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Magnetic Induction Micromachine—Part II:
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Abstract—This paper presents the realization of a magnetic
induction machine. The development of this machine is part of an
ongoing project to create high-power density electric microgener-
ators for use in portable-power applications. The results reported
here focus on testing a first-generation nonlaminated electromag-
netic actuator, a metrology device designed for exploring and
characterizing the fabrication process and the operating behavior
of the magnetic induction micromachine. Achieving high power
density requires large electrical currents and magnetic fluxes,
which necessitate thick, multilayered microstructures that are
difficult to fabricate. The batch-fabrication schemes developed
as part of this work are based on low-temperature micromolding
that makes extensive use of various ultra-thick photoresists and
electroplating of electrical conductors (Cu) and ferromagnetic
materials (Ni-Fe 80%-20% ), resulting in the successful fabrication
of a multilayer two-phase planar stator and a planar rotor. To
evaluate the performance of the complete machine (stator plus
rotor), a 4-mm-diameter, 500-m-thick electroplated Ni-Fe rotor
is tethered to a series of flexible structures that prevent it from
making a complete revolution, but allow accurate torque perfor-
mance extraction. The tethered induction micromotor studied
here exhibits torque production as high as 4.8 uN-m. [1436]

Index Terms—Magnetic induction micromachine, micro-

molding, electroplating, tethers, micromotor.

1. INTRODUCTION

ECENTLY there has been much interest in Power MEMS,

i.e., the generation of mechanical and electrical power on
the small scale for use in military and commercial applications.
Examples of such programs include various gas-turbine efforts
[1], [2]. In this work, we seek to develop a generator that can
take as input mechanical work generated from a power MEMS
platform and convert that mechanical work to electrical energy.
The eventual power levels anticipated from such machines are in
the range of tens of watts. In order to achieve these power levels,
large rotational speeds, on the order of hundreds of thousands
of revolutions per minute or higher, are contemplated.
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Fig. 1. SEM photograph of a 200-pm-tall SU-8 mold, spun and successfully
patterned on top of preexisting high-aspect ratio structures.
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Fig. 2. The topology of a complete machine. The rotor is suspended over the
stator via air bearings. The tethers are not shown.

Induction machines are interesting candidates for
power-MEMS electromechanical energy conversion, since
no electrical connection to the rotor is required (which would
be difficult to achieve at such high rotational speeds). Induc-
tion machines based on either electrostatic [3] or magnetic
[4] approaches can be contemplated. This paper will focus
on magnetic induction machines for several reasons. First,
as the torque and power targets for electromechanical energy
conversion increase, so too will the size of the machines that
perform the conversion. This increase is already sufficient
for magnetic machines to be favored generally over electric
machines in terms of torque and power density. One direct
observation is that magnetic induction machines can operate
with rotor-stator gaps much larger than is practical for electric
induction machines [3], [4]. This results in greatly reduced
windage (i.e., fluid-mechanical drag) losses, thereby increasing
overall system efficiency. Moreover, magnetic machines are
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Fig.3. Losses in the stator as a function of operating frequency. Both Joule effects and eddy-current losses are calculated using a 2-D magnetic quasistatic ANSYS

analysis. Hysteresis losses are calculated from material data. The dependence of coil losses on frequency is due to the skin effect.

inherently low-voltage, high-current, and low-frequency ma-
chines. They are therefore better matched to their end-use
in the portable power applications of interest (e.g., portable
power-systems for miniature communication components and
wearable electronics), and their associated power electronics
can be much more compact and efficient.

In this article, we present a detailed description of the fab-
rication and testing of both the stator and the tethered rotor of
a magnetic induction micromachine. This first-generation ma-
chine does not address the additional fabrication difficulty asso-
ciated with creating suitably laminated ferromagnetic cores for
micron-scale, low-megahertz-range applications which is the
subject of concurrent research efforts [S]—[7]. In this work, fab-
rication complexity is also mitigated through the use of ma-
terials with either low Curie or low-decomposition tempera-
tures, which limits the operating temperatures to lower than
400 °C, which may be sufficient for low-temperature power-
MEMS applications.

II. FABRICATION-CONSTRAINED DEVICE DESIGN

A typical macroscale induction machine consists of a high-as-
pectratio cylindrical “squirrel-cage” rotor and three-dimension-
ally wrapped stator coils and magnetic pole pieces. The trans-
lation of this geometry to a MEMS fabrication-feasible design
requires the imposition of a large number of additional con-
straints, which would profoundly alter the device. These fab-
rication-oriented constraints will have as much influence on the
final design as the magnetic-design issues discussed in Part I.

The primary fabrication constraints are 1) the two-dimen-
sional (2-D) nature of micromachining, 2) a limited set of avail-
able approaches to deposit very thick structures (on the order

of tens to hundreds of micrometers), and 3) fabrication-feasible
methods to deposit and tightly juxtapose films of magnetic, con-
ducting, and insulating natures.

The first fabrication constraint dictates minimization of the
number of turns of conducting material in the stator design.
From a micromachining point of view, each additional turn re-
quires a multilayer process that ‘stacks’ conductors into a single
magnetic slot. This is compounded by the need to place multiple
phases within the same slot. The simplest approach is to use a
single-turn, two-phase machine, which places two turns within
a single slot.

One consequence of this design choice is that large currents
will need to flow through the single-winding coils in order to
achieve the required number of ampere-turns for successful de-
vice operation. These large currents will also result in large
ohmic losses, which in turn can cause undesirable Joule heating
of the machine. In addition to these coil losses, losses from the
magnetic portions of the machine (i.e., eddy-current and hys-
teresis losses) must be considered. To quantify these effects, a
set of electrothermal models must be developed to predict the
temperature rise of the machine during operation.

In addition to the geometric issues discussed above, fabrica-
tion constraints also manifest themselves in terms of available
materials and deposition methods for both rotor and stator. The
fabrication approach adopted is based on micromolding and
electroplating, which are now standard fabrication sequences
for ultraminiaturized electromagnets [8]-[12]. However, with
the exception of hybrid systems relying on miniaturized ver-
sions of macroscopic inductor coils [13], most successful
MEMS magnetic components reported are low profile with a
total thickness that does not exceed a few tens of micrometers
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Fig. 4.

Increasing outer winding width reduces the thermal stress on the stator by draining heat away from the center of the structure. Inner stator poles remain

cool due to effective thermal contact with the substrate and relative thermal insulation from the windings. Temperatures are in Kelvin. (Color version available

online at http://ieeexplore.ieee.org.)

[11], [14]. Since the magnetic induction machine must operate
at high currents through two phases, the fabrication approach
must yield multilayer structures substantially thicker (sev-
eral hundreds of micrometers) than most previously reported
MEMS devices.

One key element in the creation of ultra-thick multilayer
micromolds is the use of thick polymers that can be patterned
using conventional UV photolithography. In this work, we
employed two negative photoresists: NR9-8000-P Futurrex
negative photoresist (PR) and SU-8 photosensitive epoxy. The
PR is used as the electroplating mold and is later removed
once the plating sequence ends. The epoxy SU-8 is employed
as a permanent mold that remains embedded in the stator and
insures the structural integrity of the final device. The excellent
planarizing properties of SU-8 allow successful patterning of
such a thick layer using conventional contact photolithography,
regardless of the pre-existing topography of the substrate.
As Fig. 1 shows, the presence of an underlying high-aspect
ratio structure does not affect the quality and resolution of a
subsequent photolithographic step involving SU-8. Note that
the combination of these two materials allows the elimination
of a time-consuming anisotropic etch step through these multi-
hundred microns-thick materials.

Electrodeposition is utilized for both the conductor and
magnetic-core materials. Copper is an excellent choice for
the coils due to its low resistivity and the fact that it has been
demonstrated to form thick (>100 micrometers), low-stress
microstructures. Copper structures are electroplated using
CuS04-H2S04-H 204 electroplating bath, as described in [11].

The magnetic core material is a more difficult choice to
make. Using a single material for the magnetic flux path of
an electromagnetic device requires a compromise in material
properties and performance. High torque output from the induc-

tion motor requires a magnetic material with large saturation
flux density (Bsat); however, minimizing eddy-current losses
dictates a highly resistive core material. Power output from the
magnetic induction machine increases with operating speed
and frequency; nevertheless, the higher the frequency, the
larger the eddy-current and hysteresis losses. Thus, sustaining a
large torque at high frequencies requires a material with a high
electrical resistivity, a high B, and a small coercivity value.
Although it does not satisfy all of these constraints, the chosen
magnetic material is permalloy Ni-Fe (80%-20%), which
can be easily electrodeposited in thick (>100 micrometers),
low-residual-stress films. The magnetic saturation flux density
of the electroplated Ni-Fe is close to 0.9 T and its relative
permeability is approximately 3000 before saturation. Ni-Fe
80-20 has an electrical resistivity of 5.5 x 10~7 {-m at room
temperature. The detail of the electroplating setup and bath
composition can be found in [11].

A solid model of a micromachining-compatible magnetic
induction machine, which satisfies the magnetic-design con-
straints of Part I as well as the fabrication-design constraints
discussed above, is shown in Fig. 2. The machine consists of a
stator fabricated on a magnetic substrate, and a rotor suspended
over the stator. An axial air gap is present between the rotor and
stator. The pattern of stator windings is dictated in part by the
fabrication constraints and in part by electrothermal modeling
(discussed below).

The device operates in standard induction-machine fashion.
The rotor is a solid magnetic disk that supports a highly con-
ducting layer at the air gap. The stator consists of two phases of
a single winding each, with either six or eight pole pairs. With its
coils excited in temporal quadrature, the stator supports a trav-
eling magnetic field wave on its surface. This field in turn in-
duces currents in the rotor conductor with which it interacts to
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Fig. 5.
stator fabrication. The glass transition temperature of SU-8 is around 473 K.

produce a torque on the rotor. Such operation can lead to both
motoring and power generation.

Although the geometric parameters of the stator have been
determined, the overall thickness of the windings (and there-
fore of the total device) is strongly influenced by electrothermal
constraints. Because the machine is a low-voltage, high-cur-
rent induction machine, significant amounts of current flow in
the coils [15], [16]. Large ac currents mean considerable heat
dissipation inside the coils, as well as potentially significant
losses within the ferromagnetic core due to eddy-currents and
hysteresis. The energy dissipated through hysteresis inside the
ferromagnetic core is proportional to the total volume of ferro-
magnetic material, the operating frequency, and the total energy
lost during one hysteresis cycle of the ferromagnetic material.
The ferromagnetic material used for this application is electro-
plated Ni-Fe (80%-20%), whose low frequency magnetic prop-
erties [17], [18] are used to estimate the hysteresis loss. The
two other dissipative phenomena are estimated through a 2-D
finite-element magnetic analysis at various operating frequen-
cies, keeping the excitation current density (1.9 x 10° A/m?)
constant for a 20-pm-thick, 200-pm-wide coil geometry.

Fig. 3 shows the three loss mechanisms evident in the stator
under typical operating conditions. Coil and eddy-current losses
were calculated using ANSY'S while hysteresis losses were cal-
culated by considering the B-H curve of the magnetic mate-
rial assuming saturated conditions (a worst-case scenario). For

Maximum temperature at the center of the stator. Depicted around 700 K is the destruction temperature of SU-8 epoxy, the structuring polymer used in
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Fig. 6. In a tethered motor, the rotor is supported by tethers above the stator.

These tethers are extremely stiff in the out-of-plane direction, and relatively
compliant in the axial direction.

suboptimal coil geometry, heat dissipation inside the stator is
dominated by winding losses. These losses will dictate that ‘hot
spots’ may occur in the coils. As the coils are both electrically
and thermally insulated from one another—as well as from the
Ni-Fe slots—by a polymer, the coil-to-substrate thermal con-
duction path is impeded. On the contrary, heat generated in the
Ni-Fe stator core can be efficiently drained via a heat sink at
the bottom of the substrate; this is because the stator core is not
thermally insulated from the Ni-Fe substrate wafer. It is vital
to carefully optimize the coil geometry while respecting de-
sign rules and limitations arising from the fabrication approach
and from the electromagnetic design. Therefore, our subsequent
thermal-design efforts concentrate on refining the coil geometry
to minimize winding losses and temperature rise.
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Fig. 7. Fabrication sequences to create the first metal layer (winding and core) of the stator (1 through 6) are repeated to obtain the second metal layer (7). A final
Ni-Fe electroplating step followed by lapping and polishing completes the stator (8).

Optimizing the coil geometry requires that the coil cross sec-
tion be maximized. One straightforward approach is to decrease
the coil resistance by optimizing the in-plane turn width. Given
the eventual application and the need to potentially accommo-
date bearings in the center of the device [1], real-estate is more
readily available along the outer end-turns of the coil. Fig. 4
depicts the results of a two-dimensional ANSYS analysis, ne-
glecting vertical conduction and convection, which is used as a
simplified design tool to compare relative outer-coil geometries
(this 2-D analysis will not result in accurate prediction of the
central temperature). The resultant temperature map inside the
stator for two different coil geometries is shown. In both cases,
the coil thickness is kept at 20-um and the current density is
constant at 3 x 10% A/m?. Fig. 4(left) displays the temperature
distribution inside a single winding whose width is kept constant
as it meanders around the Ni-Fe slots. Excessive heating is en-
countered around the outer end-turns. In Fig. 4(right), widening
the outer-coil windings eliminates excessive heating at the pe-
riphery of the stator. Further increase of the width of the outer
windings offers limited benefits.

To include both the influence of heat conduction through var-
ious layers of the stator, as well as the convective effects at
the upper surface (thereby allowing accurate calculation of the
center and inner end-turn device temperatures), a full three-di-
mensional (3-D) thermal model of a portion of the device is de-
veloped. Here, copper is the coil material and SU-8 epoxy is
used both as an insulator and a structuring material. Simulation
results indicate that it is imperative for the bottom side of the
stator to be efficiently heat-sunk.

Fig. 5 shows the results of the full 3-D thermal model, giving
the maximum temperature reached inside the stator as a func-
tion of coil current, as parameterized by three coil thicknesses
(60, 70, and 80 pm). The horizontal line in Fig. 5 indicates
the temperature at which cured SU-8 epoxy starts to decom-
pose (700 K), and represents a hard limit of temperature. Since
some papers have reported softening of SU-8 at 200 °C [21],
this temperature will be considered as an “engineering limit”
for the stators. Beyond this lower limit, the structural integrity
of the device may be compromised. It can be seen from Fig. 5

that the coil thickness should be larger than 80 pum to safely
conduct currents as high as 12 A (rms). The equivalent current
density is 7.5 x 10® A/m?, which is significantly larger than
what macroscale machines can typically accommodate' (107
A/m?). Current densities in carefully designed micromachines
can reach such high values because the ratio of cooling surface
area to heating volume increases inversely with the typical di-
mension; as a result, in the MEMS scale, cooling is much more
effective. Tests conducted later on with electroplated copper
microstrips embedded in a matrix of SU-8 and surrounded by
Ni-Fe structure repeatedly supported dc current densities in ex-
cess of 5 X 108 A/m? before thermal failure. Better heat sinking
techniques could potentially improve this number further.

III. TETHERED-MOTOR FABRICATION

Exploring and characterizing the operating behavior of the
magnetic-induction micromachine as a generator requires that
the machine operates in the presence of a power-MEMS-based
mechanical work generator, such as silicon-based turboma-
chinery [1]. The design and fabrication alone of a rotor able to
rotate at such operating speeds (around 2.4 x 10% rpm) raises
design and fabrication issues for the air and thrust bearing
system. It also raises integration issues as the rotor and the
stator are composite microstructures that include materials
other than silicon. At this stage, we adopt a design-and-testing
strategy that was previously demonstrated during the develop-
ment of an electrostatic induction machine [3], [4], and that is
independent from the silicon-based gas turbine. The magnetic
machine can be operated as an actuator in which the rotor is
tethered to a series of flexible structures (see Fig. 6). In this
fashion, the machine is not operated as a motor per se, since the
tethers prevent the rotor from making a complete revolution.
Instead, the tethers serve as a mechanical transducer of torque
to deflection. More importantly, even though the rotor does

1Tt is interesting to note here that the pure AC nature of the current excitation
and the relatively wide cross-sectional dimensions of the copper coils (compared
to the typical grain size) yields electromigration concerns negligible throughout
the duration of these experiments [19]. In fact, no discernable change in the
room temperature resistance of the coils was observed during testing.
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not make a complete revolution, the motoring performance
(torque) of the machine can be deduced from the deflection
of the tethers. Carefully designed and fabricated supporting
flexural beams can maintain the rotor at an effectively con-
stant distance above the stator while allowing a small range
of in-plane displacements. As the two phases of the stator
are actuated, the rotor experiences an axial (in-plane) torque.
By periodically reversing the applied torque, the mechanical
resonance of the rotor and tethers can be excited and moni-
tored for a wide range of reversal frequencies via an in situ
motion-analysis system [20]. The angular deflections of the
tethered rotor as a function of this reversal frequency can be
used to determine the rotor torque. Torque measurements taken
in this fashion are quite accurate, as potential obscuring effects
of the air-bearing dynamics are eliminated.

A. Stator Fabrication

Fabrication steps for the stator involve three electroplated
metal layers over a 1-mm-thick Ni-Fe wafer. An insulation
layer of SU-8 epoxy (25 pm) is spun, cross-linked and cured.
A thin Ti/Cu/Ti (30 nm, 200 nm, 30 nm) layer is deposited
by dc sputtering. A 100-um-thick NR 9-8000-p layer is then
spun and processed to obtain a mold for the first copper coil
[see Fig. 7(1)]. Once 80 pum of copper is electroplated, the
mold is dissolved in acetone, the seed layer is selectively
etched using a 2% solution of HF:H2O for the Ti layers and a
solution of CuSO4:NH4OH for the layer of Cu. The insulating
epoxy is removed via a quick nondirectional plasma etch [see
Fig. 7(2, 3)]. A thick layer of epoxy is then spun on top of

SEM photograph of a functional two-coil stator with a solid Ni-Fe core.

Flexible Beam

Holes for
electrical
connections

Fig. 9. A 3-D rendering of a tethered rotor die. This ultrathick die was
fabricated out of released SU-8 with a 500-um-thick Ni-Fe core, bearing an
8-ptm aluminum layer on the bottom, facing the stator.

the first copper structure [see Fig. 7(4)]. The epoxy permits
excellent step coverage of the surface above the pre-existing
copper structures. The top SU-8 layer is later patterned by
conventional photolithography in order to create a mold for the
Ni-Fe slots [see Fig. 7(5)]. At this point, the copper coil is com-
pletely embedded in the epoxy. Ni-Fe is electroplated directly
on the Ni-Fe substrate inside the cavities formed in the SU-8
layer [see Fig. 7(6)]. The upper surface is lapped and polished
to complete the first level of the coil and the Ni-Fe core. A
similar sequence is repeated in order to stack a second metal
layer (coil and Ni-Fe vertical slots). A final micromolding and
Ni-Fe electrodeposition, followed by a lapping and polishing
sequence, completes the stator fabrication.

Fig. 8 shows three SEM photographs of the completed stator.
Here, the epoxy has been partially removed so that the elec-
troplated copper structures may be clearly observed. The total
height of the device, excluding the substrate, is close to 500 pm.
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Fig. 10. SEM photograph of SU-8 (left) and Kapton tethers (right). The SU-8 tethers have a well-defined rectangular cross section whereas Kapton tethers are

tapered.

B. Rotor Fabrication

To characterize the operation of the magnetic-induction ma-
chine, we designed and fabricated a tethered rotor for the in-
duction machine. As discussed above, the tethers are flexible
in the plane of the rotor allowing the rotor to partially rotate.
Fig. 9 presents a rendered view of a tethered rotor die, which
is a composite structure: a Ni-Fe disk 4 mm in diameter and
500 pm thick, assembled inside a mechanical system of flexible
beams. The tethers hold the rotor core in place and provide a
restoring force when torque is applied to the rotor. The number
of tethers (six in this case) was chosen to minimize out-of-plane
deflections, while maintaining relative compliance for in-plane
rotations.

The rotor die was fabricated from either cross-linked SU-8
epoxy or thick, laser-etched Kapton film. Both Kapton and
epoxy exhibit a low Young’s modulus. Since neither material
is brittle, tethers fabricated with such materials are more robust
than micromachined silicon beams [3]. Dimensions for both
SU-8 and Kapton tethers were chosen to result in deflection
amplitudes well below the width of the tether beams, thereby
keeping the deflection dynamics linear. As long as the deflec-
tion dynamics were kept linear, torque measurements could be
made using the entire resonance curve of the rotor (as shown
in the next section), without the need to determine the spring
constant of the tethers.
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Fig. 11. Block diagram of the complete test setup.

SU-8 tethers were fabricated by spinning and processing a
500-pm-thick layer of epoxy. After photolithography and de-
velopment, the structure was delaminated from the substrate
through the removal of a sacrificial layer, such as aluminum. As
the fabrication relied entirely on a single photolithography step,
the geometrical attributes of the structures were defined with
high accuracy and controllability. Fig. 10(left) shows a SEM
photograph of a SU-8 tether. In general, this simple fabrica-
tion approach yields suitable tethered rotors that can be utilized
as long as the temperature of the tethered structure does not
exceed the engineering temperature limit of the epoxy (about
200 °C). The fabrication of Kapton tethers was comparatively
more complex. The tethers were bulk micromachined from a
500-pm-thick Kapton foil using a computer-controlled Excimer
laser ablation system operating at 248 nm. It was observed that
the laser machining process creates Kapton beams with a sig-
nificant thickness taper [see Fig. 10(right)]. In order to obtain
a linear spring behavior, care was taken to ensure that the ex-
pected maximum deflection amplitude would be much smaller
than the thickness at the thin end of the tethers.

The Ni-Fe rotor cores were fabricated separately. Using con-
ventional electroplating and micromolding techniques, Ni-Fe
disks 500 pm thick and 4 mm in diameter were fabricated in-
side molds defined in a thick layer of SU-8. The disks were later
removed from their mold and their bottom (flatter) side was
coated with an approximately 8-pm-thick layer of aluminum
using physical vapor deposition. The rotor mass and geometry
were recorded. The rotors were hand assembled and glued in-
side the central ring of either the SU-8 or the Kapton tether die.
The tethered rotor was placed on top of the stator and aligned via

four guiding pins near the corners of the die. The rotor-stator gap
was controlled using thin, laser-machined Kapton shim layers of
various thicknesses.

IV. TESTING AND ANALYSIS OF THE TETHERED MOTOR

In order to test the device, the coils of the two stator phases
are connected to a high-current push-pull amplifier driven by
external, phase-controllable electronics, and excited by a sinu-
soidal current at a frequency of f.. As the two phases of the
stator are excited in temporal quadrature, the stator supports a
traveling magnetic field wave on its surface, which in turn in-
duces currents in the rotor conductor with which it interacts
to produce torque. The rotor experiences both a pull-in force
(resisted by the tethers) and an axial torque (permitted by the
tethers). The torque produced by the motor is directly mea-
surable through the bending of its tethers, and is un-obscured
by bearing behavior. Since the details of the mechanics of the
tethers are not known, a resonance technique is used to deter-
mine the torque. A torque reversal switch in the external elec-
tronics swaps the phase excitations in the stator, changing the
direction of the applied torque at reversal-frequencies f,. far
lower than the input electrical excitation frequency f.. By peri-
odically reversing the torque, the fundamental axial mechanical
resonance of the tethered rotor is excited.

The magnitudes of both the in-plane and out-of-plane rotor
deflections are monitored for a wide range of reversal fre-
quency values using a computer Microvision System [20].
Fig. 11 presents a block diagram of the test setup, and Fig. 12
depicts the timing of the relevant signals in the circuitry. Fig. 13
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Fig. 13. Measured mechanical resonance curve set (fundamental deflection amplitude and phase) and the associated fit used to extract torque. Deflection data are

taken at the base of the tethers, 2.1 mm from the rotor’s center.

illustrates a sample measurement of the azimuthal tether de-
flection as a function of the reversal frequency, as measured
using the Microvision System.

The resonance plot of Fig. 13 can be used to determine the
torque produced by the motor without the need to independently
ascertain the mechanical properties of the tethers. Assuming
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Torque vs Electrical input frequency (amplitude of excitation: 5 A)

5 T T T T

Torque (N-m)

2 1 1 1 1

2 25 3 3.5 4

Electrical Input frequency (Hz)

45 5 5.5 6 6.5 7

Fig. 14. Measured torque values from a SU-8 tethered structure for various excitation frequencies.

linearity and small deflections of the tethers, the mechanical
dynamics of the rotor-tether structure can be described with a
simple, second-order linear ordinary differential equation:

J6 + b6 + kO = 7(t). (1)

Here, 6(t) is the angle of axial rotation at the measurement ra-
dius r,, that corresponds to the outer diameter of the supporting
ring that encloses the rotor. Hence, 6(t) is given by x(t)/rm,
where z(t) it the tangential deflection at the measurement ra-
dius extracted by the Microvision System. The inertial moment
is given by J = 1/2M,. x r? where M, is the mass of the rotor
plus the surrounding enclosure ring of the rotor die. The contri-
bution to the inertial moment from the relatively small mass of
the tethers themselves is neglected. Finally, k is the spring con-
stant of the six tethers and b is the damping coefficient.

As the electrical excitation in the stator is periodically
switched, the torque is expected to be a square wave that can
be expressed in its Fourier components:

Tt)y= Y To(fe,l)xlm(%ei"wt) 2)
n=1,n=o0dd

The linearity of (1) implies that the measured angle deflection
is given by:

oo

>

n=1,n=odd

0(t) = Im(©, e/, 3)

Substituting (2) and (3) into (1), matching terms for every

Fourier mode, solving for ©,,, and using | X,,| = 7|0y, we

can express the amplitude of the tangential displacement X, as
Guw? %

| Xn| = “)

where wo = +/k/J,Q is the quality factor defined
as Q@ = +/Jwy/b, and G is the gain factor given by

G = 7,(fe;I)(rm)/(Jwd). The phase of the deflection is
given by

/X, = - arctan<%) . )
wi — niw

Finally, the overall deflection is the sum of all Fourier
components

oo

>

n=1,n=odd

X(t) = | X0 | sin(nwt + £X,,). (6)

Equations (4) and (5) are expressed in terms of the natural
frequency and the quality factor of the mechanical system,
both of which are rather easy to extract from a given resonance
curve. The Microvision System gives a direct measurement of
the fundamental (n = 1) for the deflection amplitude and phase
in (4) and (5). G, Q as well as wq are fitted to the resonance
curves. The applied torque is extracted by making a-second
order system fit to the fundamental terms of (4) and (5) with



CROS et al.: MAGNETIC INDUCTION MICROMACHINE—PART II: FABRICATION AND TESTING

437

25210
+* 2 Apeak
s %
e Ee g %
Az.s— 3 % %
: b
<
3 2 ! i b .
L ¢ i
%1.5— 3 il b 3 @ $ $ 3
2
¢ 5 2
) L
i 1ty
05} kS L i
¥ 1%— FF o £ F o3
¥
° o 2 p 6 5 0 12 ”
Input Frequency (Hz) X 104

Fig. 15. Systematic torque measurements from a Kapton tethered micromotor.

G,wop, and () as parameters. Our system has a relatively high
Q@ factor (around 100), which makes it easy to determine the
natural frequency of the tether-rotor system. The only critical fit
parameter for accurate torque determination is the gain factor,
G. Hence, the measurement of the torque does not require
knowing the tether dimensions and mechanical properties of
the constituting material, which greatly simplifies the analysis.

Using the approach outlined above, experiments with SU-8
tethers were conducted for various excitation currents (2to 5 A)
and excitation frequencies (20 to 70 kHz); the corresponding
torque was extracted each time. The first set of experiments
using SU-8 tethers revealed that micromotor heating at high
currents raised the temperature of the device up to and beyond
the engineering temperature limit of the SU-8 (approximately
200 °C once cross-linked). The accompanying deterioration in
the mechanical properties of the SU-8 caused the tethers to
warp in both the azimuthal and the axial directions. As a re-
sult, the air gap was reduced substantially, presumably due to
the inability of the SU-8 to withstand the pull-in forces under
this high temperature condition. However, if such devices were
still functional, they possessed extremely small air gaps and
therefore high forces. For example, in one of the devices with
nonzero air gap, the torque results of Fig. 14 were obtained.
The amplitude of the stator currents was approximately 5 A. It
is estimated that the air gap corresponding to the data was ap-
proximately 5 pm.

The maximum torque extracted from the SU-8 tether device
was 4.8 uN-m for an excitation frequency of 20 kHz. It is likely
that the air gap was changing as the input frequency was varied.
Hence, Fig. 14 does not provide a reliable source of data against
which the electromagnetic model can be tested. Using higher
temperature Kapton tethers, more reliable and systematic data
with a controlled air gap were obtained; albeit at lower achieved
torques. The data obtained, presented in Fig. 15, proved repeat-
able and much more amenable to magnetic analysis.

The results obtained with the Kapton tethers are one order of
magnitude lower than the results obtained using epoxy tethers,
peaking at approximately 3 x 10~7 N-m for a excitation current
amplitude of 6 A at 90 kHz. This reduction in torque is partly
due to a larger air gap. Since Kapton is less sensitive to tem-
perature changes (up to 350 °C), the air gap was maintained at
its initial value set by the spacing layer and the structure of the
rotor (70 pm overall). As the torque is inversely proportional
to the air gap, a larger air gap translates into a reduction of the
torque experienced by the rotor above the stator. Experiments
involving Kapton tethers and gaps smaller than 70 ;sm were not
performed.

V. CONCLUSION

The geometric optimization (subject to fabrication, thermal,
and magnetic constraints), fabrication, and testing of a mi-
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croscale magnetic induction two-phase tethered planar motor
has been demonstrated. The machine is, by electromagnetic
design, a low-voltage, high-current induction machine. The fab-
rication approach is based on micromolding and electroplating
optimized for ultrathick multilayered magnetic microsys-
tems able to handle very high operating currents. Thermal
optimization of the stator has revealed a need to widen the
winding end-turns to reduce thermal stresses on the structure.
To characterize the operation of the magnetic induction micro
machine, tethered motors were designed and fabricated in order
to accurately determine the output machine torque. The stators
and tethered rotors were built separately and hand-assembled
prior to testing. The maximum torque from a device with SU-8
epoxy rotor tethers was determined to be of 4.8 yN-m when
driven at 5A and 20 kHz. However, it was observed that tem-
perature elevation in the stator caused the SU-8 tethers to warp,
reducing the air gap and correspondingly increasing the torque
significantly. Experiments based on Kapton tethers and a much
larger air gap resulted in more systematic and reliable torque
data, with a maximum of around 0.3 yN-m at a stator current
of 6A and excitation frequency of 90 kHz. Next generation of
stators may benefit from refining the fabrication technology
further, such as by creating wider outer-turns. Such geometrical
changes retain the potential to further minimize the impact of
hot-spots, potentially detrimental for long term operation and
would allow the machine to operate at higher current levels.
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