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Abstract— Micro-opto-electro-mechanical systems (MOEMS)
based mirrors with a suitable actuation range are often used
for optical beam scanning applications. While several MOEMS
scanners have been reported, they often have limitations with
respect to their range of motion, field of view, mass, size and
fabrication cost. In this work, we present a rotary micro-polygon
scanner based on an electrostatic variable capacitance micro-
motor for laser beam steering applications. The miniaturized
scanner consists of a hollow micro-polyhedron mirror with a base
radius of 200 µm and a height of 400 µm. It is mounted on the
rotor of a variable capacitance micromotor using an epoxy-based
adhesive. The rotor has a diameter of 600 µm and is 2.5 µm thick.
The micromotor was fabricated using a commercial three-layer
polysilicon surface micro-machining process (PolyMUMPs) and
the micro-polyhedrons were fabricated using a commercial bulk
micro-machining process (PiezeoMUMPs). After fabrication of
the components, the micro-scanner was assembled and operated
under atmospheric conditions using a three-phase square wave
excitation ranging from 0 V to 200 V and achieved rotational
speeds of up to 2100 rpm. An optical laser beam with a wave-
length of 632 nm was reflected off the sidewall of the rotating
micro-polyhedron, achieving an experimentally measured scan-
ning angular range of 57.88◦, an angular scan rate of 220 radi-
ans per second and a scan speed of 25,200 lines per minute or
420 lines per second with a 12 sided micro-mirror. The ratio
of the output power over the input optical power is measured
over a scanning range of 22◦, which is limited by the size of the
photo-detector, yielding a ratio spanning from 0.18 to 0.22. This
rotary micro-scanner can provide high scanning speeds and a
wide scanning field of view with a footprint of 1.25 mm2 and
a thickness of 0.83 mm, which is suitable to implement chip-
level high-performance micro-beam steering systems for various
applications. [2022-0020]

Index Terms— Variable capacitance micromotor, rotary poly-
hedron scanner, micro-assembly, adhesive bonding, chip-scale
integration.
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I. INTRODUCTION

OPTICAL scanning is used in a wide range of appli-
cations including telecommunications, barcode readers,

light detection and ranging (LiDAR) systems, optical imaging
systems, optical displays, optical switches and laser print-
ers [1]. Optical scanners with compact size, fast beam scanning
and high resolution are required to push the boundaries of such
applications. Polygon scanners [2], acousto-optic scanners [3],
Risley-prism scanners [4] and galvanometric scanners [5] are
common techniques for laser beam scanning. Recently, LiDAR
has gained popularity due to its application in autonomous cars
and other unmanned vehicles where it acts as a core technol-
ogy for remote sensing and environment monitoring [6]–[10].
Advanced driver assistance systems [7] based on LiDAR are
required to cover a wide range of specifications, including
wide or narrow fields of view (FoV), high scan rate, and
long or short operating range. Typically, commercial LiDARs
use a rotating mirror or a polygon scanner [9], [11]–[14]
actuated by an electric motor for beam scanning, resulting in a
large system. Nevertheless, these devices provide a wide FoV
with straight and parallel scan lines having a uniform speed,
making them highly popular scanning solutions for LiDAR
sensors. The scanning mechanism used in a LiDAR system is
a key parameter to determine its overall size, mass and power
consumption. LiDARs with a rotating scanner configuration
can achieve the performance required but are bulky and expen-
sive. Moreover, when these scanning systems are installed
on a vehicle, they often disrupt the vehicle design, which is
a major drawback for commercialization. Thus, a compact,
i.e. match-box sized, affordable and reliable scanning unit for
large-scale applications is needed and its development presents
a significant challenge.

Scanners based on non-mechanical structures such as
acousto-optic scanners employ refraction or diffraction to
redirect the laser beam. They offer high scanning speeds
but provide only a small angular range compared to mirror
scanners. They also suffer from high optical power losses.
For instance, miniaturized and monolithic scanners using an
optical phase array (OPA) can be implemented using silicon
photonics that can deliver wide scanning angle at low oper-
ating voltage [15]. However, the technology readiness level
of OPA-based LiDAR scanners is low due to several design
trade-offs such as light source integration, grating coupler
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design, integration with driving electronics and thermal man-
agement [16]. Galvanometric scanners are widely used in laser
displays and confocal microscopy due to their high speed,
accurate movement, and good scanning resolution. However,
to operate along two axes, they need two separate scanners
mounted perpendicularly, resulting in a device that is too bulky
for portable systems [17]. Also, galvanometric scanners are
unable to provide a linear scan rate due to the oscillatory
motion of the resonant mirror, limiting their applications to
high-speed raster scanning systems [18].

High-speed optical scanners are also realized by using rotat-
ing mirrors based on motors [1]. These scanners consist of
a polygon shaped mirror mounted on a motor to deflect the
incoming laser beam, and hence generate a line scan. The
rotational motion of the polygon scanner provides a constant
angular scan rate and fast scanning speed making it a key
element in many applications such as digital scanners, laser
printers, barcode readers and swept-source lasers [19]–[22].
A high scanning frequency can be obtained at the expense of
the scan angle with polygon scanners by increasing the number
of facets of the polygon mirror, resulting in record-breaking
image acquisition rates for optical coherence tomography and
confocal microscopy [23]. Rotating mirror scanners are also
used in LiDAR systems due to their ability to provide a
wide FoV, but these polygon scanners suffer from high power
consumption and have a large footprint [24]. However, they
are widely used in commercial laser scanners since they have
shown the largest maximum deflection angles and the fastest
angular speeds to date.

With the advent of applications requiring environment
monitoring, such as surveillance drones, self-driving cars,
and autonomous underwater vehicles, there are tremendous
efforts to realize miniaturized scanning systems. Large-scale
deployment of these systems requires scanner modules that
are smaller and more efficient than macro-optical systems.
Accordingly, LiDAR scaling can be achieved by using a
scanning mechanism based on micro-electromechanical sys-
tems (MEMS) technology. Scanning or switching mirrors
based on MEMS actuators can reduce the size and cost of
scanning systems [25]. There are a variety of MEMS scanners
that have built-in electrostatic actuation, external magnetic
actuation or external galvanic actuation [26]. The latter pro-
vides large scan angles by using two single-axis mirrors for
2D scanning but makes the system rather large. Moreover, gal-
vanometric MEMS mirrors are resonant devices, and thus are
operated at their resonant frequency, providing non-uniform
speed and non-linear resolution. Optical scanners based on a
translating curved mirror can offer a wide scanning range and
uniform spot size as they can avoid the dynamic bending of the
micromirror, which is a significant issue in torsional scanners.
Reflection-based translating curved mirrors have been reported
to achieve a scanning range of up-to 110 ◦ [27]. However,
they use comb drive actuators for translational motion, making
them a resonant scanner, thus unable to produce a uniform
scanning resolution. On the other hand, scanners based on
refraction using a translational micro-lens are non-resonant
and operate using scratch drive actuators, but provide a very
small scanning range of ±7 ◦ [28]. On the other hand, polygon

scanners operate at a constant speed offering a uniform scan
rate, have a wide scanning range and better resolution than
galvanometric and resonant mirrors. Thus, a MEMS based
rotary polygon scanner offers a great alternative to exploit the
fabrication benefits of MEMS technology and the scanning
performance of polygon scanners.

A small footprint, light weight, low power consumption and
low-cost due to batch-fabrication are a few of the benefits of
MEMS-based optical scanners. Nonetheless, the implementa-
tion of a rotary polygon scanner using MEMS technology that
is capable of full revolutions is challenging. The choice of
the actuation mechanism, the development of the fabrication
process and of the micro-assembly procedures are the key
challenges for achieving a MEMS optical scanner. Several
micro-assembly mechanisms and post-processing techniques
have been developed to manipulate surface micro-machined
2-D micro-structures to construct 3-D, out-of-plane MEMS
devices. In [29], a MEMS scanner for optical switching
applications was designed and fabricated to achieve a large
angular displacement. The scanner was fabricated using the
SOIMUMPS process and was able to rotate by ±8.5◦ in the
X-Y plane at 290 V. A MEMS rotating polygon micromirror
with six facets based on a outer-rotor wobble micromotor was
fabricated using a silicon-on-insulator (SOI) wafer [30]. The
rotor diameter was 1.4 mm and flew away when rotating
at high speeds, thereby limiting the maximum operational
speed to only 58 rpm. In [31], deflecting flexible structures
employing analog controls are reported to rotate micro-mirrors
but the rotation angle of the micro-mirrors was limited to 1.5 ◦.
In [32] a 3D rotating polygon scanner was constructed by
assembling a micromirror on top of a variable capacitance
micromotor using robotic micro-manipulators. A specially
designed micromirror compatible with a variable capacitance
micromotor was used to facilitate the assembly and was fab-
ricated using the PolyMUMPS process. However, no rotation
of the assembled scanner was reported. Therefore, developing
a rotary micro-scanner based on MEMS technology remains
challenging and requires solutions to a multitude of technical
difficulties.

Accordingly, in this work, a rotary chip-scale micro-polygon
scanner with a 12 sided micromirror is designed, fabri-
cated, assembled and tested. The size of the micro-scanner
is 1 mm × 1 mm × 1 mm and it is capable of 25,200 line-
scans per minute while covering an angular range of 57.88◦.
This integrated beam steering system consists of a mov-
able high-aspect ratio micro-polyhedron mirror that is rotated
by a micromotor. It interacts with a laser beam propa-
gating parallel to the surface of the substrate. Traditional
surface-micromachining technology produces planar films
with thickness on the order of a few microns, which is
very small compared to the diameter of a collimated laser
beam. Thus, extra processing steps are required to make a
three-dimensional structure with a height suitable to steer
a laser beam. Therefore, additional components and space
are required for precise alignment, increasing the challenges
and complexity of scanner miniaturization. The assembled 3D
micro-polygon scanner presented here is suitable for scanning
applications requiring a wide FoV, small footprint, and low
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Fig. 1. Diagram illustrating the rotary micro-scanner.

power consumption. Also, the output power of the reflected
beam for potential optical switching or attenuation applications
is estimated.

An overview of the rotary micro-polygon scanner is pre-
sented in Section II, along with details pertaining to the design
of its components (i.e., micro-polyhedron mirror and micromo-
tor). Section III overviews the fabrication of the components
and the micro-assembly process. Section IV discusses the
results of the electrical and optical characterizations of the
device and is followed by a discussion.

II. ROTARY MICRO-POLYGON SCANNER DESIGN

A. System Overview

The various parts of the micro rotary scanner (μRS) are
shown in Figure 1 and consist of a micropolyhedron mirror
(μPM) attached to the rotor of a micromotor. The μPM can
rotate at a constant speed and perform optical line scanning.
The μPM is attached to the micromotor using micro-assembly.
The angular scan range and the scan line rate can be tuned by
using a μPM with a suitable number of sides for the target
application. The μPM has smooth sidewalls resulting in specu-
lar reflection of the incident laser beam and the reflected beam
is imaged on a screen for demonstration purposes in this work.
A three-phase variable capacitance micromotor (VCM) based
on electrostatic actuation is used as the rotary platform and is
capable of rotating at high speed with low power consumption.
When the μPM starts rotating, a line scan of the reflected
laser beam is observable on the screen. The frequency of the
actuation signal of the micromotor determines the rotational
speed of the μPM. Accordingly, the rate of the generated
scan lines varies with the frequency of the excitation signal.
The chip-scale implementation of the μRS demonstrated here
involves: i) the design and fabrication of a chip-scale rotary
platform; ii) the design and fabrication of a μPM that can
be attached to the rotary platform; and iii) a micro-assembly
technique to integrate the μPM with the rotary platform (i.e.
the micromotor).

B. Micromotor Design

The requirements on the rotary platform for the imple-
mentation of the chip-scale μRS are: i) dimensions on the
order of 100’s of microns; ii) the ability to perform com-
plete revolutions at high speed; and iii) a reliable fabrication
process, preferably with commercial batch fabrication to min-
imize cost. VCMs are small, can rotate at high speeds, and

Fig. 2. Diagram showing the various parts of the micromotor: a) top-view,
and b) cross-section.

can be fabricated using surface micromachining processes,
making them an ideal choice for implementing the rotary
platform. Many types of electrostatic side drive micromo-
tors were implemented in the past using surface microma-
chining processes. Often, the micromotor fabrication process
is developed in-house and this makes the reproducibility of
the device challenging. Thus, it is preferable to adopt a
standard commercial fabrication process. The PolyMUMPS
process is a two-layer polysilicon micromachining process
widely used in both the industry and academia to implement
various MEMS devices. The rotational motion of the μRS
is governed by the motion of the micromotor. Thus, the
design of a micromotor with high torque and high-speed
rotary motion using a commercial process is vital to this
work, and has been inspired from [33] in order to fabri-
cate chip-scale micromotors for the μRS. We implemented
high-speed VCM architectures [33] using the PolyMUMPS
process that can rotate at up to 8,000 rpm without loading,
i.e. without any component attached to the rotor, and we used
them to implement the μRS. Figure 2 shows the various parts
of a variable capacitance micromotor, and the key geomet-
rical parameters optimized for torque enhancement based on
analytical modelling [33], [34]. The VCM used here consists
of 8 rotor poles and 12 stator poles, the radius of the rotor
is 300 μm, the bearing axis/post has a radius of 6 μm, and
the dimples have a radius of 3 μm. The bearing post/axis
is the axis of rotation of the rotor, and it also prevents rotor-
stator collisions. The dimples are part of the rotor, and provide
electrical contact to the underlying ground plane and stability
while rotating. The design parameters of the VCM are listed
in Table I.

When the rotor is grounded and a voltage is applied to the
stator poles, an electrostatic force is generated between the
stator poles and the rotor poles. The tangential component of
the electrostatic force moves the rotor and complete rotations
are achieved by applying a three-phase varying voltage to the
stator poles. The movement of the rotor changes the overlap
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TABLE I

VCM DESIGN PARAMETERS

area between the rotor poles and the stator poles, thereby
modifying the capacitance between the rotor and the stator
poles. The torque acting on the rotor is proportional to the
change in the rotor-stator capacitance (C) with respect to
the angular position of the rotor (�), applied voltage (V ),
frequency of excitation (fele), total number of stator poles
(Ne), total number of rotor poles (Nr ) and the number of
voltage phases (q). The derived motive torque per phase and
the rotational speed is given by [33], [35], [36]:

T (�) = NeV 2

2q

(
dC(�)

d�

)
(1)

ωr = 60
fele

Nr
r pm (2)

The number of rotor poles of the micromotor depends on the
stator pole and the ratio of total number of stator poles to the
total number of stator poles is 1.5 for maximum torque [33],
[34]. Accordingly, a VCM with a large number of poles is
slow, and has high torque. In contrast, a VCM with a small
number of poles is fast, but is unable to produce a high
torque. Here, the VCM is optimized to provide sufficient
torque while providing rapid motion when loaded with the
μPM element, resulting in a fast scanning chip-scale device.
The lifespan of the μRS is dependent on the wear due to
the friction of the various parts of the micromotor. Friction
in the micromotor exists between the rotor and the central
pin bearing, and between the dimple and the ground plane.
The friction can be minimized by having less dimples and
minimizing their size, and by using a smaller central pin
bearing [37], [38]. These techniques were implemented in
the micromotor design proposed by choosing bushing type
dimples with a diameter of 6μm and a central pin bearing
having a diameter of 12μm [33]. Another factor that impacts
friction is the clearance of the central pin bearing around
the rotor, which should minimized [39]. This is determined
by the fabrication process and, for the PolyMUMPS process,
is limited to 750 nm [40].

C. Micro-Polyhedron Mirror Design

The μPM used in the implementation of the μRS should
be light weight and have smooth and sufficiently large facets
to reflect the incident laser beam. The maximum possible
size of the base of the μPM is determined by the diameter
of the rotor, and in our case, it must be less than 600 μm.
A contact between the μPM and stator poles can also lead to
device failure by causing a short-circuit. Thus, it is important
to ensure the proper placement of the μPM onto the rotor and
prohibit any overhang outside of the rotor that may damage
the stator poles. Any damage to the bearing post/axis located
at the center of the VCM as shown in Figure 2 results in the
failure of the micromotor. Thus, the geometry of the μPM
must be designed to never touch the bearing post/axis. This
design constraint is necessary to ensure proper operation of
the rotor and requires a recess at the center of the μPM. The
dimension of the recess must be greater than the dimension of
the bearing axis, which has a height of 1.5 μm and a diameter
of 12 μm.

The facets of the μPM are acting as mirrors to reflect an
incoming laser beam, and thus they must have a sufficiently
large area to deflect the entire incoming beam. The number
of sides of the μPM determines the angular range of the
scanner and the scan line rate. More sides increases the line
rate but decreases the angular range, therefore the shape of the
μPM should be chosen according to the targeted application.
Additionally, the maximum number of side-wall mirrors of
the μPM are limited by its size, since as the number of
sides increases, the area of each facet decreases, which could
ultimately lead to significant optical losses. Here, we chose
a μPM with 12 sides for demonstration purposes since it
offers the best trade-off between the compatibility of the facet
size with our optical test setup and the maximum scan speed
that can be demonstrated. The height of the μPM should be
large enough to accommodate the beam spot size without any
distortion. However, a μPM with large height can result in
a bulky structure that may induce stress in the thin rotor
film. Thus, the choice of the μPM dimensions depends on
the micromotor and the requirements of the target application.
Accordingly, the design constraints on the μPM includes a
recess at the centre with a size greater than the dimensions
of the bearing post/axis, and a μPM base size of less than
600 μm. Moreover, there is a trade-off between the angular
range, line scan rate and facet size when choosing the number
of sides of the μPM.

The final prototypes of the μPM were fabricated using
the commercial PiezoMUMPs process. This process leverages
deep reactive ion etching (DRIE) to create steep sidewalls and
trenches in a silicon-on-insulator wafer, making it a suitable
fabrication technique to implement the μPM structure having
a height equal to the depth of the trench which is derived from
the substrate thickness (i.e., 400 μm). Also, the process uses
a silicon device layer with a thickness of 10 μm on top of the
substrate that enables the creation of a recess with the required
dimensions. The chip layout of various μPMs designed to
meet these constraints are shown in Figure 3(a). A single
μPM design consists of a trench region, a micro-polyhedron
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Fig. 3. a) Image showing the layout of the micro-polyhedron chip; b) image
of the layout showing the parts of a single μPM design; and c) cross-sectional
view of the micro-polyhedron design implemented with the PizeoMUMPs
process.

mirror, a recess region, and two anchors to support the mirror
structure, as shown in Figure 3(b), and the corresponding
cross-section is illustrated in Figure 3(c). A circular region
at the centre of the μPM, where the recess region must be
present is also shown in Figure 3(c). The dimensions of the
recess are chosen to allow easy placement of the μPM onto
the rotor of the VCM, while avoiding any contact and damage
to the bearing axis.

III. DEVICE FABRICATION AND ASSEMBLY

A. Micromotor Fabrication

The VCM was fabricated using the PolyMUMPs surface
micromachining process [40] and a scanning electron micro-
scope (SEM) micrograph of the device is shown in Figure 4.
Optical imaging is used to verify that there are no joints or
contacts between the rotor and stator poles. In addition, the
interconnects connecting the input pads to the micromotor
poles are electrically tested to identify short or open con-
nections. The rotor acts as the rotary platform, and its free
movement is verified by pushing it using micro-probes without
any excitation. This ensures that the rotor is fully released and
capable of motion without adhering to the substrate or the
bearing axis. Various designs of VCMs were tested without
micro-polyhedron mirrors, as reported in [33], and most of the
designs were readily able to achieve rotational speeds greater
than 2000 rpm. Also, a specific VCM design with a stator
to rotor gap of 2 μm can provide maximum speeds of up to
7,875 rpm. It was observed that a few devices having stator
to rotor gaps of 2 μm suffered from incomplete etching of
the gap making a connection between the rotor poles and the
stator poles, precluding from correct operation. Consequently
to avoid this issue, in this work, a VCM with a stator to rotor
gap of 2.5 μm was used.

Fig. 4. SEM micrograph of the micromotor fabricated using the PolyMUMPs
surface micromachining process.

B. Micro-Polyhedron Mirror Fabrication

Micro-polyhedrons with 4, 8 and 12 sides were fabricated
using the PiezoMUMPs bulk micromachining process [41],
and a μPM with 12 sides was selected to implement the
μRS presented in this work. Images of the top and bottom
of the μPMs are shown in Figure 5. The μPMs are obtained
from the DRIE of the backside of the silicon wafer, creat-
ing high aspect ratio sidewalls suitable to act as mirrors to
deflect a laser beam. However, the sidewalls obtained with the
PiezoMUMPS process have low reflectance and low flatness
due to DRIE-induced scalloping on the surface [38], [42].
Nevertheless, the DRIE process could be optimized to produce
etched surfaces with suitable optical properties [43], [44],
resulting in a μPM with high reflectivity. This will be dis-
cussed further in the Experimental Results section. Moreover,
the μPMs are firmly attached to the die with thin anchors or
teethers in the silicon device layer, as shown in Figure 5(a).
These can be easily broken with a micro-probe to release the
μPM. This significantly facilitates the handling and manip-
ulation of the μPMs during the micro-assembly operation.
The released μPM can be cleaned using sonication in an inert
solvent followed by rinsing using nitrogen to remove particles
that may be present on it after the anchors are broken. The
DRIE step of the PizeoMUMPs process allows the formation
of large trenches on the backside of the substrate but it is
impossible to make a small recess inside the μPM from the
back. A small recess is required to ensure that the μPM never
touches the bearing post/axis of the VCM. Thus, a central
recess in the μPM is created by etching the device layer,
as illustrated in Figure 5(b). The diameter of the circular
recess is 100 μm, which is sufficiently large to keep the edges
of the μPM away from the bearing post/axis of the VCM
after the micro-assembly process. Moreover, the depth of the
recess is 10 μm, which is greater than the height of the VCM
bearing post/axis to avoid any vertical contact. As apparent in
Figures 5(c) and 5(d), the μPM is relatively thick. It has a
thickness of 400 μm, a base radius of 200 μm, and each of
the 12 sides of the polyhedron are 100 μm long. The resulting
silicon μPM has a mass of approximately 123 μg.
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Fig. 5. Images of the micro-polyhedron fabricated using the PizeoMUMPs
bulk micromachining process: a) top view of the bottom side of the micro-
polyhedron; b) top view of the top-side; c) isometric view from the bottom;
and d) isometric view from the top.

C. Assembly of the Rotary Polygon Scanner

Serial micro-assembly was performed to integrate the μPM
with the VCM to achieve the μRS. Often, specially designed
structures need to be added to MEMS devices to perform 3D
micro-assembly, which may add complexity to the integration
operation. Here, a simple protocol was developed to integrate
the μPM to the VCM rotor in order to simplify the micro-
assembly. The protocol involves the deposition of a bonding
material onto the μPM, placing the μPM onto the rotary
platform and finally bonding the μPM with the rotor using
thermal curing. Figure 6 shows the various steps involved in
the micro-assembly of the μPM on the rotor.

A SU-8 based adhesive is used to bond the μPM to the
rotor. SU-8 is an epoxy based negative photo-resist that is
commonly used for adhesive bonding with and without UV
curing [45]. Here, bonding is performed by thermal curing of
the SU-8. The advantage of using SU-8 is that it can rapidly
change it physical state from a glue-like semi-solid phase to
a solid phase and vice-versa at low temperature. The base of
the μPM is not as wide as the diameter of the rotor of the
VCM, but it is large enough to deposit droplets of adhesive.
The following procedure is employed to deposit a solid SU-
8 adhesive layer onto the μPM. First, droplets of SU-8 are
deposited onto the μPM by drop-casting and heated to 50◦C
for 2 minutes, 60◦C for 2 minutes and 90◦C for 2 minutes
in order to vaporize the solvent. Then, the μPM with SU-8
drops is cooled down at room temperature for 30 minutes to
solidify the adhesive drops.

A single MEMS chip consists of several VCMs, and to
precisely place a μPM on a particular VCM without damaging
or touching the other devices is challenging. Therefore, a pick
and place technique using a placement mask was developed to
position the μPM onto the rotor of the VCM. The placement
mask was made from a 90 μm thick rigid steel composite sheet
into which holes with a diameter equal to that of the base of
the μPM were drilled using laser ablation. The purpose of
this mask is to allow obstacle-free navigation of the μPM

over the MEMS chip and to position it into a hole that
is aligned to the rotor of the VCM. The MEMS chip was
placed between two support posts such that the height of
the support posts is slightly greater than the MEMS chip by
approximately 20-50 μm. Accordingly, when the placement
mask is aligned with the rotor and placed onto the support
posts, it does not touch the MEMS chip as the extra height
of the support posts creates a gap between the chip and the
placement mask, preventing damage to the devices during
the micro-assembly. The key for controlling the gap between
the alignment plate (i.e., placement mask) and the MEMS
chip is the support post. The height of the support post is
greater than the height of the MEMS chip such that when
the alignment plate is placed on these posts, a cavity with
the desired gap is obtained. The support post can be made by
stacking glass slides, square shape pieces of silicon wafers or
any desired material with the proper thickness to obtain the
required gap. Here, we have used rectangular shape plastic
plates as a support post. The arrangement of the MEMS chip
with the support post is attached to a glass slide using double
sided scotch tape making a robust platform for handling and
alignment.

The micro-positioners can move the placement mask with
25 μm accuracy along each axis. The placement mask was
aligned and placed over the rotor of the VCM using micro-
positioners, as shown in Figure 7. A μPM with solidified
adhesive was picked and placed onto the placement mask using
plastic tweezers and pushed into the alignment hole using
micro-probes. The μPM cannot drop, fall or topple from the
rotor after being inserted into the alignment hole since the
thickness of the μPM is greater than that of the placement
mask and gap combined.

After positioning the μPM onto the rotor of the VCM, the
placement mask is removed and the assembled components
are heated at 90◦C for 2 minutes to reflow the SU-8. It is
then cooled down to room temperature for 45 minutes to bond
the μPM to the rotor.

SEM micrographs of the assembled μRS are shown in
Figure 8.

IV. EXPERIMENTAL RESULTS

The characterization of the μRS was carried-out by acti-
vating the micromotor and focusing a laser beam onto the
sidewalls of the rotating μPM. A block diagram of the exper-
imental setup is shown in Figure 9(a). A DC-signal is amplified
and supplied to a three-phase square wave generator to actuate
the micromotor. The light from a 632 nm HeNe laser (OFV-
534 from Polytec) is focused onto the sidewall of the μPM.
The laser power is less than 1 mW and the laser head optics
can focus the beam down to a spot size of 1.5 μm using a
20X objective or 5 μm using a 5X objective. The collimator
on the laser head can be adjusted to modify the spot size and
a screen is placed near the edge of the chip to visualize the
reflected signal. The maximum three-phase input voltage to
the micromotor is limited to 200 V peak-to-peak in order to
avoid dielectric breakdown in the gap between the rotor and
the stator. After the optical alignment of the laser beam, the
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Fig. 6. Diagram showing the steps involved in the micro-assembly technique to integrate the micro-polyhedron onto the micromotor: a) drop-casting
of SU-8 droplets onto the micro-polyhedron; b) thermal curing of the micro-polyhedron to solidify the SU-8 droplets; c) alignment and placement of
the micro-polyhedron with solidified SU-8 droplets on to the micromotor; and d) final thermal curing of the assembled micro-components to bond the
micro-polyhedron with the micromotor.

Fig. 7. Images of different steps performed during the micro-assembly process: a) solidified SU-8 drop on the micro-polyhedron; b)–e) images showing the
placement of the micro-polyhedron onto the rotor via an alignment hole using micro-probes; f) assembled micro-scanner; g) setup used for the micro-assembly;
h) setup used for holding the MEMS die and alignment; and i) alignment holes on the placement mask and the placed micro-polyhedron.

Fig. 8. SEM micrographs of the assembled micro rotary scanner: a) isometric
view of the micro-polyhedron on the micromotor; and b) top view of the
micro-polyhedron on the micromotor.

actuating three-phase signal is applied, and a CCD mounted
onto the microscope captures the scanner motion and the beam
position on the screen. The laser head also has a camera that
captures a side-view of the polyhedron mirror as shown in
Figure 9(c). A simplified top-view of the system, including
the chip housing the μRS, is shown in Figure 9(b).

The voltages at which the μPM rotates and the maximum
frequency that can be applied at those voltages was char-
acterized to determine the mechanical performance of the
μRS. The following experimental procedure was used for the
electrical characterization of the μRS, which started at an input
voltage of 0 V: i) the input voltage was increased in steps of
2 V while keeping the three-phase signal frequency at 10 Hz
until the VCM started rotating; ii) the input frequency was

then increased in steps of 10 Hz while keeping the voltage
obtained in the previous step constant until the VCM stopped
rotating; iii) Steps i and ii were repeated until the input voltage
reached 200 V.

However, the μPM remained motionless irrespective of the
applied excitation during the initial testing. The 0.5 μg rotor
is a 2 μm thick layer supported by four dimples having a
diameter of 6 μm and a height of 750 nm. A low number
of dimples were used to minimize friction of the rotor during
the rotation. It was expected that the mirror would move at
a high input voltage since the VCM torque is proportional
to the applied voltage. Nevertheless, it was noticed that the
increase in the inertial mass of the rotor due to the loading
of the μPM had significantly increased the static friction of
the rotor, precluding the startup of the VCM. The rotational
inertia, assuming the geometry of the μPM as a cylinder,
the rotor as a disc and considering the density of the silicon
wafer as 2330 kg/m3 is 2.53 × 10−10 kg/m2. Therefore, the
mass of the loaded rotor (i.e., with a micro-polyhedron having
mass of 123 μg) considerably increases the inertia, and as
a result, it is not able to start rotating when a voltage is
applied.

A. Micro-Polyhedron Mirror Mass Reduction

As mentioned in the previous section, modifications to
lighten the μPM were required to enable the rotary motion
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Fig. 9. a) Block diagram showing the experimental setup required for micromotor actuation and optical characterization; b) diagram depicting the chip
housing the μRS, which also includes different VCM designs, along with the incident laser beam and reflected beam; and c) image showing all of the
instruments used in the characterization.

of the μRS. The dimensions of the μPM were chosen to
ensure that it is sufficiently high and wide to reflect the
laser beam entirely in order to minimize optical losses. When
reducing its mass, the dimensions of the side-walls should not
be modified to avoid compromising its optical characteristics.
Accordingly, this issue was resolved by drilling a hole through
the center of the μPM using laser ablation to reduce its
mass, while maintaining the optical requirements. The laser
ablation technique is simple, fast, and capable of precisely
removing the unnecessary mass from the desired location
on the μPM structure. A LPKF ProtoLaser U3 tool is used
for laser ablation with the following process parameters: a
laser power of 6 W with a pulse repetition rate of 40 kHz.
The precision of the laser ablation system is 50 μm, thus
it can easily ablate the materials with dimensions greater
than 50 μm. The laser source has a wavelength of 355 nm
and a feedrate of about 3.54 mil per minute to drill a hole
of 250 um in diameter into the micro-polyhedron. A SEM
micrograph of the laser ablated μPM is shown in Figure 10(a).
As can be seen, a cylinder having a diameter of 250 μm and
centered within the μPM was removed by laser ablation. The
ablated μPM has an estimated mass of 75 μg, which is 39%
less than the original structure. Also, the rotational inertia
after the laser ablation is 1.59 × 10−15 kg/m2, which is an
improvement of approximately 37%. This method allowed to
remove a significant portion of the mass without compromising
the functionality of the μPM. The ablated μPM is attached to
the micromotor using the same micro-assembly technique pre-
viously presented. SEM micrographs of the assembled system

Fig. 10. a) SEM micrograph of the laser ablated μPM; b) microscopic
image of the assembled micro rotary scanner; c) SEM micrograph showing an
isometric view of the micro rotary scanner; and d) SEM micrograph showing
the top-view of the micro rotary scanner.

are shown in Figures 10(b)-(d). With the aforementioned mod-
ification to the μPM, the device was able to operate as a results
of the reduced mass.

B. Electrical Characterization

The electrical characterization of the μRS was performed to
measure its power consumption, rotational speed, and actua-
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Fig. 11. Calculated rotational speed of the micro rotary scanner vs. the
amplitude of the applied three-phase driving voltage.

tion voltage. This was done by applying the excitation voltage
to the VCM loaded with an ablated μPM having 12 sides.
The μPM rotates at the same speed as the VCM since it is
attached directly to the rotor. Moreover, the rotational speed
(ωr ) of the VCM is directly proportional to the frequency of
the excitation signal (fele) and inversely proportional to the
number of rotor poles (Nr = 8 in the tested device). It is
given by the following equation (2).

The rotational speed of the μRS at various driving voltage
amplitudes was calculated and plotted in Figure 11. The
maximum speed of the VCM is 2,100 rpm at a peak voltage
of 186 V, with the 12-sided laser ablated μPM load. At a
particular drive voltage, the μRS can provide a range of
rotational speeds by changing the excitation frequency, but
the input voltage needs to be increased to attain rotational
speeds above that range. This behavior can be explained by
considering the fact that, beyond a certain excitation frequency,
the available electrical power has to be increased to match
the required mechanical power that is increasing with the
rotational speed of the motor. The VCM stop operating when
the required mechanical power is greater than the supplied
electrical power. The electrical power consumed by the μRS
and the unloaded VCM (i.e. without an ablated μPM) at
different speeds is shown in Figure 12. As expected, at a
given rotational speed, the power consumed by the μRS is
higher than the power consumed by the unloaded VCM.
This is due to the extra load on the rotor. The unloaded
VCM can operate at up to 3,300 rpm and consumes a max-
imal electrical power of 8.6 mW. The maximum power con-
sumed by the μRS is 6.8 mW when operating at a speed
of 2,100 rpm.

The frictional torque at the contact point (i.e., dimples) is
proportional to the applied normal load [46], [47], and the
frictional viscous drag of the micromotor increases with the
rotational speed [37], [48]. Additionally, the frictional torque
due to the rotor-dimple contact and rotor-central-pin-bearing
contact increases quadratically with the applied voltage [48].
Thus, the higher power dissipation of the μRS in comparison
to the VCM is due to the addition of the PM resulting in
the increase of the normal load and viscous drag. Moreover,
the motion dynamics of the micromotor are complex due to

Fig. 12. Measured electrical power consumption vs. rotational speed for the
micro rotary scanner and the unloaded VCM.

TABLE II

COMPARISON OF THE PROPOSED DEVICE

TO OTHER MEMS SCANNERS

the strong electro-mechanical coupling at various regions that
may cause charge accumulation in scratched areas or variations
in the fringe fields. Thus, depending on the impact of the
coupling effects and the various frictional torques, the power
consumption at a particular frequency for a given applied
voltage can vary between devices. This could explain the
disparity in the power plots of the μRS and the VCM.

C. Optical Characterization

The optical characterization of the μRS was carried-out
to measure the scan angle (SA) of the reflected beam, the
line scan rate and the scanning frequency. When the μPM
rotates, it generates a scan line (SL) of the reflected beam
between points A and B on the screen corresponding to the
SA, as shown in Figure 13(a) (also labeled in Figure 9(b)).
At low excitation frequencies, the μPM rotates slowly and
the scan speed is low, thus the laser spot can be traced and
captured on the screen. The rotor of the VCM exhibits a small
wobbling motion because the electrostatic force continuously
pulls it towards the stator poles. However, the rotor sliding
motion is halted by the central bearing axis making the rotor
trajectory circular. Also, the unbalanced vertical electrostatic
forces between the rotor and the stator contribute to the
wobbling motion of the rotor. These forces are generated due
to the vertical misalignment between the rotor poles and stator
poles. The misalignment is approximately 750 nm and it is a
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TABLE III

SUMMARY OF THE CHARACTERISTICS OF THE PROPOSED DEVICE IN COMPARISON TO COMMERCIALLY AVAILABLE POLYGON SCANNERS

Fig. 13. a) Schematic illustrating the scanning motion the micro rotary
scanner; b) image of the beam on the screen at slow rotational speed (75 rpm);
and c) image of the beam on the screen at high rotational speed (2100 rpm).

fabrication constraint of the PolyMUMPs process. The impact
of the wobbling motion on the scanning motion is that the
reflected beam follows a zigzag pattern on the screen, which is
clearly visible at low speed (i.e. 75 rpm), and this can be seen
in the video file named Slow_Speed_Operation in the supple-
mental material. At higher frequencies, the rotor is moving
very fast (i.e. 2100 rpm), reducing the μRS wobble due to the
high inertia of motion. Consequently, the scan pattern of the
reflected beam becomes significantly smoother and more lin-
ear, as shown in the video file named High_Speed_Operation.
Moreover, the zigzag motion of the μPM resulted in the
vertical misalignment of the reflected beam by ≈6.3◦. The
wobbling motion limits the capacity to control the position
of the reflected beam, resulting in a beam offset and reduced
scanning accuracy. The degraded resolution may induce error
in the measurement of the pixels of the radial distance gen-
erating a wobbly point cloud for LiDAR applications. Also,
it can cause the overlap of scan lines and reduce the image
quality for 2-D raster scanning applications. However, the
amount of resolution degradation due to the wobbling motion
or zig-zag trajectory needs to be evaluated and accessed for
each application.

The μRS demonstrated here could be used to implement
a 1×N optical switch by placing an array of optical ports at
the screen location. For such applications, the optical power
transmitted by the μRS to the output ports needs to be
determined, and is measured with the optical setup used in the
experiment. The 632-nm laser can provide a spot size of 5 μm
using a 5X objective with depth of field of 14 μm. The power
of the reflected beam was measured using a photo-diode sensor
(S120VC from Thorlabs) placed at a distance of 6 cm from the

Fig. 14. The output optical power (Pout ) across the scan line captured by
the photo-detector for a 632 nm laser beam reflected on the μPM and having
an input optical power (Pin ) of 856 μW (−0.68 dBm).

μRS. The area of the photo-detector is a circle of 9.7 mm in
diameter and it cannot cover the entire angular scanning range
of the reflected beam. As a result, the output optical power
(Pout ) is measured only across a portion of the SL. Accord-
ingly, the power measurements are reported over a limited
range of 22◦. Figure 14 shows the ratio of the output power
over the input optical power (Pin) plotted against the scanning
range covered by the photo-detector. The optical power of the
incident 632 nm laser beam is 856 μW (−0.68 dBm), and the
beam is deflected by the rotating micro-polyhedron onto the
photo-detector with an optical output power in the range of
154.08 μW (−8.12 dBm) to 188.32 μW (−7.25 dBm). This
yeilds a range for Pout /Pin from 0.18 to 0.22. No other optical
component was used after the beam was reflected from the
μRS for experimental simplicity. This is one of the reason for
the relatively high optical losses. The collimation of the laser
beam could be improved by designing micro-optical elements
for the target application. Additionally, during the scanning of
the laser beam, the edges at the two ends of the photo-detector
truncate the incident beam leading to vignetting, causing a
non-uniform optical power distribution along the SL captured
by the photo-detector [49].

The major factor responsible for the poor optical efficiency
of the μRS is the rough sidewalls of the μPM that result from
DRIE of the silicon substrate. This anisotropic etch process
is performed by alternating etching and passivation steps in
repeated cycles [42]. This results in sidewalls having a scal-
loped morphology [38], resulting in a rough surface that limits
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Fig. 15. SEM images of the micro-polygon showing surface morphol-
ogy. a) Image of the sidewall. b) Zoomed image of the sidewall showing
roughness.

the optical performance. The DRIE-induced surface roughness
can be seen in the SEM images of the μPM shown in Fig-
ure 15. The sidewall roughness causes beam scattering, which
reduces the signal-to-noise ratio, and is responsible for the
reduced optical efficiency. However, the optical characteristics
of the μPM could be improved before it was integrated onto
the micromotor by using scallop smoothing techniques [50],
[51] that would significantly reduce the scallop depth (up to
90%). This could then be followed by a final step during
which a highly reflective thin metal layer would be deposited
onto the μPM. While such post-processing of the μPM can
enhance the optical efficiency, this work was focused on the
demonstration of the chip-scale μRS. The improvement of the
optical efficiency of the μPM will be considered in future
work.

The angular scanning range (ARS) in degree, the angular
scan-rate (ASR) in radian per seconds and the line scan
rate (LSR) in line scans per minute for a polygon scanner
are given by following equations [52]:

ARS = 4π

N
(3)

AS R = 4πωr

60
(4)

LS R = ωr N (5)

where ωr is the rotational speed of the polygon and N is its
number of sides. The experimentally measured scanning range
was obtained by measuring the length of the scan line gener-
ated on the screen and the distance between the screen and the
scanner. Using this method, the μRS presented here covered
an angular scanning range of 57.88◦, a value that is in good
agreement with the calculated value of 60◦, stemming from
(4). This yields an angular scan rate of 440 radians per second
and a maximum scan speed of 25,200 line-scans per minute
or 420 line-scans per second. There is a 2.12◦ variation in
the measured scan angle as compared to the scan angle given
by the equation due to scattering at the edges of the μPM
facet. The wide scanning range of the μRS enables efficient
beam steering to distribute the incoming optical signal across
a large array of optical ports in switching applications or to
scan a wide FoV in ranging applications. In our demonstrator,
no significant change in the spot size uniformity was observed
during scanning since the theoretical scanning range was lim-
ited to 60 degrees because we used a polygon with 12 facets.

However, maintaining a uniform spot over a large angular
range would require complex collimating optics. Thus, there
is a trade-off between the complexity of the system and the
scanning range that it can provide.

V. DISCUSSION

To the best knowledge of the authors, this μRS has the
smallest size and highest FoV compared to previous minia-
turized MEMS scanners, as shown in table II. The precise
integration of the μPM on the VCM make it a well-aligned
vertical scanning mirror without the need of additional steps
for alignment and positioning. The single pixel of a com-
mercial digital micromirror device (DMD) module offers a
smaller footprint than this scanner but the FoV of the pixel
is limited to 24◦. Moreover, it requires multiple light sources,
such as an array of laser diodes, to enhance its FoV in LiDAR
type applications [53]. The footprint of the proposed μRS is
more than five times smaller than the other scanning mod-
ules. In addition, it operates at low power and weighs much
less than other modules, making it a highly compact optical
scanner.

The μRS proposed is a non-resonant device, while other
reported scanners presented in table II are resonant devices.
Therefore, a comparison to other commercial rotational poly-
gon scanners is presented in table III, listing footprint, power,
speed, and mass. The total dissipated power in commercial
systems includes the power required by the polygon motor,
driver electronics and encoder. The polygon mirror combined
with the motor is the scanning component of a polygon scanner
and its footprint is proportional to the dimensions of the motor
and the polygon mirror. The size of the polygon mirror is
determined by the diameter of the circle inscribed by the poly-
gon and its thickness. Accordingly, Table III uses the inscribed
circle diameter (base diameter) and mirror thickness as size
metrics in order to compare the footprints of various polygon
scanners. We have not considered the dimensions of the motor
driving the other scanners presented, as the size would be
much larger than that of the device proposed. In the case of
the proposed device, the thickness of the mirror is 400 μm
(i.e., the thickness of the substrate of the SOI wafer) and
the inscribed circle diameter is also 400 μm. The successful
integration of the μPM onto the VCM makes the proposed
device one of the smallest rotary polygon scanner reported to
date. The dimensions of the μPM (height of 400 μm × base
diameter of 400 μm) are very small compared to commercial
polygon mirrors, which have a height and a base diameter
that are larger than 5 mm × 5 mm. The height of the μRS is
given by the sum of the μPM substrate thickness, the micro-
motor substrate thickness and the thickness of the deposited
layers. This amounts to 830 μm. Additionally, the mass of
the assembled μRS is approximately 175 μg. The overall
size of a single μRS is 1.12 mm × 1.12 mm × 0.830 mm,
which is more than five-fold smaller than other rotary poly-
gon scanners [11]–[13], [57], [58]. Also, the motors used
in commercial polygon-scanners are bigger and heavier than
the VCM presented in this work. Combined with the control
electronics, the size of a typical polygon-scanner typically
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goes beyond 5 mm × 5 mm × 5 mm in size and weighs in
the order of hundreds of grams. In addition, a considerable
amount of power is required to rotate the larger polygon
mirrors, therefore direct current motors are used to meet this
requirement. In contrast, the power required to operate the
proposed μRS is a few milliwatts, due to the electrostatic
operation of the VCM and the small size and mass of the μPM.
Along with the supporting optics and electronics components,
the commercial polygon scanners presented in table III are
widely used in LiDAR modules [14], [59]–[61]. Generally,
an array of LiDAR modules is used to increase the scanning
angle [62] and are suitable for few applications in spite of
their large size and high power consumption. However, these
modules pose serious integration and cost challenges for com-
pact systems such as small-scale robots like RoASCH, DASH,
HARM, VelociRoACH [63] and micro air vehicles like the
RoboBee [64]. With a weight of only 175 μg, the compact
scanner presented here is well-suited for chip-scale implemen-
tation of low-power LiDAR sensor modules for applications
such as drones and miniaturized autonomous vehicles. It also
has several other potential applications, including in variable
optical attenuators, delay lines for biomedical imaging and
chip-scale interferometers.

VI. CONCLUSION

In this work, an optical μRS comprised of a 12-side μPM
integrated onto a VCM was presented. The μRS is imple-
mented through the micro-assembly of the μPM and VCM that
are fabricated using low-cost commercial MEMS fabrication
processes. The rotary platform consist of a high speed VCM
built with the PolyMUMPs surface micromachining process,
to enable a low power and compact rotational platform, while
the μPM was fabricated using the PiezoMUMPs bulk micro-
machining process, to provide a large reflective surface for
low optical power losses. It was post-processed to reduce its
mass to enable rotary motion.

The device demonstrated a high scan rate, large scan angle
and low power consumption. This miniaturized polygon scan-
ner has a small footprint and can be integrated in chip-
scale subsystems. It is well-suited for applications where
mass, compactness, power consumption and scanning speed
are important. To the best of the authors’ knowledge, this
work reports the first micro-scale high-speed rotary-scanner,
and paves the way for the investigation of system applica-
tions that can take advantage of its unique properties. For
instance, the μRS could be well-suited to systems such as
advanced driving assistance systems, LiDARs for robots and
drones, endoscopic imagers, and optical switches, potentially
enabling a significant miniaturization and cost reduction of
these systems.
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