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Exploring the Pareto Fronts of Actuation
Technologies for High Performance Mechatronic
Systems
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Abstract—In the course of designing high performance mechatronic scanning systems typically several conflicting requirements,
such as speed and range, must be met at the same time. Actuators
are a key component in this relation, as depending on the
system specifications, different actuation technologies may prove
advantageous. Due to the large number of design parameters a
comprehensive and general comparison of actuation technologies
across various mechatronic system classes is however difficult.
This paper proposes a novel method for estimating the limitations
of individual actuation technologies for a desired system class
based on analytically obtained relations, which can be used to
systematically trade off desired range and speed specifications in
the design phase. The method is presented along the example
class of fast steering mirrors (FSMs) with the tradeoff limit
curves (Pareto fronts) estimated for the established piezo electric,
Lorentz force and hybrid reluctance actuation technologies. The
classification is validated against the results of a thorough review
of reported FSM system specifications. The obtained results
clearly suggest that piezo actuated FSMs have smaller ranges
but are superior to Lorentz force actuated FSMs for bandwidths
larger than 2 kHz and ranges below 20 mrad. The estimated
Pareto front for FSMs with the least common hybrid reluctance
technology further suggest that this technology is superior to
both of the other technologies for FSMs with a bandwidth above
700 Hz and angular ranges below 120 mrad.

terms of the safe operating area is often of even higher
practical importance, providing e.g. information on admissible combinations of amplitude and frequency for a certain
scan trajectory type. Particularly the product of range times
bandwidth appears as additional valuable figure of merit for
describing the performance of the scanning unit [10], [11].
When designing a mechatronic positioning or scanning
system, there is usually a large number of design parameters
that need to be determined and several constraints from
different physical domains, e.g. electrical, magnetic or thermal,
that need to be considered [2]. Additionally, many of these
parameters and design choices are influencing not only a
single performance aspect but several system properties, e.g.
the sensor bandwidth, which influences the achievable system
bandwidth as well as the resulting positioning uncertainty [12].
Various components including sensors (e.g. bandwidth and
range), mechanical structure (e.g. structural modes), drivers
and the control system as well as their interrelations are
important in this relation [13]. As in mechatronic system
Pareto fronts

I. I NTRODUCTION
High performance mechatronic positioning and scanning
systems are important and performance determining components of many scientific instruments, measurement and
production systems. Typical examples for systems integrating
such scanning units include optical lithography machines for
the semiconductor industry [1], [2], atomic force microscopes
(AFMs) [3], [4], laser scanning microscopes [5], [6] or optical
3D sensor systems [7], [8]. These positioning and scanning
systems are in general challenging to design, as the designer is
frequently confronted with contradicting performance requirements, which are calling for various design tradeoffs. Two
specifications that are most frequently of highest interest are
(i) the mechanical range of motion and (ii) the achievable
positioning or scanning speed, which can typically be related
to the bandwidth [9]. Besides these two mostly contradicting
system requirements, the combination of both properties in
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Fig. 1. Schematic of a two-dimensional range-and-bandwidth performance
space with Pareto fronts of three different actuation technologies. The Pareto
front defines the maximal achievable performance for a tradeoff between range
and speed. The colored areas represents requirement combinations for which
one technology is superior to all other ones.

design actuators are, however, the components in which the
major amount of energy is transduced and dissipated and
which are predominantly determining the mechanical structure
of the system (e.g. the use of a piezo actuator will always result
in a high stiffness system), they are considered the dominant
and foremost performance determining system component,
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when considering the two mentioned specifications of range
and speed [14]. Despite their importance, there is sometimes
the tendency to chose actuators for a system based on preferences of the designer or historical reasons, such as piezos
for AFMs [4] or electromagnetic actuation in wafer scanners
[1], rather than on an analytic evaluation and comparison of
various applicable technologies, such that more appropriate
alternatives enabling higher performance may be overlooked
(cf. Fig. 1) [15].
To enable a more systematic and fact-based actuator choice,
several approaches have been reported recently, ranging from
general purpose classifications and selection methods for a
large variety of actuators [9] to automated actuator selection
algorithms based on a database with several hundred actuators from 18 actuator classes [16]. However, for the system
designer who wants to push the system performance to the
physical limits, a procedure more focused on the particular
system class and relevant technologies, rather than on a
database of various commercially available actuators, clearly
excluding custom made solutions, might be of even higher
relevance. Such an approach has been investigated for the
design of single-phase rectifiers to trade off the contradicting
system properties efficiency and power density by employing
analytic relations to obtain and compare the Pareto fronts
of several rectifier topologies [17], [18]. In this the Pareto
front of a topology represents the limit curve for tradeoffs
between efficiency and density, i.e. Pareto optimal solutions
of the optimization problem, separating feasible from nonfeasible combinations in a multi-dimensional performance
space. Following this idea the Pareto fronts for several actuation technologies could be obtained for a desired mechatronic
system class, as shown in Fig. 1, directly indicating e.g.
the maximal achievable bandwidth for a required system
range. By comparing the Pareto fronts of admissible actuation
technologies a fact-based decision for the most appropriate or
superior actuation principle for the desired specification can
be enabled.
As a first step towards Pareto optimal mechatronic systems,
the contribution of this paper is a method for estimating
the Pareto fronts of established actuator technologies for a
desired class of mechatronic scanners, which are considered
the foremost performance determining system component. For
this purpose the Pareto fronts of the range-bandwidth tradeoff
are directly estimated from analytically obtained relations for
each technology. The method is presented along the example
of the system class of fast steering mirrors (FSMs) [13],
which is well suited for this approach as several Lorentz
force [19], piezoelectric [20] as well as hybrid reluctance
[21] actuated commercial and academic systems are reported,
which can serve as basis to validate the Pareto front estimates.
As illustrated in Fig. 1, this approach enables an immediate
identification of the actuation principle best suited for satisfying desired range and bandwidth requirements close to the
limits of physics (see colored areas in Fig. 1). The specific
properties and application classes of FSMs are presented in
Section II, together with a discussion on the safe operating
area of these systems. In Section III the proposed method is
presented, establishing analytical relations between achievable

range and bandwidth for estimating the Pareto front for each
of the three actuation technologies. For validating the obtained
relations they are combined with real-world system parameters
in Section IV and compared to a thorough review of reported
FSMs. Section V concludes the paper.
II. FAST S TEERING M IRRORS
Fast steering mirrors (FSMs) are a well established technology for scientific and industrial applications that require
steering operations of light beams in two dimensions and
demand a fast and compact optical device, providing sufficient angular range as well as high angular resolution and
positioning bandwidth [21].
A. System Overview
Besides the actuation system, generating the tip and tilt
motion of the mover, FSMs comprise the following key
components: the mirror, the suspension, the sensor and the
position control system [22]. Fig. 2 shows a schematic exploded view of a FSM with its main components, which are
briefly discussed in the following.
Rotational
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Fig. 2. Fast steering mirror systems for pointing and scanning operations. The
exploded view of a basic FSM system structure shows its main components
including mirror, actuators, position sensors and suspension system.

The mirror as the optical element reflects and steers an
incoming light beam of a defined aperture towards a single
specific target position or scans the light beam at a desired
speed along a defined trajectory. The critical aspects when
designing the mirror are to keep it as light as possible,
in order to enable high accelerations of the mover, and to
simultaneously make the mirror sufficiently stiff in order to
avoid dynamic deformations [19].
The suspension system connects the mirror carrying mover
with the static part and is most commonly implemented by
a metallic flexure [23]–[25] enabling motion in the actuated
rotational degrees of freedom (DoFs) and restricting the nonactuated DoFs. Next to low and high stiffness in the actuated and non-actuated DoFs, respectively, typical requirements
include low mechanical hysteresis, stabilization of the pivot
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point, high resistance to fatigue and a thermal expansion
coefficient compatible with the mirror [26].
The sensor system is used to measure the tilt angle of the
mirror in both axes, for the use in feedback control. Typical
non-contacting sensors are based on eddy currents [27], [28],
capacity changes [22], [29] or optical principles [30]. Mostly
a differential measurement system with two sensors per axis
is implemented.
The position control system is necessary to achieve precise
motion at high speeds and enable rejection of external disturbances. FSMs are typically operated with high bandwidth
feedback controllers to enable fast motion control and disturbance rejection [31], [32]. Frequently used controller types
are PID and model-based controllers for low stiffness systems
[21] and PI controllers for high stiffness FSM systems [33].
Model-based dual tone feedback controllers with high control
gains localized at the drive frequencies of a desired Lissajous
trajectory for a defined scan task are also reported [13].
Depending on the application requirements, such as scan
range and system bandwidth, electromagnetically [21], [34]
and piezoelectrically actuated systems [35], [36] are reported.
Independent of the actuator technology the actuators are typically operated in a push-pull configuration with two actuators
per axis, in order to generate a pure moment around the center
of rotation [35], [37], [38].
B. Application Areas and Performance Requirements
The applications of FSM systems can be separated into two
major classes of operation modes: (i) pointing and tracking
and (ii) scanning operations [21]. Applications of the first
class include tasks like beam stabilization [21], acquisition of
optical signals and tracking of objects [39], as well as precise
pointing of laser beams [30]. Typical applications from the
class of scanning operations are ranging from laser scanners
[7] over scanning confocal microscopy [40] to scanning optical
lithography [41], optical free space communication [35] and
material processing [25].
Pointing and tracking applications comprising an FSM system require good disturbance rejection capabilities as well as
high pointing precision, which is typically realized by the integration of high bandwidth position feedback controllers and
high resolution position sensors [39]. The typically required
motion amplitudes for disturbance rejection decrease quickly
for increasing frequency components of the disturbance, such
that a low inertia of the FSM mover is not particularly critical
[35]. For acquisition of a pointing target the required angular
range is typically comparable to the range of scanning systems.
The requirements when operated in scanning mode include
high scan speeds (frame rates), large high frequency motion
amplitudes and high precision tracking of a reference trajectory. Approaches to reach these requirements for typically demanded compact system dimensions are light weight designs
of the mover and high bandwidth feedback control [26] or mechanically tuned system designs for defined trajectory types,
such as Lissajous trajectories [13]. The application dependent
performance requirements on FSMs are summarized in Table I.

With the competing requirements of speed and range particularly inherent to scanning applications, the evaluation of
actuation technologies focuses on this application class.
TABLE I
FSM PERFORMANCE REQUIREMENTS FOR APPLICATION CLASSES .

System range
System dimensions
Main objective
Bandwidth
Motion amplitude
Mover inertia
Precision

Pointing
large
arbitrary
dist. rejection
high
small
arbitrary
high

Scanning
large
compact
tracking
high
large
small
high

C. Safe Operating Area
The concept of the safe operating area (SOA) is an important performance property from the domain of power
electronics [42], which can also be applied to mechatronic
scanning systems, for which typically only range and small
signal bandwidth are given. It can be used to relate the
frequency of mostly a sinusoidal reference trajectory to the
maximum admissible scan amplitude that still stays within the
operational limits of the system.
Electromagnetically actuated systems are typically limited
by the maximum admissible ohmic power loss in the coils and
thus by a maximum admissible current density jI,max .
The range of piezo actuated systems is determined by the
nominal actuator range, which is linked to the blocking force
via the actuator stiffness, the stiffness of the pre-tensioning
spring, necessary for dynamic operation, and geometric design
parameters [2]. Working against a mechanical spring with
constant stiffness, piezo actuated systems can thus be typically
operated with the maximum scan amplitude up to the system
bandwidth, considering power electronics that are capable of
driving the capacitive load also at high frequencies.
Figure 3 shows experimentally obtained SOAs with sinusoidal reference signals measured for a custom made piezo
actuated (PZA) FSM [43], two commercial Lorentz force
actuated (LFA) FSMs with 1 inch and 2 inch mirror (Type:
OIM101 and OIM102, Optics in Motion LLC, Long Beach,
USA) and two experimental hybrid reluctance actuated (HRA)
FSM systems with 1-inch [11] and 2-inch mover [44].
The HRA FSMs have a mechanical system range of ±3◦
and are in terms of the SOA clearly superior to the Lorentz
actuated FSMs over the entire frequency range. At the individually specified small signal -3 dB bandwidth all four electromagnetically actuated FSMs are still capable of scanning
at an amplitude of about 1% of the system range. The range
of the piezo actuated system is with ± 2.4 mrad significantly
smaller than those of the HRA and LFA systems but it enables
larger scan amplitudes at frequencies beyond 500 Hz. This
observation already provides a first insight into the advantages
of the individual actuation technologies and confirms that
piezos are typically used for systems with high bandwidth and
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Due to the rotational motion of the mover and the required
force interface [43], the piezo stacks can be considered held
fixed on one end, such that the relation [10]
s
s
1
3E
3E
1
=
, (2)
fres,P ZA =
2πL ρpiezo
2π · 2000 · d · ϕ ρpiezo
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Fig. 3. Measured safe operating area (SOA) of closed-loop FSM systems
for sinusoidal reference signals. The SOAs of one piezo actuated (blue), two
Lorentz force actuated (red) and two hybrid reluctance actuated FSMs (green)
are depicted.

between the first resonance frequency fres,P ZA and the actuator length L or the achievable angular range ϕ can be
established, respectively, with E being the elastic modulus and
ρpiezo the density of the piezo material. With the first resonance of the actuator determining the maximum achievable
bandwidth, this results in an inversely proportional relation
fmax,P ZA ∝ 1/ϕ, which equals a -1 slope, i. e. -20dB/decade,
in a double-logarithmically scaled design space.
Mover Mirror

A. Piezo Actuation
Piezo (PZ) actuated FSMs are in general high stiffness
systems, for which the bandwidth limitation for feedback
control is typically given by the first mechanical resonance [4].
For actuating the mirror of a FSM in both rotational directions,
piezo actuated FSMs are typically equipped with two pairs of
stack actuators (see Fig. 4b), aligned along the two system
axes and operated in a push-pull configuration. The mover is
mostly suspended by a stiff metallic flexure, which connects
mover and stator part and provides the pre-stressing of the
piezo stacks, required for dynamic operation [43]. Figure 4a
shows a cross section schematic of one system axis with the
pair of actuators and a generic suspension system. When the
mirror is in its neutral position both actuators are extended
by half their range, in order to enable bi-directional rotational
motion of the mover [4]. With the length of the stack actuator
L, a typical stroke of a actuator of around 0.1% of its length,
and the distance of the stacks to the center of rotation d (see
Fig. 4a) the angular range of the FSM is found by
ϕ=

L
.
2 · 1000 · d

(1)

Suspension

Piezo

III. L IMITATIONS OF ACTUATION T ECHNOLOGIES
For investigating the physical limitations of each actuation
technology in the context of FSM system design, analytic relations between these two properties are established, with respect
to the tradeoff between system range and bandwidth. These
relations are then used to estimate the tradeoff limit curves of
each actuation technology, i.e. the Pareto front, which is the set
of all Pareto-optimal design solutions, separating feasible from
non-feasible specification combinations in the performance
space [17]. For design solutions along the Pareto front the
improvement of e.g. speed results in any case in a reduction
of the range and vice-versa.

L

Piezo

small range, while electromagnetically actuators are employed
for systems with large range but smaller bandwidth [26].
However, a characterization of the tradeoff between range and
bandwidth and the limitations of each individual technology
requires a more formalized approach.

d

Set
screws

(a) Piezo actuated FSM cross section.

(b) Piezo stack.

Fig. 4. Piezo actuation in FSM systems. (a) shows a schematic of the cross
section of a piezo actuated FSM system with two actuators operated in pushpull configuration. The springs represent the flexure stiffness. (b) depicts
a piezo stack actuator (PICMA stack actuators, Model P-885.91, Physik
Instrumente GmbH & Company KG, Germany), typically employed in FSMs.

B. Lorentz Force Actuation
Lorentz force (LF) actuated FSMs, also known as voice
coil actuated (VCA) FSMs, are in general low stiffness
systems, which typically have a control bandwidth beyond
the suspension mode that is usually limited by the internal
modes of the moving part [2]. In contrast to the suspension’s
stiffness dominating the dynamics of high stiffness systems,
the mover’s mass is dominating the dynamics of low stiffness
systems beyond the suspension mode. Via its applied current
a given actuator generates a certain force, in dependence on
its motor constant, and therewith an acceleration of the mover,
which can be increased by applying higher actuator currents.
This, however, results in a higher energy dissipation in the
coils, which eventually limits the maximum acceleration value.
To obtain a figure of merit for the design of efficient LF
actuated systems based on this notion, the expression [2]
α
Q= √
(3)
P
can be used, giving the angular acceleration α that can be
obtained per unit of dissipated power P , which is almost
entirely resistive loss, as typical movements are still rather
small. The higher the number, the more efficient the actuator
is. Using Newton’s second law of motion T = Jalpha, with
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ρr (lw,a + lw,p )
,
Aw

(5)

with ρr the specific resistance of the wire material, lw,p the
length of the non-active coil part, not generating any force (e.g.
overhung coil design), and the wire diameter Aw = γAc /N ,
expressed via coil cross section Ac , fill factor of the coil
winding γ and number of turns N [2]. By defining the active
coil volume Vc,a = Ac · lw,a the actuator design parameter
dependent figure of merit can be formulated as
s
s
α
2dB γVc,a
lw,a
Q= √ =
.
(6)
J
nρ
l
P
r
w,a + lw,p
The analysis of the SOA of FSM systems in Section II-C
showed that the commercial LFA as well as the HRA FSMs
are able to perform a sinusoidal scan motion with an amplitude
of about 1% of the system range r at a scanning frequency
equal to their closed-loop small signal bandwidth. For the
further analysis the maximum small signal bandwidth of a
low stiffness system is thus considered to be given by the
maximum frequency at which the system is still capable of
performing a sinusoidal scan with an amplitude of 1% of the
system range r. The following derivations are of course also
viable for larger amplitudes, e.g. 10% of the system range,
and would simply result in an altered (lower) constant kLF A
(cf. (10)). Bandwidth-limiting structural modes of the moving
part are assumed to occur only at frequencies beyond this small
signal bandwidth. The acceleration of the mover for a sinusoidal excitation with small signal amplitude Amin = ϕ/100
is obtained by the second derivative of the reference signal
x¨r (t) = α(t) = −(2πf )2 · Amin · sin(2πf t).

(7)

Substituting the expression for the acceleration amplitude
into the definition of the figure of merit and rearranging the
equation in order to obtain the highest attainable small signal
frequency, results to
r
1
1
· kLF A ·
,
(8)
fmax,LF A =
2π
ϕ·J

with the constant kLF A given by
v
s
u
u
γVc,a
lw,a
t
kLF A = 100 · B · 2d · P ·
·
.
N ρr lw,a + lw,p

(9)

Under the assumption that the maximum value of dissipated

In FSM systems mostly moving magnet designs are employed in order to avoid thermal stress and deformations
of the mirror due to losses in the actuator coils [26]. To
maintain a low mover inertia the magnet assemblies are kept
compact, such that overhung coil designs are commonly used
(see Fig. 5c). Figure 5 shows common implementations of LF
actuators with overhung coil and overhung magnet designs.
Highly efficient LF actuators with a large Q value for an FSM

F

F

B

PM
B

B

PM

R=

power is determined by the maximum current density jI,max
2
2
and is given by Pmax = Imax
R = jI,max
Aw ρr lw the factor
kLF A results to
r
Ac γ
· lw,a .
(10)
kLF A = 100 · B · 2d · jI,max ·
N

PM

torque T and mover inertia J, the Lorentz force F = BIlw,a ,
the relation for ohmic power loss P = I 2 R in the expression
for the figure of merit and considering that the torque in a
rotational FSM system is generated by two actuators in pushpull configuration and distance d to the point of rotation,
results to
T
2dF
2dBIlw,a
2dBlw,a
√
√ .
Q= √ = √ =
=
(4)
J P
J P
J P
J R
In this relation B is the magnetic flux density in the air gap, I
is the actuator current and lw,a is the active, force-generating
length of the coil wire in the air gap. The total ohmic resistance
R of the actuator winding can further be found by

I

I
(a) Classic voice coil actuator (b) Overhung magnet design.
in overhung coil design.

(c) Overhung coil design of OIM FSM.
Fig. 5. Lorentz force actuator designs [2]. (a) shows the cross section of a
voice coil design with overhung coil. (b) depicts a schematic of an overhung
permanent magnet design and (c) the implementation of an overhung coil
design in a commercial FSM.

with a desired range of angular motion will aim to minimize
mover weight and coil length to enable the desired range.
An increase in angular range of the FSM will thus entail an
increased length and weight of the actuator’s moving part as
well as a larger inertia of the entire FSM mover. With the
initial inertia of the mover Jinit and the inertia increase per
range ∆J , the range r dependent total inertia is found by
J = Jinit + ∆J · r.

(11)

This assumption is applicable to most relevant practical actuator solutions, targeting a high figure of merit, independent of a
moving coil/magnet configuration or an overhung coil/magnet
design.
Using (11) and the small angle approximation r = 2ϕd
in (8) results in the final formulation of the relation between
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range and small signal bandwidth for LF actuated FSMs
s
1
1
fmax,LF A =
· kLF A ·
. (12)
2π
(ϕJinit + ∆J · 2dϕ2 )
For small angular ranges ϕ the first term in the denominator
√
dominates, which makes fmax,LF A ∝ 1/ ϕ and results in
a -2 slope, i. e. -40 dB/decade, in the double-logarithmically
scaled design space. At large angular ranges ϕ the second term
dominates, such that fmax,LF A ∝ 1/ϕ, which again equals a
-1 slope in a double-logarithmic representation of the design
space. The required coil clearance of the actuators also needs
to be considered in the design of large range systems and might
require custom made solutions to maintain short air gaps in
the magnetic circuit [26].
C. Hybrid Reluctance Force Actuation
Hybrid reluctance (HR) actuators provide higher motor
constants than LF actuators [45], thus enabling FSM systems
with larger SOA, as shown in Fig. 3. As in the case of the
LF actuated FSMs, HR actuated FSMs typically have control
bandwidths beyond the suspension mode [44]. Figure 6 shows
two implementations of HR actuators for FSM systems and
illustrates their working principle [21], [44]. The magnetic bias
flux (red) generated by the permanent magnet in the center
passes through the ferromagnetic mover and the working air
gaps and returns via the outer ferromagnetic yoke parts. The
permanent magnet introduces a negative stiffness and leads
to an inherently open-loop unstable system, which is usually
made open-loop stable by a metallic flexure suspending the
mover. The coils are connected in series such that an applied
current generates a magnetic flux (blue) passing through the
outer yoke parts, the working air gaps and the mover. A
superposition of both magnetic fluxes results in an increased
magnetic flux in one and a reduced magnetic flux in the
other working air gap, generating a translational force on
the mover in Fig. 6a and a torque on the mover in Fig. 6b,
dependent on the coil current direction. For generating tip and
tilt motion in FSM systems, four of the actuators in Fig. 6a
are place around the mirror, with the mover of the actuator
connected to the mirror [21]. Combining the actuator in Fig. 6b
in a perpendicular configuration with a second of its kind,
enables torque generation around both axes while placing all
components behind the mirror plane [11].
The limitations on the achievable closed-loop bandwidth
result again from either (i) structural modes of the system or
(ii) the maximum coil current density, which is applicable to
stay within the thermal limits of the actuator. Eddy currents in
the ferromagnetic yoke parts can cause additional phase lag in
the system limiting the bandwidth [46], which may, however,
be compensated by replacing an underlying current feedback
loop by flux feedback control [47]. In any case the phase
loss due to eddy currents depends solely on the conductivity
and permeability of the yoke material as well as on the layer
thickness in systems with layered yoke parts [48], such that
there is no relation to air gap length and range.
In contrast to LF actuated systems the mover mass m
(translation) or inertia J (rotation) is independent of the system

Coil flux
Magnet
bias flux

Mover

T

Coil flux
Mover

Coil

B
Magnet

B

F

Permanent magnet

Coil

Magnet
bias flux

(a) HRA for translational motion.

(b) HRA for rotational motion.

Fig. 6. Hybrid reluctance actuator designs. (a) shows a translational HRA,
which is arranged on both sides of a mover to generate the required torque
around the center of rotation [2]. (b) depicts a modified HRA for rotational
motion [44].

range in the case of an HR actuator, as no actuator parts
need to be attached to the mover (see Fig. 6). However,
an increased motion range requires increased air gap lengths
reducing the maximum applicable actuator torque, which can
for the actuator in Fig. 6b be approximated by [44]
lm
µ0 Hc Ap
1
Tmax ≈ N imax ·
·d·
,
·
lm + ln
4
(lw0 + lx )
|
{z
}

(13)

XT0

with N the number of coil windings, Hc the coercivity and lm
the length of the permanent magnet, ln the length of the nonworking air gap, µ0 the permeability of vacuum, d the lever
arm, Ap the cross section, and lw0 the length of the working air
gaps in the middle position. The maximum torque is eventually
bounded by the saturation flux density of the yoke and mover
material, beyond which the ferromagnetic parts saturate and
no additional torque increase can be obtained. This saturation
effect can be considered by a minimum length of the working
air gap lx .
Making the same assumptions for the relation between
small signal amplitude (again 1% of the system range) and
achievable system bandwidth as for the LF actuated systems,
gives the relation
ϕ
Tmax = J · αmax = J · (2πfmax )2 ·
.
(14)
100
Combining (13) and (14), using the small signal approximation
l = ϕd for lw0 and lx and rearranging the equation to obtain
the highest attainable small signal frequency, results to
r
1
1
fmax,HRA =
· kHRA ·
,
(15)
2π
ϕx ϕ + ϕ2
with the constant kHRA given by
r
100 · XT0
kHRA =
.
dJ

(16)

For large angular ranges ϕ the denominator of (15) is
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dominated by the second term, such that fmax,HRA ∝ 1/ϕ,
resulting in a -1 slope in the double-logarithmically scaled
design space. Towards angles increasingly smaller than ϕx
√
the first term starts to dominate, making fmax,HRA ∝ 1/ ϕ
and resulting in a -2 slope in the design space.
IV. PARETO F RONT E STIMATES FOR FSM S YSTEMS
In order to get an overview of the limitations of real world
FSM systems as basis for obtaining a Pareto front estimate
(PFE) for each actuation technology, a thorough literature
research on reported commercial as well as academic FSM
systems is conducted. The evaluated systems are entered into
a double logarithmically scaled 2-dimensional performance
space with small-signal bandwidth and angular range on the
x- and y-axis, respectively, which is depicted in Fig. 7. FSM
systems located farther up-right show a larger product of range
times bandwidth (RBP), which serves as performance metric
for the comparison of system performance in the following and
is basically a first order approximation of the SOA introduced
in Section II-C. In Fig. 7 lines of constant RBP are shown
for the - in this sense - best performing FSM system of
each actuation technology. The highest RBP values obtained
for PZA, LFA and HRA FSMs are 16320 mrad·Hz [33],
61100 mrad·Hz [19] and 78600 mrad·Hz [11], respectively.
In the following a PF for each actuation technology is
estimated by evaluating the equations derived in the previous
section for the parameters of the respectively best performing
FSM system. These systems are considered to be ones closest
to the true Pareto front of each technology, thus enabling
a reasonable determination of the related PFE. It is to be
considered at this point that the resulting PFEs are based
on current state of the art FSM systems and their system
parameters, which means that the state of the art in FSM
system design suggests that these are the current Pareto fronts.
Prospective improvements and innovations of materials (e.g.
piezo material), motor constants, power electronics and other
aspects may, however, enable to shift the Pareto fronts to even
higher performance levels in the future.
A. Piezo Actuation
The relation between resonance frequency fres,P ZA and
angular range ϕ for a piezo actuated FSMs with stacks held
fixed on one end is given in Eq. (2). To account for the mass of
the mover mend which is added to the free end of the actuator
stacks, this relation is extended by an additional denominator
term which refers to the related reduction of the resonance
frequency [10]. The resulting expression is
s
AE
1
.
fres,P ZA =
2π 13 A(2000d)2 ρpiezo · ϕ2 + mend 2000d · ϕ
(17)
with A the cross section area of the stacks and the
other parameters as given in Section III-A. For values of
ϕ >> 3mend /2000Adρpiezo the second denominator term
can be neglected and the initial relation from Eq. (2) is
obtained, resulting in a -1 slope in the design space. For small

values of ϕ the second denominator term starts to dominated,
resulting in a -2 slope at higher frequencies.
From the graph in Fig. 7 it can be seen that the piezo FSM
with ± 2.4 mrad angular range and a resonance frequency of
6.8 kHz results to the highest RBP value of 16320 mrad·Hz
[33]. The system is depicted in Fig. 8a, uses 4 of the piezo
stacks shown in Fig. 4 (Model P-885.91, Physik Instrumente
GmbH & Company KG, Germany) for actuation and uses a
membrane-like flexure to maximize the system’s RBP. With
the FSM system parameters mend = 5 g (half mover mass),
A = 5 x 5 mm2 and d = 6 mm and typical parameters of
piezo stack actuators E = 33.9 GPa and ρpiezo = 8000 kg/m3
[10], the PFE shown in Fig. 7 (dash-dotted, blue line) can
be obtained. In the area where the PFE is backed by the
specifications of real world systems the PFE is depicted as
bold dark blue line, while the estimate is shown as a thinner
light blue line towards larger ranges and bandwidths. The used
piezo system lies slightly below the resulting PFE, which has
a -1 slope at low frequencies and changes to a steeper -2
slop at around 8 kHz, indicating that there is still room for
performance improvement.
B. Lorentz Actuation
For obtaining the PFE for LF actuated FSMs Eq. (10) and
Eq. (12) can directly be used. As there was not sufficiently
detailed data for the academic FSM system with the highest
RBP [19] available, the properties of a high end commercial
FSM (OIM101 FSM, Optics in Motion LLC, Long Beach,
USA), which has an RBP value of 22270 mrad·Hz and is
marked by the thick red diamond in Fig. 7, are used to obtain
the shape of the PFE. The measured complementary sensitivity
function of the LFA FSM system (see Fig. 5) with a feedback
controller tuned for maximum bandwidth measured and small
signal excitation is depicted in Fig. 8c.
The mechanical parameters for the inertia and the range
dependent inertia increase are obtained from the CAD file of
the mirror system provided by the manufacturer and result to
Jinit = 3925 g·mm2 and ∆J = 350 g·mm2 /mm. The lever
arm of the actuators is d = 15 mm. The actuator parameters
are determined by examining the data sheet and the system
in the laboratory, resulting to a maximum admissible current
of Imax = 1.622 A per axis, obtained from the peak power
given in the data sheet and the measured resistance of one coil
pair of R = 5.7 Ω, N = 140 coil turns and lw,a = 1300 mm,
due to a magnet width of about 10 mm and the overhung
coil design (see Fig. 5c). The flux density in the air gap is
measured by a Gauss-Meter and results B = 0.6 T. Considering
that the maximum admissible current can be expressed by
Imax = jI,max · Ac γ/N , this yields in total a factor of
kLF A = 1.948 kg0.5 m/s, according to Eq. (10). The resulting
graph, depicted in Fig. 7 (dashed red line), lies just beyond
the commercial FSM (thick red diamond), demonstrating the
validity of the obtained relation between range and bandwidth.
It shows a -2 characteristic for angles smaller than ± 300 mrad
to a -1 characteristic for larger angles.
To extrapolate the obtained graph in order to arrive at a
PFE for LF actuated FSMs, which estimation should be based
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Fig. 7. Two dimensional performance space for FSM systems showing the tradeoff between range and bandwidth. Commercially available (symbols) as well
as academically reported systems (dots) actuated by piezo (blue), Lorentz force (red) and reluctance actuators (green) are depicted. The Pareto front estimate
for each actuation technology is derived from the calculated relations between frequency and range. Additionally lines of constant range-bandwidth-product
are depicted for the best performing system, with the respectively highest value, of each technology.

on the system with the highest RBP value of 61100 mrad·Hz
(large red circle), the ratio of the RBP values of both systems
p = 61100 / 22270 = 2.74 is used. For the case of angles
larger than ± 300 mrad, where the first denominator term
of (12) can be neglected and a relation fmax,LF A = c/ϕ
(c = const.) can be obtained, the ratio p can be directly used to
extrapolate the curve via fmax,LF A = c · p/ϕ. By considering
the scaled version ϕ0 = ϕ/p as the new angle and using it
in (12), the entire extrapolated PFE can be obtained. The
extrapolated PFE lies just beyond the best performing LFA
FSM and is also depicted in Fig. 7 (dash-dotted red line). It
shows the same -2 and -1 characteristic for small and large
angles, respectively, with a higher corner frequency. As for the
piezo actuated systems the PFE is shown by a bold red line in
the area where it is backed by real world system specifications
and by a thinner light red line towards higher bandwidths and
ranges.
C. Hybrid Reluctance Actuation
For the HRA systems a compact academic FSM with
an RBP value of 78600 mrad·Hz [11] is evaluated for its
system properties (see Fig. 7). The FSM, which is depicted

in Fig. 8b, uses the HR actuator structure shown in Fig. 6
and employs a yoke material with high saturation flux density
as well as a flexure-based suspension system. The measured
complementary sensitivity function of the HRA FSM system
with a feedback controller tuned for maximum bandwidth and
small signal excitation is depicted in Fig. 8c.
The maximum torque level is obtained from simulations
conducted with ANSYS (Ansys Electronics Desktop, Ansys
Inc., PA, USA) and resulting in a torque around the center
position of T0 = 13.3 mNm at the maximum current for continuous operation. The geometrical properties are derived from
CAD design files, providing d = 10 mm for the lever arm and
about J = 300 g·mm2 for the mover inertia. With the length of
the working air gap in the middle position lw0 = 0.75 mm, the
constant XT0 = T0 · lw0 is obtained. The minimum length of
the working air gap before saturation of the yoke material is
obtained by employing electromagnetic simulations in ANSYS
Maxwell (Ansys Electronics Desktop, Ansys Inc., PA, USA)
and results to lx = 0.15 mm. This yields a graph with a -1
slope for angles larger than 15 mrad and changes to a steeper
-2 slope, which is caused by increasing saturation effects in
the ferromagnetic yoke parts. The resulting PFE lies slightly
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beyond the HRA FSM with the highest RBP value, almost
intersecting with its location in the design space. As pointed
out previously, additional bandwidth limiting dynamics caused
by eddy current effects in the yoke parts are not considered
in this study. If not compensated by constructional of control
means, they may cause an increasing steepness of the graph
towards higher frequencies.

(a) Piezo actuated FSM [43].

(b) HR actuated FSM [11].
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(c) Measured complementary sensitivity functions.
Fig. 8. Experimental high performance FSM systems. (a) shows a piezo
actuated FSM with a 1 mm mirror and a flexure optimized for maximum RBP.
(b) shows a compact HR actuated FSM system with an range of ± 3 deg, a
bandwidth of 1.5 kHz and an outer diameter as small as 32 mm. (c) depicts
the measured small-signal complementary sensitivity functions of the above
shown feedback controlled PZA and HRA FSM as well as of the LFA FSM
from Fig. 5c with maximized bandwidth.

D. Discussion
The 2-dimensional performance space shown in Fig. 7 with
the evaluated FSM systems and the obtained Pareto front
estimates clearly illustrates the advantages and limitations of
the three established actuation principles and reveals regions
in which a particular actuation principle clearly outperforms
the other ones. The piezo actuated FSMs have smaller ranges
than LFA and HRA systems, but they outperform the LFA
FSMs, with the fastest system having at bandwidth of 2 kHz,
for system bandwidths above 2 kHz and angular ranges below
20 mrad. The FSMs actuated by LF actuators provide larger
angular range as compared to the piezo actuated systems,
which have a maximum range of 26.2 mrad, but enable at the
same time smaller bandwidths. This makes the LF actuation
technology superior over piezo actuation for large stroke
systems in the low frequency region. When compared to the
more established LF and piezo actuation technologies, the HR
actuation technology shows significant advantages over most
of the relevant specification range. Despite the small number
of reported FSMs using this technology, these systems together
with the related PFE suggest that HR actuation is superior to

both of the other technologies for FSMs with a bandwidth
above 700 Hz and angular ranges below 120 mrad. Due to the
enlarged air gaps and the thus decreasing motor constant of
the HR actuators, LF actuation is superior for ranges above
120 mrad. Potential additional limitations due to parasitic or
nonlinear effects in the ferromagnetic yoke material, such as
eddy currents and material hysteresis, might cause a steeper
slope of the HRA PFE at higher frequencies, such that piezo
actuation may become the superior technology towards higher
frequencies.
In summary it is shown that based on the presented analytic
approach Pareto fronts can be estimated for various actuation
principles of a certain mechatronic system class, which can
enable an immediate fact-based identification of the actuation
principle best suited for satisfying a given combination of
range and bandwidth requirements in the design process.
V. C ONCLUSION AND O UTLOOK
This paper presents a novel method for estimating the limitations of individual actuation technologies for mechatronic
scanning systems based on analytically obtained relations
along the example of fast steering mirrors. It is used to
estimate the Pareto fronts for the established piezoelectric,
Lorentz force and hybrid reluctance actuation principles in
the 2-dimensional range-bandwidth performance space. The
obtained equations, relating maximum range and achievable
bandwidth, are validated using real world FSM systems in
order to get estimates for the individual Pareto front of each
technology. These estimates are validated by comparing them
to a thorough study on specifications of available commercial
and academic FSM systems, showing good agreement with
the obtained results in the 2-dimensional performance space.
The analysis reveals that the hybrid reluctance technology is
superior to the established Lorentz force and piezo actuation
technologies for systems with bandwidths above 700 Hz and
angular ranges below 120 mrad, enabling the best compromise
between range and bandwidth over a large part of the performance space and resulting in the FSMs with the highest RBP
value reported so far. The obtained actuator performance map
provides a solid basis for the design of future FSM systems,
aiming to push their performance towards the limits of physics,
and simplifies the selection of the most suitable actuator based
on desired system performance requirements.
A generalization of the results obtained for FSMs is desirable but difficult, due to the manifold of design choices and
customized solutions among the various mechatronic system
classes. However, as the proposed method relies on physical
models and analytic equations of the respective system class,
which can be individually adapted to their specific properties
and requirements, the presented method for obtaining Pareto
front estimates appears to be adaptable for and applicable to
other mechatronic system classes of comparable complexity. It
may be employed during the design process to systematically
trade off desired range and speed specifications and enable
a fact-based choice of the best-suited actuation technology.
The approach may also be advanced to additionally consider
e.g. the properties of the power electronics, adapted to to
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trade off other target specifications, such as resolution and
bandwidth, or extended to more target specifications and multidimensional performance spaces.
An extension of the proposed approach from mechatronic
systems on the component level, e.g scanning units, to mechatronic systems on the scale of entire production systems, e.g.
lithography machines, may also be desirable and possible in
the future.
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