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Performance Tradeoffs Posed by Moving Magnet
Actuators in Flexure-Based Nanopositioning
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Abstract—Moving magnet actuators (MMAs) are direct-drive,
single-phase electromagnetic linear actuators that provide friction-
less and backlash-free motion over a range of several millimeters.
This paper investigates the feasibility of using MMAs to simulta-
neously achieve large range, high speed, and high motion quality
in flexure-based nanopositioning systems. Component and system
level design challenges and associated tradeoffs in meeting the
aforementioned nanopositioning performance are discussed and
derived. In particular, it is shown that even as the overall size of
a traditional MMA is varied, the actuation force remains directly
proportional to the square root of the actuator’s moving magnet
mass and the square root of power consumed. This proportional-
ity constant, identified as the dynamic actuator constant, serves as a
figure of merit for MMAs. When an MMA is employed in a flexure-
based nanopositioning system, this constant directly impacts the
system-level positioning performance in terms of range, resolution,
speed, and temperature rise. This quantitative determination high-
lights the significance of incorporating a thermal management sys-
tem for heat dissipation, minimizing noise and harmonic distortion
in the current driver, and improving the force—stroke uniformity of
the actuator. Based on this understanding, a single-axis nanoposi-
tioning system, which simultaneously achieves 10 mm range, 4 nm
resolution, open-loop natural frequency of 25 Hz, and tempera-
ture rise of less than 0.5°C, is designed, fabricated, and tested.
Preliminary controller design and closed-loop operation highlight
the potential and limitations of MMAs in large-range, high-speed
nanopositioning.

Index Terms—Dynamic actuator constant, moving magnet ac-
tuator (MMA), nanopositioning, performance tradeoffs, thermal
management.

1. INTRODUCTION AND MOTIVATION

MOVING magnet actuator (MMA) is a direct-drive,
A single-phase, linear electromagnetic actuator. MMAS pro-
vide noncontact, frictionless, and cogging-free actuation over a
range of motion of several millimeters, which makes them use-
ful in applications such as precision motion systems [1], disk
drives [2], and automotive valves [3]. A traditional MMA archi-
tecture is shown in Fig. 1, where an axially oriented cylindrical
permanent magnet sandwiched between two iron pole pieces
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Fig. 1. Schematic of a traditional MMA.

forms the mover. The stator consists of a back iron along with
two oppositely wound coils connected in series. The permanent
magnet’s field produces a Lorentz force on the mover, propor-
tional to the coil current.

The goal of this paper is to systematically investigate the fea-
sibility of MMAs in enabling large range (~10 mm) and high
scanning speed (>10 Hz or 300 mm/s) in flexure-based nanopo-
sitioning systems. A nanopositioning system is a macroscale
motion system that is capable of nanometric (<10 nm) precision
(repeatability of motion), accuracy (lack of error in motion), and
resolution (minimum incremental motion) [4]. Because of this
high motion quality, nanopositioning systems are employed in
various sensitive applications to provide relative scanning mo-
tion. These include scanning probe microscopy [5], [6], scan-
ning probe lithography [7], nanometrology [7], and hard-drive
and semiconductor inspection [8]. However, one of the main
drawbacks of existing nanopositioning systems is their rela-
tively small motion range of a few hundred microns per axis [9].
Increasing this range to several millimeters will significantly
increase the “area-coverage” in scanning nanometrology and
direct-write nanomanufacturing, potentially leading to large-
scale industrial applications of these techniques. In addition to
nanometric motion quality and large range, high scanning speed
is also desirable to maximize throughput. Furthermore, mini-
mizing and expediently removing any heat generated from the
motion system is also important because of the highly sensitive
nature of these applications [10]-[12].

A nanopositioning system generally comprises a bearing
for motion guidance, actuator(s), sensor(s), driver(s), and con-
trol logic and hardware. Closed-loop operation is necessary to
achieve nanometric motion quality over the desired frequency
range [13]. There are several fundamental challenges in simul-
taneously achieving large motion range, high motion quality,
and high speed in nanopositioning systems [4]. These arise
from limitations of the individual components, their mechanical
integration and physical interaction, and the closed-loop opera-
tion of the overall motion system.
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Nanopositioning systems predominantly employ noncontact
bearings to avoid friction and backlash [4]. In general, the non-
linear and parameter-varying characteristics of friction, which
are difficult to model, restrict the achievable motion qual-
ity [14], [15]. While advanced design and control methods have
demonstrated steady-state nanometric precision and resolution
in point-to-point positioning [16]-[18], tracking dynamic com-
mand profiles that involve frequent direction reversal is still an
unmet challenge [19]. Although magnetic and aerostatic bear-
ings are promising options for nanopositioning, this paper fo-
cuses on flexure bearings because of their design simplicity,
zero maintenance, potentially infinite life, compact size, low
cost, and ability to provide the desired motion range [4].

Also, there exist several sensing options that are capable of
the desired range, speed, precision, and resolution [20]. One of
these—a linear optical encoder—is used in this study.

One of the major pending challenges in achieving large-
range high-speed nanopositioning is that of actuation technol-
ogy, which constitutes the focus of this paper. Several existing
actuator options along with their limitations are discussed in
Section II. The potential of MMAs is highlighted in compari-
son to these actuators. In Section III, inherent tradeoffs in the
specifications of an MMA and their impact on the performance
of flexure-based nanopositioning systems are qualitatively dis-
cussed. A systematic model for the MMA is used to derive
a new figure of merit that captures the dynamic performance
of the actuator. Next, performance tradeoffs at the motion sys-
tem level are quantitatively identified in terms of the individual
specifications of the actuator, actuator driver, flexure bearing,
and thermal management system (TMS). In Section IV, this un-
derstanding is employed in the optimal design and fabrication of
a single-axis nanopositioning system comprising the aforemen-
tioned four components. Preliminary testing results for the indi-
vidual components as well as the overall nanopositioning system
are reported in Section V. Motion range of 10 mm, open-loop
bandwidth of 25 Hz, and motion stage temperature rise less than
0.5 °C are experimentally demonstrated. A lead—lag controller is
implemented to achieve 4 nm (RMS) steady-state precision and
resolution in point-to-point positioning experiments over this
motion range. Section VI provides a summary of contributions,
open questions, and future work.

II. ACTUATORS USED IN NANOPOSITIONING

The performance of an actuator is usually specified by its mo-
tion range, resolution capability, output force, speed of response,
size, power consumption, efficiency, etc. [20], [21]. In general,
it is difficult to simultaneously achieve desirable values of all
these specifications due to limitations and tradeoffs arising from
the construction and underlying physics of the actuator [22].

A. Piezoelectric Stack Actuators

Given their high resolution, force, operating bandwidth, and
lack of friction and backlash, piezoelectric actuators based on
lead zirconate titanate (PZT) are the standard actuation method
used in most existing nanopositioning systems. The primary
limitation of these actuators is their inherently small stroke
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(~10-200 pm) [4], [13]. In an attempt to overcome this, PZT
actuators may be integrated with suitable flexure-based motion
transmissions that amplify their range [23]-[25]. However, am-
plifying the motion by /N times reduces the actuator’s effective
stiffness by N2 times and force by N times, at the output of
the transmission. This leads to a smaller than expected stroke
when the actuator and amplifier are integrated with a flexure
bearing because of the blocking force that the latter generates.
In many instances, the transmission may be cleverly designed
such that it also serves as the flexure bearing and provides mo-
tion guidance for the motion system [23]. In these cases, the
stroke of the motion system is indeed amplified to be IV times
that of the actuator, but the natural frequency of the motion
system scales inversely with N. Furthermore, to achieve high
transmission ratios and yet maintain an overall compact motion
system footprint, these designs exploit kinematic nonlinearities
in the transmission mechanism. However, this produces a trans-
mission ratio that changes considerably, especially over a large
motion range, as well as the possibility of overconstraint [24].
Moreover, the elastic deviation of a flexure-based transmission
from true kinematic characteristics leads to “lost motion” be-
tween the actuator and motion stage [25].

B. Quasi-Static and Ultrasonic Piezomotors

These motors employ a repetitive actuation pattern that con-
verts the limited displacement of a piezoceramic element to
theoretically infinite displacement. The actuation pattern relies
on friction to produce relative motion between the piezoce-
ramic element and the mover. Quasi-static piezomotors, which
implement this repetition at frequencies lower than the resonant
frequency of their piezoceramic element, operate on either the
clamping principle or the inertial principle. In the former case,
motion is generated through a succession of quasi-static coor-
dinated clamp/unclamp and extension/contraction step cycles.
These so-called inchworm motors typically have a step size
in the range of 10 nm to 1 pum and operating speed less than
10 mm/s [13], [21]. In the inertial style quasi-static piezomo-
tors, inertia and the difference in dynamic and static friction
are exploited to produce discrete “slipping” steps, which may
be repeated indefinitely [26]. While these quasi-static piezomo-
tors provide good performance in large-range point-to-point po-
sitioning with nanometric precision, they are not suitable for
high-speed scanning where precision has to be maintained along
the entire motion profile. This is because of the impact-induced
axial vibrations during steps, often termed as “glitch,” which is
typically of the order of 50 nm [13], [26]. These glitches become
even more prominent at higher speeds.

Ultrasonic piezomotors excite resonant bending modes of a
piezoceramic element in the ultrasonic frequency range which
combine to produce a repeating elliptical stepping motion. These
actuators provide higher speeds (100-500 mm/s) but much lower
force capability (<10 N) [21], [27]. Another potential drawback
of ultrasonic actuators is heat generation [27]. Furthermore, a
major drawback of all quasi-static and ultrasonic piezomotors,
especially for large-range nanopositioning, is their low fatigue
life [13].
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Fig. 2. VCA schematic with (a) coil as mover and (b) magnet as mover.

C. Linear Electromagnetic Actuators

Recognizing the limitations of piezoelectric actuators, sev-
eral direct-drive, linear electromagnetic actuators have been de-
signed and investigated for large-range, high-speed nanoposi-
tioning [1], [4], [28]-[34]. Although multi-phase electromag-
netic linear motors provide noncontact operation over a large
motion range (~100 mm), they sometimes suffer from cogging,
thus limiting the achievable precision [11], [33]. While cogging
may be eliminated via slot-less and iron-less constructions [35],
the single-phase noncommuted voice coil actuator (VCA) and
moving magnet actuator (MMA) offer unmatched simplicity in
design and construction, along with noncontact cog-free motion,
low cost, and sufficiently large stroke [4], [28], [30], [32].

A cross section of a typical VCA configuration is shown in
Fig. 2(a), where an axially magnetized cylindrical permanent
magnet and an integrated tubular back iron form the stator, and
a coil wound on a bobbin forms the mover. The heavy permanent
magnet and back iron are stationary, allowing the lightweight
coil to achieve a fast mechanical response time [30], [31]. How-
ever, heat dissipation from the coil connected to the motion
stage and disturbance due to the moving coil wires degrade the
motion quality [36]. To overcome these problems, the voice coil
is sometimes employed in an inverted configuration [4], [32]
[see Fig. 2(b)]. While this configuration eliminates disturbance
from moving wires and improves thermal dissipation, it adds
the large mass of the magnet and back iron to the motion stage.
When employed with a flexure bearing, the resulting low nat-
ural frequency not only limits the open-loop and closed-loop
bandwidth of the overall motion system but also compromises
closed-loop disturbance rejection, which is necessary to achieve
nanometric motion quality [37].

The MMA shown in Fig. 1 embodies all the benefits of the
inverted voice coil and also has a significantly lower moving
mass since the relatively heavy back iron remains static along
with the coil. Additionally, the disturbance due to the moving
coil wires is eliminated. The static back iron also allows for
improved heat dissipation and keeps the heat generated due to
resistive losses in the coils further away from the motion stage.
While these advantages make MMAs a promising candidate
for actuation in nanopositioning, several design challenges and
performance tradeoffs remain, as discussed next. While other
variations exist [31], [38], the traditional MMA architecture in
Fig. 1 is most commonly used because of its simple construction
and practical viability, and is therefore the focus of this paper.

III. MMA PERFORMANCE TRADEOFFS
AND DESIGN CHALLENGES

The requirements placed by the desired nanopositioning per-
formance on the MMA specifications are qualitatively discussed
next.

1) Inthe absence of friction and backlash, the motion quality
of the nanopositioning system is determined by its closed-
loop tracking performance, which is primarily limited by
noise and harmonic distortion in the electrical driver that
supplies current to the actuator. Higher open-loop band-
width helps attenuate the effect of this noise/distortion in
closed-loop operation [37], enabling higher motion qual-
ity. The open-loop bandwidth, which correlates with the
first natural frequency of the motion system, can be in-
creased by increasing the flexure stiffness and decreasing
the overall moving mass. The noise and distortion in the
electrical driver can also be reduced at the source by low-
ering the actuator power input.

2) A large desired stroke and high flexure bearing stiffness
demand a large actuation force. For high scanning speed
and large stroke, the actuator also has to overcome inertial
loads, which place further demands on the actuation force.
For the scanning applications described earlier, external
forces on the motion stage are negligible in comparison to
the spring and inertial forces.

3) Nonuniformity in the MMA’s force output over its stroke,
for a fixed current input, also leads to nonlinearities that
produce higher order harmonics in open-loop as well as
closed-loop operation [11]. While the adverse effect of
these harmonics on the motion quality may be mitigated by
a large open-loop bandwidth and therefore better closed-
loop disturbance rejection, the actuator can also be de-
signed to provide greater force—stroke uniformity.

4) Temperature rise due to power dissipated as heat is detri-
mental to the components as well as the assembly of the
motion system. The feedback sensor can lose accuracy and
the mechanical assembly can develop undesired stresses
and distortion. Minimizing these effects requires minimiz-
ing the power consumption of the actuator and removing
the generated heat from the system, even though the heat
source in an MMA is located further away from the motion
stage as compared to a VCA.

5) Separation of the back iron from the permanent magnet
in an MMA introduces the risk of snap-in instability in
the direction perpendicular to the motion axis [39]. This
instability gets worse with increasing actuator force, and
can be mitigated by a flexure bearing that provides a higher
positive off-axis stiffness compared to the negative off-
axis stiffness associated with the actuator.

This discussion reveals several conflicting requirements
placed on the MMA specifications—force capability, force—
stroke uniformity, moving mass, power consumed, heat gen-
erated, etc. For example, the force output of an MMA can be
raised by increasing either the moving magnet mass or the input
power, but both are undesirable for reasons explained previously.
Reducing the flexure stiffness in the motion direction allows a
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larger portion of the actuation force to be devoted to inertial
loads, leading to higher operating speeds, but lower stiffness also
reduces the open-loop bandwidth and compromises disturbance
rejection capability. While greater force—stroke uniformity re-
duces the reliance on large open-loop bandwidth to provide the
desired motion quality, it typically requires an axially longer
coil, which in turn implies greater power consumption and heat
generation. Furthermore, any design features that increase the
actuation force also increase the negative off-axis stiffness as-
sociated with the MMA. Clearly, these design challenges and
performance tradeoffs cut across the multiple components and
physical domains of the overall motion system.

Although such tradeoffs associated with MMAs have
been previously identified, the discussion has been largely
component-level and qualitative [31], [38], [40]. This paper
attempts to systematically capture these design limitations and
performance tradeoffs in a model-based quantitative manner, so
as to identify the key bottlenecks to better system-level perfor-
mance. For the MMA, it is important to identify good figures of
merit that capture the aforementioned specifications and trade-
offs quantitatively. Figures of merit help compare MMAs from
different vendors, determine the suitability of an MMA for a
given application, and set the objective in the conception and
optimization of new MMA designs. It is also important to recog-
nize if there exist fundamental limits on these figures of merit,
arising from the inherent construction and underlying physics
of the actuator. One such figure of merit that has been tradi-
tionally used is the actuator constant, which is defined as the
actuator output force per unit square root of power consumed.
It captures the actuator-level tradeoff that the output force of an
MMA cannot be indefinitely increased without increasing the
power input and heat generated. However, this actuator constant
only captures the quasi-static performance of the MMA since it
does not incorporate the actuator’s moving mass. As a result, it
does not reflect on the dynamic performance of the MMA when
used in a flexure-based nanopositioning system. Other figures of
merit for MMASs that do capture some degree of dynamic perfor-
mance include the electrical time constant and the mechanical
time constant. The electrical time constant 7. is defined as the
rise time of the current for a step voltage change and depends
on the inductance to resistance ratio of the coil. While it does
represent a tradeoff between the current rise time and heat gen-
eration, this tradeoff is readily overcome via the use of a current
driver. The mechanical time constant 7, is defined as the rise
time of the velocity for a step voltage change and depends on the
actuator constant as well as the moving mass. However, it does
not reveal any inherent tradeoff associated with the construction
and physics of the MMA.

A. MMA Figure of Merit to Capture Dynamic Performance

In order to capture dynamic performance, an MMA figure
of merit is needed that not only includes the continuous output
force and the power consumption, but also includes the actua-
tor’s moving mass. To quantitatively investigate the existence
of such a figure of merit, the effect of geometric scaling on the
actuator output force, power consumption, and moving mass is
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Fig.3. MMA geometry and simplified lumped parameter model.

considered. Fig. 3 shows a lumped parameter model of an MMA
with a traditional architecture. The dimensions [,,,, {,,, 7, , and ¢,
denote the nominal magnet axial length, pole piece length, mag-
net radius, and magnetic air gap radial thickness, respectively. o
is the geometric scaling factor. The following assumptions are
made to simplify the analysis. 1) Any fringing and leakage flux
is neglected. 2) The permeability of the back iron and the pole
pieces is much larger than that of vacuum (i,0n, > p). Hence,
the reluctances of the back iron and the pole pieces are neglected.
3) The permeability of the magnet, aluminum, and air is approx-
imately equal to that of vacuum (ftair = LA = [imagnet = [0)-
4) All the radial space between the pole pieces and the back iron
t, is occupied by coils. In other words, the mechanical air gap
t, is negligible compared the thickness of coil ¢..

Based on standard lumped parameter magnetostatic analysis
[41], the magnetomotive force (F;, ) and the lumped reluctances
of the magnet and the air gap (R,, and R, ) are given by

B, In (1 ,
Fm _ « 7lm Rm _ lm, Rg — Il( +ﬁa/rm)

Hom T T2,

2ol

where B, is the remanent flux density of the permanent magnet,
and u,, and p, are the permeability values for the permanent
magnet and vacuum, respectively. Next, the resultant flux ¢ and
average magnetic flux density in the air gap B, are given by

By _ ¢
a R””f + 2R!l I 271'042 (rm + ta /2) ZP.

¢ (@3]

The force output F' and power consumed, i.e., dissipated as
heat P, and the moving mass m,, can be determined to be

. . 2at,
F = Byil, =1i¢ 7
(’l’w . 16031, ta (Tm ta/2
P:iQR:iQ%:ZQpC Qb (d”:l + /)
Mag = Pm 7TO[3T72n lm (3)

where i is the coil current, R is the coil resistance, p. is the
resistivity of the coil wire, d is the wire diameter, A, is the
cross-sectional area of the wire, [, is the total length of the wire
in the air gap, and p,, is the mass density of the magnet. It
should be noted that the current ¢, force F', and power P are all



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

HIEMSTRA et al.: PERFORMANCE TRADEOFFS POSED BY MOVING MAGNET ACTUATORS IN FLEXURE-BASED NANOPOSITIONING 5

15

—O— Model
Y¢  This Paper
X Off-the-shelf

X

o=1

0 5 10 15 20 25 30
Vm, \Jgrams

Fig. 4.  Effect of geometric scaling on MMA performance.

dynamic variables. The relations given in (3) lead to

7Tlm lp ta

F B,
\/ﬁ\/”Ta (% + ln(l + :ﬁ)) 4pepmrE, (rm +ta/2)
“)

In the aforementioned relation, the scaling factor a, wire
diameter d, and coil current ¢ get canceled out, and the left-hand
side term is found to be dependent on only the physical constants
and nominal dimensions, which are constant for a given MMA
architecture. This shows that the force output F' remains directly
proportional to the square root of the actuator moving mass m,,
and the square root of power consumed P, irrespective of the
scale of the actuator a. Equation (4) may be restated as follows:

F K

VPm,  VRymg
where K is the force constant (force per unit current) of the
MMA. The constant 3 (units of y/Hz), therefore, turns out be
an important figure of merit in the design of an MMA, and is re-
ferred to, hereafter, as the dynamic actuator constant. While this
constant is related to the mechanical time constant (7,,, = 1/3%),
it provides important design insight that the latter does not. It
reveals an inherent tradeoff associated with the force, moving
mass, and the power consumption of an MMA, which cannot
be overcome by varying the actuator size. It should be noted,
however, that § varies when the relative proportions between
the actuator’s dimensions are changed.

While several simplifying assumptions were made in the
derivation of the dynamic actuator constant, relation (5) is found
to be true even when these assumptions are removed in a finite
element analysis (FEA) using Maxwell. This is shown in Fig. 4.
The ratio (Kt/\/ﬁ), which is the actuator constant, is plotted
against the square root of the actuator moving mass (/m, )
for different values of the scaling factor a.. The slope of the
curve represents the dynamic actuator constant (5 = 14), for
the particular choice of actuator dimension proportions.

In addition to the aforementioned closed-form and finite ele-
ments analysis, a survey of commercially available off-the-shelf
MMAs [42]-[45] further validates the significance of relation
(5). All these MMA s are of the traditional architecture, offer a

= [ (constant) 5)

motion range of around 10 mm, and are of various sizes and
proportions. However, as seen in Fig. 4, they all lie close to
the straight line corresponding to 3 = 14. This suggests that
the dynamic actuator constant, in addition to being independent
of the actuator size, cannot be increased beyond a certain limit
even by optimizing the dimensional proportions.

B. Impact of 3 on the Motion System Performance

When the MMA is employed in a flexure-based nanoposi-
tioning system, an important consequence of relation (5) is that
it places a fundamental limit on the system open-loop band-
width (w,,), desired scanning speed (w), desired motion range
(+A,), power consumed (P), and the moving masses (actua-
tor m,, motion stage m). Assuming a sinusoidal motion profile
(A = A, coswt), this limit may be derived by equating the
actuation force with the spring and inertial forces

F=Ki=(m+m,) |w27w2|A (6)

where w? = K, /(m + m,) and K, is the flexure stiffness.

This indicates that when the desired scanning speed is less
than the natural frequency of the system (w < wy,), the re-
quired actuation force is dominated by the spring stiffness, and
the actual scanning speed is less important. However, when the
scanning speed is greater than the natural frequency (w > w,, ),
the required actuation force is dominated by inertial loads and
depends on the square of the scanning speed. These two con-
ditions represent the worst case actuation force requirements.
As expected, the actuation force becomes very small around
resonance (w = wy, ).

Substituting 3 from (5) and P = i*R in (6), the minimum
required actuation force may be restated as

g Ve

m 4+ myg

1
ik

This expression quantitatively captures the performance
tradeoff that achieving large motion range, high resolution (en-
abled by good disturbance rejection due to high natural fre-
quency), high scanning speed, and low power consumption (to
minimize temperature rise and driver noise/distortion) are all
at odds with respect to each other. The only way to simultane-
ously achieve these nanopositioning performance attributes is
to use an MMA that provides a large 5 and minimize all moving
masses in the system.

This represents a system level performance tradeoff. If, for ex-
ample, the flexure bearing is designed to be stiffer to increase the
open-loop bandwidth and improve disturbance rejection of the
driver noise/distortion and actuator force—stroke nonuniformity,
it would also require an increase in the actuation force in order
to retain the same motion range. But, as per the MMA tradeoff
given by relation (5), this can only be achieved by increasing the
magnet mass, for a given power consumption limit. Ultimately,
using a stiffer bearing will not lead to the desired increase in
the open-loop bandwidth. Trying to improve disturbance rejec-
tion via controller design hurts the closed-loop system stability
robustness [37]. Therefore, it becomes important to employ an
electrical driver with minimal noise and distortion, and design

2A~|w37w2|~

(N
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the MMA with maximal force—stroke uniformity. Furthermore,
while increasing the current and therefore power into the sys-
tem will improve its overall performance, it will also produce a
temperature rise that is detrimental. Therefore, any increase in
power has to be matched by a TMS that carries the heat out of
the system to maintain its temperature.

IV. DESIGN AND FABRICATION OF THE
EXPERIMENTAL SETUP

In order to experimentally establish the validity of the dy-
namic actuator constant as an MMA figure of merit and to verify
the performance limitations that it imposes on the overall mo-
tion system, a single-axis flexure-based nanopositioning system
was designed, fabricated, and tested. This system comprises
an MMA, an electrical driver, a symmetric double parallelo-
gram flexure bearing, a novel TMS, a linear optical encoder,
and feedback control hardware. The targeted positioning per-
formance was set at range +5 mm, sinusoidal scanning speed
10 Hz, motion precision and resolution <5 nm, and tempera-
ture rise <0.5°C. A high open-loop bandwidth was sought to
reject disturbances and achieve the desired motion quality. At
the same time, noise and harmonic distortion were minimized
at the source in the electrical driver.

A custom-made driver, based on the MP111 power-OpAmp
from Cirrus Logic, was designed and tested to achieve high
signal-to-noise ratio (110 dB) and low total harmonic distortion
(90 dB) [46]. This driver was operated in the current mode with
a gain of 1 A/V to provide direct control of the actuation force
over a 1 kHz bandwidth. This driver is rated for 20 W power;
higher power tends to further increase the noise and harmonic
distortion. Therefore, 20 W was set as the upper limit of power
input to the MMA. Since, in the worst case scenario of steady-
state operation, this input power is entirely converted to heat,
the TMS was also designed to dissipate 20 W while maintaining
the temperature of the motion stage within the targeted range.

A. MMA

The MMA dimensions and material were selected in a system-
atic manner to maximize /3, while maintaining high force—stroke
uniformity. In a minor deviation from the topology of Fig. 3, the
designed MMA does not feature pole pieces. It can be separately
shown that although removing the pole pieces reduces the force
constant K, it leads to an overall higher value of 3 due to the
reduced moving mass. All results presented in this section are
based on FEA using Maxwell.

1) The minimum magnet length /,,, is governed by the desired

stroke A, and the coil separation

bn > 28, + 1. ®)

The coil separation I, should be large enough so that the
fringing flux from one face of the magnet does not pass
through the opposite coil when the magnet is at the end of
the stroke. Otherwise, this would lead to reduced force—
stroke uniformity. For a desired stroke of £5 mm and
a chosen minimum coil separation of 10 mm, the magnet
length was, therefore, selected to be 25.4 mm. The magnet
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Fig. 5. MMA design tradesoffs. (a) Variation in the performance metric (3)
with varying coil thickness and magnet radius. (b) Percentage drop in force
constant at the ends of the stroke and actuator constant versus coil length.
(c) Maximum continuous current and voltage requirement versus wire diameter.

dimension was also influenced by the standard available
sizes.

2) While 3 is invariant with geometric scaling, it does vary
with the dimensional proportions of the actuator. There-
fore, once the magnet length is chosen, the magnet radius
r,, and the coil thickness ¢. can be selected to maximize
(. Fig. 5(a) shows the effect of varying the magnet radius
and coil thickness on 3 for a fixed coil length /... Based on
this plot, and taking manufacturing constraints and stan-
dard magnet sizes into account, r,,, and ¢, were chosen to
be 12.7 and 15 mm, respectively. Assuming neodymium—
iron—boron (NdFeB) magnets, the actuator moving mass
for these dimensions is 106 g. These selections lead to a 3
value of 14 \/Hz and an actuator constant of 4.5 N/\/W,
resulting in an achievable actuation force of 17 N for a
power constraint of 20 W.
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Fig. 6.

3)

4)

5)

Stroke, mm

Mover force versus stroke for i = 0 A and i = 1 A coil current.

With the assumption that the flux path width is approxi-
mately equal to the radius of the magnet, the coil length [,.
is dictated by the stroke and the magnet radius as
l. > 2A, + 7, > 22.7 mm. 9)
Increasing the length of the coil improves the force—stroke
uniformity but only at the cost of an increase in the coil
resistance, which reduces 3. As shown in Fig. 5(b), the
coil length was chosen to be 26 mm to limit the drop in
force constant /; at the ends of the stroke to be less than
10% without any appreciable loss in the dynamic actuator
constant. The resultant Lorentz force on the moving mag-
net is plotted against its axial position for 1 A coil current
in Fig. 6 confirming this force—stroke nonuniformity.
As shown previously in relation (4), 3 is only dependent
on the volume of the coil and is independent of the wire
diameter d. For example, although reducing d increases
the coil resistance R, it also increases K; due to greater
number of turns, as per relation (3), thereby keeping /3
invariant. However, the choice of wire diameter presents
a tradeoff between voltage and current, for a fixed power
level of 20 W, as shown in Fig. 5(c). Using this plot,
25 AWG wire with a diameter of 0.455 mm was chosen to
keep the required voltage below 25 V, a limit imposed by
our power supply. This resulted in a maximum continuous
current of 0.56 A and a coil resistance of 43.6 ().
The thickness of the back iron (¢, = 7.6 mm) is chosen
such that the magnetic flux density in the iron remains
below saturation for all values of coil current. Increasing
the length of the back iron [, reduces the axial magnetic
force between the magnet and the back iron. This force,
which acts in addition to the Lorentz force, tends to push
the magnet toward the center of the stroke and is plotted
explicitly in Fig. 6 for i = 0 A and [; = 65 mm. It should be
noted that while the Lorentz force component is symmetric
with respect to zero stroke position, the overall force—
stroke profile of the MMA turns out to be nonsymmetric
due to the force between the magnet and the back iron.

Coils -
AL Shaft - ™58 /\
Collars 1020C
Back Iron
Carbon ‘ ‘ Z
Fiber 9
Shaft

NdFeB
Magnets

Fig. 7. MMA prototype.

This latter force component is unique to MMAs and does
not exist in VCAs, in which the magnet and back iron are
rigidly attached.

Table I summarizes the MMA size and specifications. Based
on this design, an MMA prototype was fabricated and assem-
bled in-house, as shown in Fig. 7. The mover comprises a stack
of four Grade 52 NdFeB axial magnets (B, = 1.45 T) mounted
on a lightweight carbon fiber shaft and constrained using alu-
minum shaft collars. One design constraint of this magnet is its
maximum operating temperature of 80 °C, specified in the man-
ufacturer’s datasheet. Temperatures above this lead to a gradual
reduction of the magnet’s remanence. However, this risk is mit-
igated by the TMS described next. The coil bobbin was made of
aluminum 6061 because of its good machinability and high ther-
mal conductivity. Also, it serves as a shorted turn which reduces
the effective coil inductance [47]. However, one drawback of
using aluminum as bobbin material is its susceptibility to eddy
currents, because of its high electrical conductivity. These eddy
currents give rise to phase lag [48], thereby degrading the dy-
namic performance of the feedback loop. The physical air gap
between the mover and bobbin was chosen to be 0.5 mm, pri-
marily limited by manufacturing and assembly tolerances. The
back iron was made from 1020C steel with a saturation flux den-
sity of 1.6 T. In order to simplify the assembly process, the back
iron was designed as two symmetric halves so that the magnet
and the bobbin can be easily assembled a priori without the iron
being in the vicinity of the strong magnetic force generated by
the permanent magnet.
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B. TMS

During steady-state operation, which represents the worst
case scenario of heat generation, most of the power sent to
the actuator is converted to heat. As mentioned earlier, heat
dissipated from the coils poses several potential problems. If
20 W of heat is not drawn away from the actuator coils, FEA
and experimental results show that the temperature rise at the
motion stage and the encoder scale is approximately 10°C,
and at the coil bobbin is more than 50 °C. Such a tempera-
ture rise, along with spatial thermal gradient, leads to signifi-
cant internal stresses and distortion in the mechanical structure
and assembly [11]. Also, a 10°C temperature rise causes the
10 mm long Invar encoder scale (thermal expansion coefficient
of 0.6 pm/m/°C) to expand by 60 nm. This loss in accuracy of the
sensor cannot be compensated by using feedback control. All
these factors adversely affect the precision and accuracy of the
nanopositioning system. Furthermore, although the temperature
rise is not large enough to damage the coils or the permanent
magnet in the present case, overheating of these components
should be generally avoided. Therefore, thermal management
becomes a critical aspect of the overall system design.

In order to maintain the desired temperature stability, a novel
passive TMS was designed and integrated with the MMA (see
Fig. 8). While fan-based active heat dissipation systems can be
designed to precisely control the temperature, they lead to air
flow-induced vibrations that are detrimental to nanopositioning
performance. Instead, we conceived a passive system that is
based on latent heat transfer and therefore does not suffer from
this disadvantage.

This TMS effectively transfers heat from the aluminum hous-
ing around the MMA coils to separately placed, water-sealed ice
packs using wick-type copper heat pipes that serve as low ther-
mal resistance paths. The heat generated at the coils is absorbed
by ice as it converts to water, without any rise in its temperature.
The aluminum housing and the racks containing ice packs are
thermally insulated via a double-layered acrylic box in order
to minimize any thermal fluctuations of the surrounding envi-
ronment. The critical components of the TMS (heat pipes, ice
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Fig. 9.

packs, and aluminum racks) were designed using a lumped-
parameter thermal model in order to ensure that the steady-state
coil bobbin temperature remains near room temperature for at
least 4 h of operation under constant 20 W power input to the
actuator. Details of this model are provided in [49].

C. Flexure Bearing

A single-axis symmetric double-parallelogram flexure bear-
ing, also known as the double-compound rectilinear spring
mechanism [50], was designed and fabricated (see Fig. 9) to
provide frictionless and backlash-free motion guidance over the
entire range of motion. This design provides uniform motion
direction stiffness over a relatively large stroke and high bear-
ing stiffness in all other translation and rotation directions [51].
Aluminum 6061 was selected for the bearing material given its
overall good flexure characteristics. As the first step, the size
and mass of the motion stage were minimized (m = 42 g),
while providing adequate space to interface the sensor and actu-
ator. With the overall moving mass (m+m,, ), dynamic actuator
constant (3), power consumption limit (P), and desired stroke
(A,) and scanning speed (w) all known, (7) predicts that the
maximum achievable natural frequency (w,,) is 27 Hz.

Accordingly, the beam thickness 7', width W, length L, and
spacing B in the flexure bearing were selected to be 0.75, 25.4,
80, and 40 mm, respectively. The resulting geometry provides
a motion direction stiffness of 3.43 N/mm, stroke of £5 mm
while maintaining a safety factor of 4 against yielding, and a
natural frequency of 25 Hz.

The negative (destabilizing) stiffness of the off-axis force be-
tween the magnet and the back iron was calculated via electro-
magnetic FEA to be 1.3 N/mm at the nominal position. The stift-
ness values provided by the bearing in the X - and Z-directions
are the lowest at the maximum motion stage displacement [51].
At the desired 5 mm displacement, these values are found to be
149.6 and 70.6 N/mm, respectively, thereby ensuring adequate
off-axis stability of the magnet-back iron assembly.

D. Experimental Setup Assembly

In addition to the aforementioned subsystems, an off-the-shelf
5 nm, resolution linear optical encoder (RELM scale, Si-HN-
4000 Read-head, and SIGNUM Interface from Renishaw) was
used for position measurement of the motion stage. The assem-
bly of the MMA, TMS, flexure bearing, and encoder is shown in
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Fig. 10. Detailed CAD showing motion system assembly.
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Fig. 11.  Single-axis nanopositioning system prototype.

Fig. 10. A removable back plate simplifies the assembly of the
MMA with the flexure bearing. Alignment between the MMA,
back plate, and flexure bearing is achieved via dowel pins. As
shown in Fig. 10 (inset), the motion stage was designed to hold
the MMA mover shaft and optical encoder scale (A). The mover
shaft is aligned and secured to the motion stage via a sleeve col-
lar (B). Dowel pins (C) provide alignment of the encoder scale
with respect to the motion stage. The optical encoder readhead
(D) is mounted and aligned using three ground-mounted dowel
pins (E). The final, fabricated single-axis nanopositioning sys-
tem assembly is shown in Fig. 11.

V. EXPERIMENTAL TESTING AND RESULTS

First, the characteristics of the MMA and TMS were mea-
sured, followed by the characterization of the overall motion
system. The MMA force was measured using a load cell (Model
# ELFF-T4E-20L from Measurement Specialties) in a tempo-
rary setup shown in Fig. 12(a). With the magnet held at the
nominal position (A = 0 mm), the MMA force is plotted with
respect to the coil current in Fig. 12(b). The slope of this line
provides the measured force constant K. This is within 3.5% of
the value predicted by FEA; the difference is most likely due to a
discrepancy between number of turns employed in the prototype
coils and the FEA model. The measured Lorentz force—stroke

,,,f]
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*l TMS System
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Fig. 12.  (a) Setup for MMA force measurement. (b) Measured force constant.
(c) Measured force—stroke nonuniformity.

nonuniformity, plotted in Fig. 12(c), is within 10% over the en-
tire £5 mm stroke. The constant force offset in this plot is due
to the aforementioned discrepancy in K;.

Fig. 13 shows the measured coil bobbin and motion stage
temperatures for an MMA power input of 20 W, with and with-
out the TMS. The motion stage, where the optical encoder is
mounted, remains within 0.5 °C of room temperature over the
entire testing period, once steady state is reached. This demon-
strates the effectiveness of the proposed TMS in maintaining
temperature stability.

Next, the open-loop frequency response of the nanoposi-
tioning system was measured using a dynamic signal analyzer
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(SigLab, Model 20-22A). Fig. 14 shows the resulting transfer
function between the command to the current driver and the mo-
tion stage displacement. As expected, the first natural frequency
of the system is found to be 25 Hz. Damping at this reso-
nance peak primarily comes from eddy currents in the aluminum
bobbin.

As mentioned earlier, to achieve high speed and high motion
quality, the nanopositioning system has to be operated in closed
loop (see Fig. 15). This allows attenuation of noise and distur-
bance from the actuator driver, position sensor, data-acquisition
hardware, and ground vibrations, all of which limit the achiev-
able motion quality. Additionally, closed-loop operation enables
command tracking over a desired frequency range, by mitigating
the effects of harmonic distortion in the current driver and the
force—stroke nonuniformity of the MMA. Such command track-
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Fig. 16.  Closed-loop frequency response.
ing over large motion range is possible as long as the driver and

power supply are not saturated.
In order to design a linear feedback controller, a fifth-order

transfer function P(s) was fitted to the open-loop frequency
response, as shown in Fig. 14. P(s) is given by

1.06 x 1010
(5 +2000) (5% + 36.945 + 2.46 x 10%)

(s? +4.54s 4 3.40 x 10°)
X .
(s> +6.38s + 3.76 x 10°)

This open-loop transfer function is used to design a lag—lead
controller C'(s) to achieve acceptable closed-loop stability and
performance. The lag part includes an integrator and a higher fre-
quency zero to achieve zero steady-state error and the lead part
is needed to increase the phase near gain crossover frequency.
Upon a few iterations, the following feedback controller was im-
plemented on a real-time hardware from National Instruments
(PXI-8106, PXI-6289) at a loop rate of 5 kHz:

0.92(s* +37s +2.46 x 10")
B s(s+1x10%)

The frequency response of the resulting closed-loop transfer
function

P(s) =

(10)

(1)

C(s)

__P()C(s)
T =1 PE o)

along with the experimentally obtained closed-loop frequency
response is shown in Fig. 16. The phase margin and gain margin
for the loop transfer function are 59° and 21 dB respectively.
The small-signal closed-loop bandwidth (—3 dB) of the system
is approximately 150 Hz.

The nanopositioning system was tested for point-to-point po-
sitioning performance with step commands of 2.5 mm and 20 nm
and the measured position response is shown in Fig. 17. In this
test, a steady-state positioning error of 20 nm (peak-to-peak) or
4 nm (RMS) was achieved over the entire 10 mm motion range,
thus confirming the desired nanometric motion quality and large
motion range.

In addition to point-to-point positioning, nanopositioning sys-
tems are also employed in scanning-type applications where the
motion profile is dynamic in nature, as discussed in Section I.
In order to evaluate the dynamic tracking performance, a 3 mm

(12)
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6l - frequency of the overall system.
{ % This motivates our future work in the design of MMAs that
4t offer greater values of the dynamic actuator constant while main-
taining low force—stroke nonuniformity. This includes the con-
g 27 ception and optimization of new MMA architectures. Current
Z“ { drivers with even lower harmonic distortion will also be investi-
2 0 5000.04 gated. At the same time, adaptive and learning control methods
é‘ Ll will be investigated to overcome the nonlinearities and improve

5000.00 the tracking performance for dynamic command profiles.
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