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Abstract— Laser scanners have been an integral part of
MEMS research for more than three decades. During the last
decade, miniaturized projection displays and various medical-
imaging applications became the main driver for progress in
MEMS laser scanners. Portable and truly miniaturized projectors
became possible with the availability of red, green, and blue
diode lasers during the past few years. Inherent traits of the
laser scanning technology, such as the very large color gamut,
scalability to higher resolutions within the same footprint, and
capability of producing an always-in-focus image render it a
very viable competitor in mobile projection. Here, we review
the requirements on MEMS laser scanners for the demanding
display applications, performance levels of the best scanners in
the published literature, and the advantages and disadvantages
of electrostatic, electromagnetic, piezoelectric, and mechanically
coupled actuation principles. Resonant high-frequency scanners,
low-frequency linear scanners, and 2-D scanners are included in
this review. [2013-0235]

Index Terms— Laser displays, MEMS scanners, portable
projectors.

I. INTRODUCTION

S INCE the first scanning silicon mirror was published in
1980 [1] microelectromechanical systems (MEMS) for

light scanning has seen a vast array of applications. Early
MEMS scanners focused on imaging applications such as
confocal microscopy [2]–[7], bar code reading [8], and finger
print sensing [9]. Around the turn of the new millennium
optical cross-connects (OXC) technology [10] was the primary
driver for 2D scanners. It has now been supplanted in this role
by the miniaturized projection display with its large demands
on frequency, scanning angle, and footprint [11]. Other
applications include optical coherence spectroscopy (OCT)
[12], [13], and the retinal scanning display (RSD) [14],
printing [15], head-up displays [16] as well as light detection
and ranging (LIDAR) systems for the automotive industry
[17], [18].

For imaging applications, demands on the laser scanner
are not as high as in displays. The performance of scanned
imaging systems are typically limited by (i) optics, which
demand small focused spot and dynamic focusing and (ii) low
signal levels that demand higher integration time and slow
scanning speed. Therefore, majority of the highest performing
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scanners to be discussed in this paper are developed for
displays, which will be the main focus of this paper.

A. MEMS in Displays

For display applications, there are three types of
architectures where MEMS technology have been used:
(1) 2-dimensional arrays acting as spatial light mod-
ulators (SLM). The most mature technology is Texas
Instrument’s Digital light processor (DLP), using Digital
micromirror devices (DMD) [19], [20], where the MEMS
component is a large array of bistable micromirrors. These
devices have a one-to-one relationship between the num-
ber of mirrors and pixel count. (2) Scanned 1-dimensional

arrays, where a 1D array is scanned to generate the full
2D image. Two well-known implementations, both using
diffractive-type optical components, are the grating light valve
technology (GLV) [21] and the interferometric modulator
technology (iMoD) [22]. These technologies are today owned
by Silicon Light Machines and Qualcomm, respectively.
(3) 2-dimensional laser scanning devices - flying spot
devices - on the other hand, where a single modulated laser
source is scanned simultaneously in two dimensions [23],
as detailed in this paper. A comprehensive account of the
competing MEMS technologies can be found in [24].

B. Lasers in Displays

The first laser displays were proposed already in the 1960’s,
but the commercial viability of the technology, especially
miniaturized implementations, was limited due to bulky and
expensive laser sources [25]. Early examples of compact laser
scanners appeared in the late 90s [26]–[29]. The first com-
mercially available display system using MEMS-based laser
scanning was the RSD, which creates a virtual image directly
onto the eye of the user with laser raster scanning [14]. RSD
systems have existed for over a decade, but more interest is
now directed towards mobile projector displays [30]. However,
the development of miniaturized projectors with full color was
hampered by the bulky frequency doubling schemes that was
typically used as the green laser component [31], [32]. In 2010
direct emission green diode lasers became available, enabling
compact red-green-blue (RGB) display engines. This enabled
portable and truly miniaturized laser projectors, the beginning
of which we are seeing right now.

C. Pico-Projectors

The three currently competitive technologies for miniatur-
ized projectors are MEMS laser scanning, DMD, and liquid
crystal on silicon (LCoS) displays [33]. DLP and LCoS are
both examples of SLMs. LCoS is similar to DLP in regards
to working principle, but the reflected light is modulated by
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liquid crystals instead of bistable mirrors. The main advantages
of laser scanning are the high color gamut, scalability of
resolution within the same footprint, and an always-in-focus
image [31], [34]. The two latter are especially important for
miniaturized displays. Compared to SLM-based systems the
direct modulation of the lasers for each pixel leads to a shift
of architectural complexity from optomechanics to electronics.
The direct modulation also facilitates good power efficiency
and inherently high contrast [35]. The major drawback of the
laser scanning approach is laser speckle.

D. Laser Scanners

Traditional techniques for laser scanning include acousto-
optic scanners, polygon scanners, and galvanometric scanners.
MEMS scanners are desired since they allow miniaturization,
low power consumption, as well as much superior performance
at resonant high frequency actuation. A useful and inclusive
classification of MEMS scanners was formulated in [23]. With
a slightly simplified version of this optical MEMS scanners
can be classified according to the following three categories:
(1) operation principle (reflective mirror, refractive lens, and
diffractive grating), (2) actuation principle (mainly electro-
static, electromagnetic, piezoelectric, and electrothermal), and
(3) fabrication technology (e.g. bulk micromachining, sur-
face micromachining, and hybrid fabrication methodologies).
However, the vast majority of high performing display scan-
ners are torsional mirrors made by silicon bulk micromachin-
ing with only actuation method varying.

In this paper the current state of MEMS laser scanners are
reviewed and discussed. The main focus is on applicability
for miniaturized projectors and wearable displays. It is the first
review of its kind, but a few earlier reviews have partly treated
the same topic [11], [36], [37]. Included are comprehensive
comparisons of published scanners and evaluations of the
future challenges of each technology. Display applications
have the highest physical demands on the scanner and as the
primary driver of development it is particularly useful to focus
on the specific requirements different screen resolution trans-
late to. It is the authors’ hope that the information provided
can be of service to everyone planning to design or simply
choose a laser scanner for display as well as various imaging
applications. The aim is to be as inclusive as possible regarding
operation principles, but to focus on the scanner architectures
that have produced the highest performing scanners.

In Section II scanner requirements and performance
metrics are introduced and discussed. In Section III
the commonly utilized actuation principles are compared.
In Sections IV, V, and VI published fast scanners, slow
scanners, and 2D scanners, respectively, are discussed and
compared. Finally, in section VII the paper is concluded with
a discussion on economies of scale, commercialization, and a
roadmap for imaging of MEMS scanners.

II. REQUIREMENTS FOR MEMS LASER

SCANNER DISPLAYS

To gauge the performance of a display scanner one needs
to consider working frequency, scan angle, mirror size, mirror
flatness (dynamic and static), good mode separation (resonant

Fig. 1. Schematic of a flying spot laser projector. (a) 2D scanning
mirror architecture. (b) Two-scanning-mirror architecture where each mirror
is responsible for one axis.

scanners), and linearity (non-resonant scanners) [26]. The two
latter points are relevant to image quality, while the others
directly determine limits for resolution and image size. A res-
onant scanner design needs to strike a balance where the
combination of scan angle, resonance frequency, and mirror
size is enough for the desired resolution, while still keeping
the mirror optically flat to avoid image distortions. For non-
resonant slow scanners linearity is often the most difficult
problem to solve.

The laser spot projector can be implemented either with a
single dual-axis mirror or with two separate, orthogonal single-
axis scanners, as shown in Fig. 1 [38], [39]. One important
difficulty with dual-axis scanners is the crosstalk between the
two axes. With increasing display resolution it becomes harder
to keep the crosstalk to acceptable levels, which would be the
main reason to choose the bulkier two-mirror architecture. To
create the proper color mix for each pixel, all three lasers have
to be modulated simultaneously.

A. Resolution

An in-depth account of scanner requirements is given
in [26], on which much of the following is based. The most
common system architecture is raster scanning, where a low
frequency, linear vertical scan (quasistatic) is paired with
an orthogonal high frequency, resonant horizontal scan. An
alternative to this is the bi-resonant Lissajous scanner, which
is described further in the introduction of Section V. For
the raster scanner the vertical scan is often assumed to be
60 Hz (video frame rate). The two main contributors to the
number of resolvable spots are the scan angle, θ , and the clear
mirror aperture, D. In the literature three different definitions
are commonly used for the scan angle: the zero-to-peak
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mechanical, θmech , peak-to-peak mechanical, θp−p mech , and
full optical, θopt . For a torsion mirror scanner θopt =

2θp−p mech = 4θmech . In this paper θopt is used if not otherwise
specified. Assuming a small angle (paraxial approximation) the
number of resolvable spots along the horizontal direction (Nh)

can be written as

Nh =
L

s
=

4θmechz

aλ z
D

=
θopt D

aλ
(1)

where, additionally, L is the screen length, s the spot size, z the
distance to the screen λ the longest system wavelength, and
a (typically between 0.75 and 2) a shape factor determined
by the definition of spot size (amount of overlap between
adjacent spots), mirror shape, angle of incidence, fraction of
the scanline used for writing, and beam profile [26], [40].
See the sketch in Fig. 1(a). From (1) it is understood that
the θopt ·D-product determines the number of resolvable spots
along the axis. The number of resolvable spots along the
vertical axis, Nv, can be calculated from the refresh rate of
the display (Fr ), the horizontal frequency (fh), the fraction
of the time used for retrace of the vertical scanner moving
at constant speed (Krt), and the Kub constant which is 1 for
unidirectional writing and 2 for bidirectional writing [26].

Nv =
fh Kub Krt

Fr

(2)

That is, the ratio of horizontal scan frequency to display refresh
rate determines the number of vertical lines possible. In the
bidirectional writing scheme (Kub = 2) the scanner writes
two lines during one scan cycle, and hence increases the light
source utilization by a factor of 2 and reduces the required
horizontal scanner frequency by half. Although unidirectional
writing schemes can provide better line to line positional
uniformity, bidirectional schemes are more common and are
used for all calculations in this paper [30]. It is also possible to
further reduce the frequency burden by using multiple beams
with a single mirror. This has been demonstrated [41], but
there are very few implementations and is not considered
further in this text. Given a fixed refresh rate (vertical scanning
frequency) each resolution can be translated into fast scanner
requirements expressed as limits of θopt ·D -product and fh .
The limit for θopt ·D is set by the horizontal pixel count,
while fh is limited by the vertical pixel count. In reverse,
they are used as metrics to compare fast scanners. To further
facilitate easy comparison of fast scanners operating at dif-
ferent frequencies the θopt ·D · f h-product is used as a single
metric indicating the pixel rate made possible by a specific
fast scanner. For requirements on pixel timing we refer to [26].
Additional discussion on requirements for linear scanners can
be found in Section V.

B. Dynamic Deformation

For evaluation of a scanner design it is important to
understand how different features interact with each other.
Tradeoffs between scan angle and mirror width with respect
to resolution are developed in detail in [14]. For a fixed
θopt ·D an increasing D leads to larger mirror deformation,
lower maximum frequency, and increasing cost and footprint.

Fig. 2. Sketch of the dynamic mirror deformation.

On the other hand it will provide less tight optomechanical
tolerances and lower flexure stress. For high performance,
resonant scanners, the mirror deformation tends to be the
most difficult part to solve. High acceleration forces, caused
by the mechanical deflection, result in mirror bending, which
in turn leads to optical distortion of the image (Fig. 2).
Dynamic deformation of the mirror, defined as the deviation
from linearity, can be predicted using Brosens’s formula below,
which uses the unevenly distributed forces due to acceleration
across the mirror surface,

δmax = 0.217
ρ f 2 D5θmech

Et2
m

(3)

where, ρ is the material density, E the modulus of elasticity,
f the scanner frequency and tm the mirror thickness [6], [42].

To keep the spot diffraction limited, the maximum mechan-
ical mirror deformation (δmax) should not exceed λ/10 of the
shortest system wavelength [26]. Note that δmax is proportional
to D5. Hence, if the system performance is deformation
limited, significant gains can be attained by slightly reducing
the mirror size. These constraints are the main reason to
why surface micromachining is generally not used for high
performance scanners. In addition to the thicker substrate bulk
micromachining allows for, mirror reinforcement structures
and additional mechanical connections to the mirror frame
can also substantially reduce the dynamic deformation. The
earliest studies on well-characterized MEMS mirrors were
published in 2000 by Urey et al. [26] and Conant et al. [43].
Common methods to measure dynamic deformation are mono-
chromatic stroboscopic interferometry and stroboscopic white
light interferometry [26], [44]. Table I shows fh , θopt · D, and
maximum pixel clock frequency requirements for a fast scan-
ner needed to address various image resolutions. Bidirectional
raster scanning and 60 Hz refresh rate is assumed. The values
are calculated based on the equations found in [26]. Exact
values will always depend on the specific implementation, but
the ones used here are typical and internally consistent.

III. ACTUATION PRINCIPLES

High performance laser display applications require large
displacements of a large aperture mirror coupled with high
motion precision. Resonant scanners make use of high
mechanical quality factor (Q) to reach the required angle. At
atmospheric pressure a very high drive torque is required to
overcome the air damping. This problem can be solved by use
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TABLE I

θ · D AND HORIZONTAL FREQUENCY REQUIREMENTS OF VARIOUS

RESOLUTIONS FOR DISPLAYS USING BIDIRECTIONAL RASTER

SCANNING ARCHITECTURE

TABLE II

COMPARISON OF PROPERTIES OF ACTUATION PRINCIPLES

of a vacuum package, which is costly and leads to a different
set of technical problems [45]. In addition, the suspended mass
becomes heavy due to large mirror size and dynamic flatness
requirements [46]. The non-resonant operation of the vertical
scan also demands a high torque to overcome the flexure
stiffness that cannot be set very low due to requirements for
shock and handling robustness.

The three main actuation principles to be considered
here are electrostatic actuation (ES), electromagnetic actua-
tion (EM), and piezoelectric actuation (PE). Much research
has also been carried out on electrothermal (ET) scanners
[47]–[50]. Due to the inherently long response times of ET
devices, scanners based on this technology is not very suitable
for display applications, but could possibly be used to actuate
a slow scanner used in combination with a fast scanner using
a different actuation principle.

When comparing scanners for commercial use, the most
critical aspects to consider are: enabled resolution, fabrication
simplicity, power efficiency, voltage requirement, robustness,
compactness, and long-term stability. Each actuation principle
has advantages in some aspects while having disadvantages
in others. Table II compares qualitatively the properties of
each actuation principle qualitatively based on the highest
performing scanners designed for miniaturized displays.

A. Electrostatic Actuation

ES actuation was the first actuation method used for MEMS
scanners and comprises the vast majority of the published
literature. The two main reasons for this are: fabrication
compatibility with any facility with MEMS capability without
the need of any unusual material and ease of integration into

Fig. 3. Layout of a ES 2D scanner. The filled trenches are needed for electric
isolation. Reprinted with permission from [51].

the full system. In contrast, PE actuators require the deposition
of a piezoelectric material while the moving coil EM actuators
require a magnet to be included in the final package.

The working principle of ES actuation relies on the attrac-
tion of two oppositely charged plates. The electrostatic force
between two plates can be expressed as

Fes =
AεV 2

2g2
, (4)

where A is the overlap area of the plates, ε is the dielectric
constant of the medium (i.e. air), V is the voltage difference
applied between the plates, and g is the gap between the plates.
There are two main schemes of electrostatic actuation: comb
actuation and parallel-plate actuation. Much of the early work
made use of parallel plate actuation, indeed the first silicon
scanning mirror published by Petersen in 1980 was of this type
[1], [52]. Parallel-plate actuation has great utility for many
applications with a low θ · D-requirement and is still favoured
for bi-stable mirrors, as in DLP [19]. The basic version of
the parallel plate actuator is practically very limited in scan
range, since very high actuation voltages are soon required
due to large electrode separation. On the other hand, comb
drive actuation has been the preferred actuation method for ES
high frequency scanners since the turn of the century. In this
scheme multiple plates are attached to each other like comb
fingers to constitute two interdigitated rows, one static and one
free to move, as illustrated in Fig. 3 [53]. This configuration
allows for larger motion and the imparted force to be much
more evenly distributed over the motion. The first comb finger
driven micro actuator was described by Tang et al. in 1990,
while the first vertical (out-of-plane) comb actuator was made
by Selvakumar et al. in 1995 [54], [55].

ES actuation provides long-term stability, size advantages,
and fabrication schemes which are easier to render CMOS
compatible. On the other hand, it requires high voltages to
operate, and is sensitive to inexactness in microfabrication
due to the pull-in phenomenon. Particularly comb actuation
is prone to fail over large travel ranges due to the interaction
of a nonlinear electrostatic force with a linear elastic restoring
force [56]. The pull-in problem is treated in detail in [57]
and [58]. This nonlinear leads to a time-varying torsional
stiffness, either named as spring stiffening or spring softening,
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Fig. 4. Sketch of a typical frequency response of parametric ES scanner.
The actuation frequency is typically double the oscillation frequency.

Fig. 5. General configuration of a torsional scanner with coils and magnets
for a moving coil actuation [61]. To enhance the Lorentz force, more than
2 magnets can be used by engineering the positions of the magnets [62].
Reprinted with permission from [61].

depending on how the resonance frequency changes with
increasing deflection. The sketch in Fig. 4 shows the typical
frequency response of a parametric scanner exhibiting ES
spring softening. Parametric oscillators can be actuated at
2 f /n, where n is a positive integer and f the natural frequency.
The deflection is higher for low n. Subsequently, ES scanners
are typically actuated at 2f. This is described further in [59]
and [60].

B. Electromagnetic Actuation

There are two major EM schemes in use: moving magnet
and moving coil. The former uses an external coil together
with either a bulk magnet or a thin magnetic film deposited
onto the device. It offers simple microfabrication and elim-
inates the need of electrical contacts since the actuation is
driven with an off-chip coil. In the moving coil scheme, a
coil is fabricated onto a scanner and external magnets are
used to provide a static magnetic field, as illustrated in Fig. 5
[61], [62]. The configuration makes use of the Lorentz force
acting on the coil when a current is present. Lorentz force,
magnetic torque, and the power consumption of the coil can
be calculated as below

FLorent z = Bil, (5)

Tmag = 2
∑N

n=1
Billrn, (6)

Pcoil = i2
rms Rcoil , (7)

where B is the magnetic field, i the current, l the length of
the conductor, N the number of coil turns, rn the distance of
the nth coil turn from the center, and R the resistance of the
coil.

Since the actuation force naturally scales with the area,
comparative efficiency of EM versus ES actuation increases
with increasing mirror size [11]. EM actuation also has a more
linear response than the competing principles, rendering it the
most suitable for linear slow scanners. However, there are
also drawbacks. The achievable performance of the electro-
magnetically actuated MEMS scanner is limited by the large
thermal dissipation of the coil. High conducting currents inside
a coil also consume significant power, which is a particularly
critical aspect for mobile devices. Additionally, magnets strong
enough for high performance take up a significant space and
might require magnetic shielding. This leads to total package
sizes that are larger than the ones for comparable ES and PE
scanners.

C. Piezoelectric Actuation

Thin film PE actuation has had somewhat of a late arrival
to MEMS laser scanning due to lack of convenient fabri-
cation techniques and machinery, although it provides sev-
eral advantages over other methods [63]. As reliable and
convenient fabrication techniques were developed for film
deposition of piezoelectric materials it has become accepted as
a major actuation principle for MEMS scanners during the last
decade. An alternative to thin filmis the use of stack or bulk
piezoelectric actuators. They are typically bulky and require
hybrid fabrication, which leads to a less streamlined process
[15], [64]. On the other hand, they are readily available, low-
cost, and can offer high force.

The first attempts to fabricate piezoelectric actuated MEMS
used thin film materials such as ZnO and AIN. Lead zirconate
titanate (PZT) is in comparison more cumbersome to deposit,
but a film of equal thickness will typically develops ten
times larger force [65]. Hence, PZT is now the most popular
material for MEMS scanner actuation. Recently, Hishinuma
et al. demonstrated a sputtered PZT film with a piezoelectric
coefficient ∼70% higher than in previously reported sputtered
PZT films [66].

The working principle of PZT thin film based actuators
for MEMS scanners relies on the stress emanating from the
expansion of the PZT film in x direction when voltage is
applied in the z direction (Fig. 6). Relevant piezoelectric
coefficients for this effect are e31 and d31, which translate the
strain and the stress, respectively, in x direction as a function
of E field in z direction [65]. The corresponding coefficients
can be measured directly by the methods presented in [67].

PE actuation has several distinct advantages. In contrast to
EM scanners no magnets or shielding is required, while PE
devices simultaneously operate at a much lower voltage than
typically needed for ES scanners. PE films have a large energy
density and deliver high forces, but a major drawback is the
short stroke length [63], [69]. To reach the relatively large
scan angles needed for display scanners some sort of leverage
is needed.
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Fig. 6. Schematics to demonstrate the working principle of PZT actuators.
(a) Bending of a unimorph Si cantilever due to stress induced by PZT layer.
(b) One common technique in resonant PE torsion mirrors is the use of two
unimorph cantilevers to impart torque on the torsion bar as shown in [68].
Reprinted with permission from [68].

The design limitations that govern PE scanners are rather
different than those for EM and ES scanners. It is the opinion
of the authors that there is still much room to further optimize
scanner design to take full advantage of film-based PE actua-
tion. High frequency PE scanners offer equal performance at
much lower voltage levels than ES scanners and has a higher
energy efficiency and much smaller package size compared to
EM scanners [63], [69]. Moreover, PE actuators can measure
deflection from the piezoelectric voltage of the separated
electrode or the piezoelectric current charge [70], [71]. Thus,
they can be used as angle sensors for closed-loop control of
microscanners without any additional process or material.

D. Direct Drive Vs. Indirect Drive

In a scanner with direct drive the torque is imparted directly
from the actuation mechanism to the frame containing the
mirror. The indirect drive makes use of a favorable resonance
mode to amplify a small motion in a larger mass to a
considerably larger motion in the smaller mirror [38]. The
usefulness of the principle of mechanical coupling has been
demonstrated with EM [30], [38], [72], ES [13], [73]–[76],
as well as PE actuation [44], [69]. In a mechanically coupled
scanner there will be two possible scanning modes. In the
in-phase mode the mirror and the larger mass will move
together, while in the out-of-phase mode they will rotate in
opposite directions. The angular coupling factor is the rotation
ratio of the two masses. Typical frequency and phase responses
of such a system designed to be used in the out-of-phase mode
are shown in Fig. 7. The mechanical gain G is the angular
coupling factor attained at ωop, which is the desired operation
frequency. Note that the angular coupling factor is maximum
and equal to Q-factor at the dip frequency when the phase
transition from in-phase to outer-phase. At the dip frequency,
the outer frame deflection is at the noise level and all the
energy is coupled to the inner frame. However, the overall
scan angle is low at that frequency. Both G and Q are very
important parameters to take into account in the design.

The direct drive is easier to design and has a richer lit-
erature, but for each of the major actuation principles there
are distinct advantages. ES scanners using a direct drive
are performance limited by damping power losses and the
small actuator capacitance due to limited available area when
the fingers are to be directly connected to the mirror [43],
[77]–[82]. Experimental evidence for significant reductions in
air damping of ES when the comb finger gaps are increased

Fig. 7. Typical frequency and phase response for a scanner utilizing indirect
drive and designed to operate at the out-of-phase mode (OP-mode) [73]. For
this particular device the two frames move together in-phase (IP-mode). The
gain (G) due to mechanical coupling is engineered to be large (often 5 to 20).

is shown in [83]. By removing the fingers completely from
the high velocity inner frame and transferring them to a lower
velocity outer frame, damping is significantly reduced, while
at the same time not limiting the comb fingers to the perimeter
of the mirror allows for higher actuation capacitance.

For EM scanners the best utility of mechanical coupling
has been found in 2D scanners [30], [38]. In a gimbaled 2D
scanner with a coil on the heavier outer frame a linear slow
scan and a resonant fast axis can be driven simultaneously
through signal superposition. This requires a high coupling
factor to not disturb the linearity of the linear scan.

Due to the limited stroke of the actuator, PE scanners have
the most to gain the most from mechanical coupling. The outer
frame also makes it possible to apply force directly in the
moving structure. Ideally the PE electrode should be designed
to conform to the mode shape of the mechanical structure [84].

IV. RESONANT SCANNERS (FAST AXIS)

The highest performing resonant scanners are compared in
Fig. 8. References and details of the individual scanners can
be found in Table III [38]–[40], [44], [45], [52], [73]–[75],
[77]–[80], and [85]–[96]. Only scanners with a working
frequency above 15 kHz and a θopt ·D · f h higher than 500
deg ·mm ·kHz are included. No restriction was made due to
measured or estimated dynamic deformation, but where data
on dynamic deformation exist it is noted. Several of the listed
scanners are additionally 2D-capable and as such described in
Section VI.

Key insights can be drawn from Fig. 8 and Table III. ES
actuated scanners constitutes a large portion of the published
scanners, which is a reflection of the early adoption of them
in this field. However, the voltage requirement of ES scanners
is typically an order of magnitude larger than the other type
of scanners. EM actuated scanners can reach high scan angles
with a reasonable voltage requirement. Due to their superior
performance in non-resonant scanning (see Section V), they
have a clear advantage for realization of up to 720p resolution
portable projector displays. On the other hand, PE actuation



HOLMSTROM et al.: MEMS LASER SCANNERS: A REVIEW 265

Fig. 8. Comparison of the highest performing resonant scanners in the
literature working over 15 kHz. The requirements for f and θopt ·D assume
60 Hz refresh rate and bidirectional scanning. The dotted lines indicate
fh , θopt ·D-levels to give a better understand for how this metric relates
to resolution requirements. See Table III for information on the individual
scanners.

is by a large margin the highest performing technology for
>30 kHz resonance frequency devices, whereas EM and ES
actuations fall short to provide competitive scanners in this
regime. It is reasonable to see indirectly driven PE actuated
scanner as a main candidate for at the least the fast axis in
the next generation high resolution (1080p) displays where
∼40 kHz resonance frequency is required.

A. Electrostatically Actuated Scanners

There has been an intense research on ES MEMS scanners
for more than one decade [73], [74], [77], [79], [85], [98]. The
first well-characterized high-frequency ES scanner for display
applications was published in 2000 by Conant et al. [43].
It features a 0.55 mm circular mirror resonating at 34 kHz
driven in a direct-drive configuration with staggered vertical
combs (SVC, See Section V-A for more discussion of SVC
devices.). Scanners up to 42 kHz were designed and built
with the same technology, well beyond what had existed
up to that point. Importantly the mirror was dynamically
measured and was found to be optically flat. Cho et al.
from Samsung Electronics Co. presented a scanner that has
a long SVC actuator attached directly to the mirror [77].
Researchers from the same company published in 2006 a fast
scanner with an unusual two level SVC actuation [79]. The
drive consists of combs at three different levels, with static
comb drives above as well as below the moving combs. This
type of geometry is otherwise mainly used for quasistatic
scanning. Researchers from Fraunhofer Institute for Photonic
Microsystems (FhG-IPMS) presented a comb actuated mirror
that meets the strict optical flatness requirement of λ/10 while
producing optical angle of 40° at the resonance frequency of
30.84 kHz [Fig. 9(b)] [87]. Two major measures are made to
reduce dynamic deformation. First, the 1 mm mirror plate is
attached to a middle frame through 8 joints, which in turn
is connected to the substrate with 6 parallel torsion springs.

Fig. 9. Selection of ES scanners. (a) Gimbal-less silicon mirror with three
degrees of freedom (tip-tilt-piston) [97]. Discussed in Section V. Reprinted
with permission from [97]. (b) In this design by Hsu et al. the dynamic
deformation is kept to a minimum by a butterfly shaped reinforcement
(not shown) and a complicated suspension structure [87]. Reprinted with
permission from [87]. (c) This scanner by Arslan et al. consists of a mechan-
ically coupled system with two cascaded platforms [73]. The mechanical
coupling is utilized to reach high deflection with relatively small comb finger
motion. (d) SEM of a fabricated 2D microscanner [81]. Reprinted with
permission from [81]. (e) Schematic illustration of the scanners presented by
Jung et al. [94]. During wafer bonding stamps on the cover wafer are pressing
on the deflection pads of the mirror wafer. Through these so called solid body
mechanisms the force is coupled via coupled hinges into vertical deflection
of the comb drive counter electrode. Reprinted with permission from [94].

Second, a butterfly shaped reinforcement structure shaped
from the handle silicon is left behind the mirror to increase
its stiffness.

In the imaging field much effort has been directed towards
MEMS scanners for miniaturized confocal microscopy, often
for endoscopy applications. The starting point was [2] by
Dickensheets and Kino, where two parallel-plate scanners
are used in a monochromatic scanning confocal microscope.
A much more recent MEMS-based confocal microscopy is
described in [3]. There a single 2D raster scanner carries
two separated, mechanically conjoined mirrors. One mirror
is used for illumination, the other for output collection.
To lower the power and avoid the high voltages required
for raster scanning, unstable Lissajous scanning was imple-
mented for this purpose in [4]. A frame rate of 2 Hz was
accomplished.

As discussed in detail in Section III-D the indirect drive
utilizing mechanical coupling has proven to be very useful for
ES scanners, since it can decrease damping power losses as
well as it allows for large actuator capacitance. Kurth et al.
developed a parallel-plate scanner using indirect drive and
showed an angular coupling ratio as high as 53 [75]. Yoda et al.
presented in 2005 the first solution for a comb actuated
scanner [74]. An implementation with higher performance
was published by Arslan et al. [73]. In this 21.8 kHz device
the mechanically coupled comb drive system consists of two
cascaded platforms, the mirror and the comb bearing outer
frame [Fig. 9(c)].

B. Electromagnetically Actuated Scanners

Significantly less work has been published on EM resonant
scanner compared to ES devices, but it has been clearly
shown that both techniques are competitive and that the chosen
actuation principle will depend on the application. For very
small form factors ES scanners have an advantage. As in the
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TABLE III

DATA FOR HIGH FREQUENCY SCANNERS FOR THE COMPARISON IN FIG. 8

case of ES scanners, but for slightly different reasons, indirect
drive has proven to be a very important principle, especially
for two axis scanners [38]. A majority of the reported high
performance resonant EM MEMS scanners offer 2D scan,
which are covered in Section VI-B.

Miyajima et al. presented a large 5 × 3.7 mm2 mirror
with a rotation of 16.8° optical scan angle in resonance at
2.7 kHz [99]. It requires around 350 mA current with Lorentz
force excitation. Raboud et al. reported one of the few 1D
electromagnetically actuated resonant MEMS laser scanners
for microdisplays in the current literature [39]. The 19.5 kHz
scanner is planned to be used alongside an EM slow scanner
in a VGA capable projection system.

Reyne developed a 20 kHz resonance using moving magnet
actuation with a 2 × 4 mm2 mirror that can scan up to
5 deg [100]. Yalcinkaya et al. published a moving magnet

2D scanner with an electroplated soft magnetic NiFe layer
actuated with an external coil [76]. Actuated at resonance
the slow and fast axes create optical scan angles of 88° and
1.8°, respectively. Gokdel et al. presented a 1D soft magnetic
steel scanner, where the bulk material also is the actuation
material [101]. In [102] Weber et al. describe a process where
nickel is electroplated onto a sacrificial layer, leading to a
rotating mirror of pure nickel. It is presented as a cheap and
simple alternative. Huang et al. presented a 2D moving magnet
scanner using hard magnetic, electroplated CoNiMnP-film.
The magnetic material is deposited in stripes to make use of
the shape anisotropy to increase the efficiency [103]. Another
example of the use of hard magnets is described in [104]. Here
the magnets consist of neodymium powder kept in a polymer
matrix. A disc of this material is attached directly to the reverse
side of the mirror.
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Fig. 10. Selection of EM scanners. (a) Bi-axial EM drive where the outer
frame drives both axes through signal superposition [38], [46]. Reprinted with
permission from [38]. (b) To the left a schematic view of the 2D EM micromir-
ror presented in [72]. To the right schematics of the coil and concentric magnet
assembly (M: magnetization, F: force, T: torque, H: magnetic field intensity,
I: current). Reprinted with permission from [72].

C. Piezoelectrically Actuated Scanners

During the last decade several different actuation configura-
tions for PE scanner have been tested. Smits et al. developed
one of the first successful piezoelectric thin-film actuated
resonant scanners in 2005, demonstrating 30° at 17.4 kHz [96].
The same year Filhol et al. introduced a novel actuator design
with a working frequency of 25.4 kHz in ambient atmosphere
consisting of a silicon membrane and a PZT film [92]. A cir-
cular mirror with 500 µm diameter is asymmetrically (50 µm
off axis to the center of mass of the mirror) mounted on
two lateral torsional hinges linked to the actuators so that the
vertical translational excitation is converted into a rotational
oscillatory movement of the mirror. In [106] the rotation is
achieved by surrounding the rotation bar with two unimorph
actuator beams supplied with opposite voltage. This method
is illustrated in Fig. 6(b).

As already stated Section III-C the major problem to
overcome for high angle PE scanners is the limited stroke
length of the actuator. Baran et al. proposed a novel actua-
tion scheme with a mechanically coupled indirect drive [44].
(See Section III-D for more discussion of the indirect drive.)
The PZT film is deposited on the outer frame [Fig. 11(b)], so
that the actuation is done within the moving structure itself.
The 40 kHz device has an angular coupling ration of 17. To
isolate the mirror and limit the mirror deformation the mirror
is suspended by two flexures orthogonal to the torsion bars.
This solution is a development of the mirror suspension used
for the ES scanner presented in [85]. An improved version
of the scanner with approximately 40% performance increase
for corresponding voltage level was presented in [84]. The
mechanical structure is identical, but the PZT electrode is
tailored to have a static deflection profile that conforms with
the desired eigenmode shape. This change decreases the power
with 23% for a fixed voltage level. At 25V an angle of
54.4° is achieved, leading to a θopt · D of 76.3 deg ·mm and
a θopt · D · f of 3052 deg ·mm ·kHz. This is the so far the

Fig. 11. Selection of PZT-based PE scanners. (a) The meander-beam solution,
here shown to the left, by Tani et al. is the most successful solution for non-
resonant PZT scanners so far . The angular displacement is accumulated along
the turns of the springs. To the right is a 2D scanner combining this method
with the PE resonant mechanism described in Fig. 6 [68]. Reprinted with
permission from [68]. (b) PZT-driven 40 kHz scanner using mode coupling
and a perpendicular mirror hinging [44], [105]. The lower figure shows the
shape of the out-of-phase torsion mode. The angular coupling ratio is 17 at
the 39579 Hz resonance frequency. Reprinted with permission from [105].

highest fast scanner performance in the literature. In 2013
Gu-Stoppel et al. presented a single-axis scanner actuated with
thin-film PZT. The 1 mm mirror scans resonantly ±10.6° at
32 kHz [95]. It uses an indirect drive to increase the deflection.
This work and the scanner presented by Baran et al. show that
PE scanners in combination with the indirect drive can reach
higher θopt · D · f −numbers than competing technologies.

Metal based piezoelectric scanners have also been investi-
gated. Park et al. introduced a stainless steel based piezoelec-
tric scanner operating at 28.24 kHz [88]. Moreover, Matsushita
et al. developed a 25.4 kHz PZT film actuated scanner on a
Ti substrate to simplify the fabrication process of piezoelectric
thin film MEMS [91]. Both these metal-based scanners showed
good control of dynamic deformation.

An alternative to PE film is the use of PE bulk elements.
Iseki et al. demonstrated a large rotation of ±27° optical scan
angle at 38 kHz with 1 mm mirror using a stack piezoelec-
tric actuator [89]. In an attempt to get around the material
limitations of silicon Desai et al. from Cornell University
proposed in 2006 a hybrid solution where a silicon mirror is
suspended by carbon fiber flexures [64]. With the traditional
silicon flexures replaced by the much more elastic carbon
fiber the fatigue limitations eased considerably. The device
is actuated with an external piezo drive that makes very
large scan angles possible. Optical angles greater than 180°
at 2.5 kHz are reported. What this hybrid technology does not
solve is dynamic deformation of the mirror, which often is the
most difficult problem to solve for high frequency scanners.
Development of the technology is continued by Mezmeriz Inc.

V. NON-RESONANT SCANNERS (SLOW AXIS)

Polygon and galvanometric scanners with closed-loop con-
trol are widely used in various laser-scanning applications
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and provide an excellent linear scan, but are bulky. While
much research interest has been directed towards resonant
high frequency scanners, the requirements for the slow axis
scanners are at least as difficult to meet. Typical requirements
are 60 Hz operation frequency and a saw tooth scan waveform,
capable of constant velocity during the forward scan and fast
retrace time for the backward scan. The constant velocity
provides even spacing between the raster lines and the fast
retrace time maximizes the fraction of the time used for writing
pixels, thus minimizing the frequency requirement for the fast
axis scanner and the display brightness as lasers are turned
off during the retrace. Since MEMS scanners are suspended
mirrors connected to a frame with torsional flexures, their
dynamic behavior can be modeled as a simple spring, mass,
damper system. Under ambient operation conditions, they are
under damped (Q≫1) and exhibit resonance behavior. As a
result, the constant speed and fast retrace requirements make
it a challenging design and control problem.

In actual applications the operation frequency of the slow
axis is kept close to the incoming video frame rate (typically
60Hz), but not constant. Instead it will be made to vary
with the changes in the resonance frequency of the fast axis
scanner. There should be an integer ratio between the two
axis frequencies in a master-slave configuration to produce a
stationary raster pattern. Due to the large number of harmonics
present in a saw tooth scan waveform, the slow axis scanner
dynamics as well as the changes in the dynamics of both axes
due to temperature shifts need to be taken into account when
designing the excitation waveform [107].

While raster scanning is the most common approach, so
called Lissajous scanning with two resonant axes has also
been demonstrated. The main advantages with this approach
come with the driving requirements for the slow axis due
to absence of harmonics [45], [51], [108]. The power con-
sumption is also somewhat smaller. On the negative side, the
raster lines are not evenly spaced and correcting this leads
to complicated electronics and an increase of the required
horizontal frequency. Even when this requirement is fulfilled
the resulting refresh rate is lower than for a comparable raster
scanning system. Bi-resonant actuation also demands larger
electronic bandwidth. For the best coverage in a Lissajous
system a high ratio between the two resonant axes is desired.
This requires the slow scanner to work resonantly at very
low frequencies, which makes the system very fragile and
sensitive to vibrations. In [45] this is addressed by a proposed
setup where two fast scanners are paired. The two axes are
individually monitored by phase-locked loop circuitry (PLL)
to keep the difference between the two working frequencies at
exactly 60 Hz. In this way you get a rather robust system, but
one that is not aiming at high end applications. The common
assumption in the literature is that Lissajous scanners are not
well-suited for high quality displays, but probably more so for
imaging applications where a feedback signal together with
data processing can reconstruct the a high resolution image.
There are examples of successful use of Lissajous scanners
in endoscopic and confocal microscopy applications [4]. For
more in-depth discussions of Lissajous scanning the authors
refer to the following references [45], [109]–[111].

TABLE IV

HIGH PERFORMING NON-RESONANT SCANNERS. AVC: ANGULAR

VERTICAL COMBS. SVC: STAGGERED VERTICAL COMBS

Only a few quasistatic scanners with high θopt are found in
the literature, but is has been well demonstrated that this can be
done for ES [94], [112], [113] and EM [38], [114] scanners.
For PE scanners some very good progress has been made,
but more work remains to be done [68]. In this section non-
resonant 1D scanners are mainly discussed, see Section VI for
those included in 2D scanners. For a better overview some of
the highest performing non-resonant scanners in the literature
are collected in Table IV.

A. Electrostatically Actuated Scanners

To facilitate quasistatic ES scanning it is necessary to
have a vertical separation (off-set) between the moving and
static electrodes. For comb drive actuators the two most
important approaches are staggered vertical combs (SVC) and
the angular vertical combs (AVC). The earliest SVC scanner
used partial polysilicon refill of vertical trenches to form
the comb fingers [55]. The straightforward way to fabricate
these nowadays is to form the two finger sets in separate
device layers in an SOI wafer [43], [112]. Two drawbacks
shared by most SVC fabrication schemes are the complicated
fabrication schemes and the fact that the static and moving
finger sets are defined with separate mask, leading to very strict
alignment requirements. To address the latter point several
methods to fabricate so called self-aligned comb drives, where
all fingers are defined with one mask, have been developed
[113], [115], [116]. However, these solutions increase the
complexity even more. In their 2004 paper Milanovic et al.
presented a scanner where timed etches are used to create
all comb sets from the same silicon layer [97]. They report
a gimbal-less micromirror [Fig. 9(a)] actuated by three or
four vertical comb drive rotators. These rotators are coupled
through mechanical rotation transformers to a central mirror.
The one-axis micromirror is capable of angles above ±5°
when operated below 150 V operation. Devices with three
or four rotators have three degrees of freedom (tip-tilt-piston).
In 2002 Milanovic demonstrated a scanner with an SOI-based
fabrication schedule with an optical angle of ±19.5° [112].
Carlen et al. presented several SVC devices with ±10° optical
angle [113].
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In AVC devices static and moving fingers are typically
defined in one layer with one mask. This removes much of
the fabrication complexity of SVC devices. In the next step
a static offset angle is created. Many techniques have been
presented to achieve this offset, among them are stress induced
bending in multilayered joints [117], surface-tension forces
from reflow of photoresist [118], or plastic deformation of
silicon through annealing [119]. It has also been shown AVC
actuators are more efficient than SVC for the same finger
geometry [118].

Researchers at Fraunhofer IPMS (FhG-IPMS) presented
scanners with out-of-plane combs constructed by deforming
in-plane combs during a wafer bonding step between the
mirror wafer and a cover wafer [94]. During the bonding step
so called solid body mechanisms on the scanner wafers are
deflected by stamp structures on the cover wafer [Fig. 9(e)].
Both AVC and SVC structures are fabricated with this tech-
nique. The main difficulty with this fabrication scheme is
to reach the acquired lateral resolution in the wafer bonding
step. The authors report a maximum lateral displacement of
±0.6 µm. See also Section VI-A.

As an alternative, in-plane rotation using curved comb
fingers can also be used to drive scanning platforms for laser
scanning applications. In [120] such a mechanism was used to
rotate a 1 mm in-plane grating for monochrome scanning up to
25° at resonance. One problem with in-plane MEMS scanners
using tether suspensions is the nonlinear spring stiffening of
suspension beams used in bending mode rather than torsion
mode [121]. An ES rotating platform utilizing a suspension
geometry designed to provide a linear ramp motion with a
vertically mounted mirror was demonstrated in [53].

B. Electromagnetically Actuated Scanners

There are several successful examples of electromagnet-
ically actuated non-resonant MEMS laser scanners. Less
nonlinear drive and longer operation range capabilities of
EM actuators make them suitable for quasistatic operation.
Jeong et al. from Samsung Electrics Company, Ltd. proposed
a Lorentz force slow scanner that can be used to horizontally
scan a vertical line image made through a line-type diffractive
SLM [122]. In this design a large 3 × 1.5 mm2 mirror
is rotated quasistatically up to ±15° with 98% linearity at
120 Hz, while consuming 60 mW. To minimize the device
size and the power consumption the coil actuator is placed
directly on the reverse of the mirror. Moreover, mechanical
stoppers are used to make the device shock-proof. Wafer-level
packaging is realized using an additional glass wafer, and total
size of the package is 9.2 mm × 10 mm × 3 mm (0.28cc).

Moreover, Makishi et al. uses moving magnet actuation
to generate very large mirror rotations up to ±59° optical
angle [114]. Four permanent magnets are attached to a double-
gimbal structure and the mirror rotation is realized with four
electromagnets. The possible unreported problems with this
device are large size due to the bulky electromagnets and poor
shock resistance. Permanent magnets add comparably large
amount of inertia to the double-gimbal structure and makes it
easier to break under shock.

Ataman et al. presented a non-gimbaled 2D moving magnet
pointing mirror for use with high power lasers [18]. The
mirror is suspended by 25 hidden and radially symmetric
s-shaped beams. A magnet is attached to the mirror below
the pivot point. The mirror can be mechanically tilted ±4°
(±8° optical) along both axes by current applied to two coils,
stacked beneath the mirror.

C. Piezoelectrically Actuated Scanners

The limited displacement of piezoelectric actuation is a
major problem for non-resonant MEMS scanners. Hence,
there are few examples of non-resonant MEMS scanners with
piezoelectric actuation in literature. Tani et al. introduced a
solution to overcome the limited deflection of piezoelectrically
actuated beams [68], [123]. In this design large quasistatically
actuated angles up to ±17.2° are achieved at an applied
voltage of 20 Vdc by accumulating angular displacement in a
meandering piezoelectric cantilever, as illustrated in Fig. 11(a).
Kobayashi et al. used meandering cantilevers to create large,
non-resonant angle rotation of a mirror [124]. In this way,
±10.6° at an applied voltage of 10 Vdc is achieved.

Meandering type cantilevers are known to have a problem
with an abundance of parasitic modes at the typically desired
low frequencies, making it a challenge to achieve linear
scanning that is pure enough for high performance displays.
The approach suggested by Tani et al. for quasistatic PE
scanning is, however, clearly the most promising so far, but
much work on detailed mode design will probably be required
to get this type of scanner to work with the precision needed.

VI. 2D SCANNERS

The first silicon 2D MEMS scanner was published already
in 1994 by Asada et al. [125]. Most high performance dual axis
scanners for display applications use a gimbaled torsion mech-
anism. However, several gimbal-less approaches have been
demonstrated. Scanners with the actuation mechanics hidden
beneath the mirror are especially important for applications
that require very small die size or high mirror fill-factor [18],
[48], [126]. A non-gimbal approach was also used in the tip-
tilt-piston mirror presented by Milanovic et al. [97].

A few hybrid approaches to 2D scanning have been pub-
lished. Already a decade ago Microvision made an ES/EM 2D
scanner. The device required a vacuum package and utilized
EM actuation for a slow raster scan and ES parallel plate
drive for resonant fast scanning [30]. A distinct possibility for
hybrid 2D scanners is ET actuation. Successful 2D scanning
ET micromirrors have been presented [48], but it is inherent
to the actuation principle that the reaction times are too long
to be used for the fast axis in a display. To function for this
purpose a slow ET actuator would need to be paired with a
different actuation scheme for the fast axis. 2D ET scanners
using ES and EM, respectively, for the fast axis have been
reported [49], [50], but it remains to be proven if it is a viable
idea or not.

A. Electrostatically Actuated Scanners

The 2D ES microscanner is a very good candidate for
miniaturized laser projectors, the main drawback being the
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high voltage requirements typically needed. FhG-IPMS has
been developing electrostatically actuated MEMS scanners for
over a decade [87], [127]. Much of the work has been on 2D
scanners for microdisplays utilizing Lissajous scanning (see
Section II and the introduction of V) [51], [94], [108]. In 2008
they presented the first 2D ES scanner capable of SVGA reso-
lution [108]. The gimbaled scanner uses a fast axis frequency
of 30 kHz and a slow axis of either 70Hz or 330Hz. The design
of the fast axis is the same as in [87], previously discussed in
Section IV-A. The dynamic deformation is established to be
within the optical requirements. The high frequency of the fast
axis is needed for SVGA because of the Lissajous scheme. The
required frequency for the corresponding raster scanner would
be around 20 kHz. In 2011 researchers at FhG-IPMS presented
newly developed dual-axis micromirrors capable of performing
high frequency resonant scanning as well as linear quasistatic
scanning [94]. For the quasistatic slow axis both SVC and
AVC configurations are been realized (see Section V-A). The
fast axis scans up to ±19° at 23.3 kHz, while the presented
quasistatic axes give optical scan angles up to ±15°. The 2D
scanners have mirrors with 1.2 mm in diameter. Pure slow
scanners with mirror diameter of 4 mm are also presented.

Hofmann et al. reported several ultra-high Q 2D scanners for
Lissajous operation in vacuum [45]. One of the four presented
designs reaches ±43° at 30.8 kHz. The approach used is to
lower the voltage requirements for high performance scanners
by way of very high Q of 145,000 for the slow axis and
60,000 for the fast axis. To achieve this wafer level vacuum
packaging is used. With a 0.8 mm mirror this gives a
θO PT ·D = 68.8 deg ·mm and a θO PT · D · f =

2119 deg ·mm ·kHz. The power consumption is below
1 mW with both axes running. These are the highest
performance metrics for an ES fast scanner to date. When
operating in ambient atmosphere the scan angle is about
one tenth of these values. The drawbacks with the high
Q are extremely long amplitude decay times (minutes),
high sensitivity of the resonance frequency to temperature
changes, and when both axes have extremely high Q the
synchronisation of them becomes very difficult.

Chu et al. reported two bi-resonant, gimbaled 2-D comb
drive scanners, using direct drive for both axes [Fig. 9(d)]
[81]. One of the scanners exhibit resonant frequencies for the
inner mirrors and the gimbal frame of 40 kHz and 162 Hz,
respectively. The maximum scan angle for the fast axis is
±10.8° operating at 1 Pa. At ambient pressure the performance
is limited. Researchers from the Adriatic Research Institute
presented in [128] a projection systems based on their non-
gimbaled 2D scanners [97], described in Section V-A. The
mirror can rotate mechanically up to ±4° on each axis, but
with an added fisheye lens the optical angle can reach 120°.
Both axes can be actuated linearly at arbitrary frequencies up
to 4 kHz, making it especially suitable for vector displays.

B. Electromagnetically Actuated Scanners

2D EM laser scanners are core components of commercially
available mobile projectors [30], [39]. Microvision Inc. has
been utilizing Lorentz force excited 2D MEMS scanners as

an engine for their NOMAD head-worn displays and PicoP
mobile projectors [30], [38], [46]. Early designs required a
vacuum package, significantly increasing size and cost. In
2005 this approach was replaced by a new bi-axial magnetic
drive scheme to be used in ambient atmosphere [46]. The
scheme was detailed in 2006 by Yalcinkaya et al. and the
featured scanner was the first SVGA capable 2D raster scanner,
see Fig. 10(a) [38]. The 1.5 mm mirror gives optical angles up
to ±26.5° and ±33.5° at resonant horizontal scan at 21.3 kHz
and non-resonant vertical scan at 60 Hz, respectively. The
scanner utilizes Lorentz force actuation. For actuation the
device is placed in an external magnetic field, at a 45° angle,
allowing both modes to be actuated simultaneously by super
positioning of two driving signals in the coil covering the
gimbal frame. For the resonant scan the out-of-phase mode
is used to benefit from mechanical coupling.

An interesting addition to the literature on Lorentz scanners
was presented by Sung et al. in [129]. The authors note that in
a traditional Lorentz scanner like the one by Yalcinkaya et al.
where the coil is deposited on the silicon surface there will be a
slight asymmetry in the actuation, leading to a wobble motion.
In this work the wobble motion is minimized by the use of a
Si-Ni compound frame, where the Ni coil spans through the
full thickness of the scanner.

Ji et al. presented a scanner that again uses the mechanical
coupling principle for resonant scanning, but it utilizes a single
turn coil and radial magnetic field from concentric magnet
assembly rather than using a multi turn coil and a lateral mag-
netic field oriented 45° to the scan axes to achieve a bi-axial
magnetic actuation, see Fig. 10(b) [72]. A single turn coil is
easier to fabricate than a multi turn coil. A concentric magnet
assembly, composed of cylindrical and annular magnets and
an iron yoke, provides larger radial magnetic field compared
against the conventional magnets. In this design, 1.5 mm
mirror operating with 131 mA current produces 8.8° and 8.3°
optical scan angles in resonance operation at 19.1 kHz, and in
static mode operation at 60 Hz, respectively.

C. Piezoelectrically Actuated Scanners

While there have been several examples of biresonant PE
2D scanners, it has proven to be very difficult to design a
high performance dual-axis scanner for raster scanning [93],
[106], [130]. Chen et al. presented in 2012 a 2D Lissajous
scanner driven by an external PZT unit [93]. The resonance
frequencies of axes are 25 kHz and 560 Hz, respectively and
projects images with a 640 × 480 resolution. Gu-Stoppel et al.
presented a gimbal-less stage with three degrees of freedom
granted by four PZT-clad cantilevers [131]. The torsion modes
resonate at 28.6 kHz and the piston mode at 21 kHz.

The meander spring presented by Tani et al. is described
above in Section V-C. These springs can be actuated either
quasistatically or at resonance. A scanner using the meander
spring for both axes was presented in [123]. Non-resonant
optical angles of ±17.2° and ±11.2° were found for the outer
and inner axes, respectively. Separately, a hybrid scanner was
created where a meandering slow outer axis is combined with a
more traditional torsion beam twisted by two unimorph beams
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for a fast inner axis [68]. The scanner is shown in Fig. 11(a). In
this work, 2D scan is demonstrated with a resonant operation
at 11.2 kHz for the fast horizontal axis with 39° optical angle
and quasistatic operation at 60 Hz of the slow vertical axis
with ±7.25° while operated at 40 Vpp. With that it is the first
successful demonstration of a piezoelectrically actuated raster
scanner in the literature.

VII. DISCUSSION AND CONCLUSION

A. Fabrication and Packaging

The processes of MEMS fabrication are derived from the
very mature semiconductor IC industry. While the MEMS
field still lack standardization compared to the IC industry,
the MEMS industry is maturing rapidly with greater standard-
ization as one inevitable result. We have already seen thick
SOI based wafers with device layer thickness in the range
of 30 µm to 150 µm becoming the standard substrate for
scanners, leading to simple and robust structures. As shown
in Fig. 8, all three actuation principles reviewed in this paper
can produce high performance scanners. One disadvantage for
magnetically actuated scanners is the cost and volume taken up
by the required magnets. They also require good shielding for
magnetic interference. From a manufacturing point-of-view, all
three types can use standard materials and fabrication methods.
While some of the early MEMS scanners exploited the use of
expensive vacuum packaging, of more recently reported high-
performance scanners most operate at ambient pressure and
do not have special packaging requirements.

B. Economies of Scale

The die area primarily determines the cost of the scanners
in high volume production. Increasing the resolution by way
of increasing the scan angle does not increase the scanner cost
and allows scalability to higher resolutions. While the scanner
cost is important, the cost of the system is dominated by the
lasers not by the scanners in display and imaging devices.
Power consumption per scan axis can be less than 100 mW
for all types of scanners. While the power consumption of EM
actuated scanners is higher, the system power consumption is
dominated by the lasers and the video electronics rather than
by the scanners.

C. Technology Comparison for Miniaturized Displays

For microdisplay applications, major competitors to laser
scanning are DLP and LCOS based systems that use LEDs as
light source. Key advantages of the laser scanners for mobile
projection displays are in the scaling to higher resolutions and
focus-free operation without requiring a projection lens. From
an economic perspective chips for laser scanning are simpler to
fabricate and smaller in die area, thus cost less. One drawback
of the laser-based systems is speckle, which degrades the
image quality. However, there are various methods to reduce
the speckle contrast to acceptable levels in laser displays [31].
Both LED and laser based mobile displays are currently
limited in brightness due to eye safety and battery power
limitations. However, novel screen designs with high-gain

can offer high-efficiency, high-brightness and a new found
flexibility for 2D and 3D projection displays [132], [133].

D. Commercialization trends for displays

The field has already reached some maturity and there are
already commercial offerings with a wide variety of technical
solutions for high performance MEMS laser scanners. The
first product in the market was Microvision NOMAD in 2004,
which used a 2D scanner with parallel-plate ES scanner for fast
axis and moving coil EM scanner for slow axis. Later products
of Microvision used 2D EM scanners and more recently
Lemoptix SA and Nippon Signal also offer both 1D and 2D
EM scanners. Fraunhofer IPMS (and its spin-off Hyperscan
GmbH), Mirrorcle Technologies, and Opus Microsystems (1D
and 2D ES) have been offering 1D and 2D ES scanners .
There are also some more unusual approaches such as the
2D scanner from Maradin Ltd. with an ES fast scanner and
moving magnet slow scanner and the hybrid PE solution
from Mezmeriz Inc (see Section IV-C for more detail of the
latter). There are other companies such as Stanley and BTendo
(acquired by STMicroelectronics) who developed scanners for
commercialization but details are not available.

E. Roadmap for Medical Imaging Applications

There is much interest for miniaturized imaging solutions
based on laser scanning in the medical field. The speed and
the resolution of the camera based systems are typically deter-
mined by camera refresh rate and light source/optics while the
scanning based systems are often limited by the low signal
levels collected from the samples, which limit the bandwidth
of detection and the scanning speed. Additional requirements
in medical imaging applications are micron level small spot
size, large field-of-view (or scan angle), and dynamic focusing
due to limited depth-of-focus, which present major challenges
in the optical design. For the scanning unit, <2 kHz scanning
frequency for the fast axis and a high precision ramp scanning
in the slow axis are preferred. Galvo scanners have been
dominating the scanner market for imaging applications due
to their superior linearity and stability up to 1 kHz scanning
frequency. However, the efforts for miniaturizing the scanning
unit, especially for endoscopic applications, generated a sub-
stantial literature about MEMS scanners for imaging appli-
cations. The performance requirements on MEMS scanners
for imaging applications typically are much lower in terms
of frequency and scan angle compared to those of in the
display field and the challenges are more related to packaging.
Good summaries of these scanners can be found in [134]
and [135]. The main challenges for MEMS scanners developed
for endoscopic imaging applications are compact package size
requirement (preferably <10 mm3), poor image quality (due
to aberrations from scanning mirror and objective lens), and
stability. These challenges have to be overcome to enable the
implementation of MEMS scanners into commercial imaging
systems. EM actuators fail to deliver compact package size due
to their need for a bulky magnet. On the other hand, ES and
PE actuated MEMS scanners are closer candidates to satisfy
the requirements of endoscopic imaging applications, however
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significant engineering effort is still needed to limit optical
aberrations and to control scanner stability.

In conclusion, we can assert that MEMS laser scanner based
display and imaging systems offer several clear advantages
and expected to have a bright future particularly in mobile
consumer displays and medical imaging devices.
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