphysics, not
shown).

Utilization of a pulsed current not only reduces possible
Joule heating effects, but also minimizes the required energy
input (I’Rt, where I is the pulsed current height, R = 2 Q is the
nominal resistance of the device, ¢ is the pulse duration). The
minimal required energy input for switching from LD to LU
state is 0.6 mJ, and from LU to LD is 0.02 mJ. In the latching
states, due to the magnetostatic latching force, no external
energy is needed to keep the shuttle in the designated latched
positions.

5. Conclusion

A bi-stable vertical magnetic actuator with non-contact
latching is presented. FEA was used to predict critical gap
size leading to bi-stable latching behaviors. This device was
fabricated utilizing two technologies developed in-house: a
single-mask process for dual-height metallic structures, and
a magnetic microlamination technology taking advantage of
the multilayer-structure-induced spatially varying magnetic
field patterns. Bi-stable latching and vertical displacement of
40 pm has been achieved in these MEMS actuators with small
energy input and zero standby power consumption.
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