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Abstract

This thesis presents an electromagnetic FPCB (Flexible Printed Circuit Board) micromirror
based scanning triangulation laser rangefinder (LRF). Two configuration designs of the
electromagnetic FPCB micromirror have been developed and tested. The FPCB micromirror has
a large aperture (8 mm x 5.5 mm) and high flatness (ROC, radius of curvature, ~ 15m), that
overcomes conventional MEMS micromirrors’ limitation of small aperture (less than 5 mm).
Subsequently high power lasers with large beam sizes and good collimation can be used in
micromirror based scanning LRF for better performance. As a result, the LRF in this thesis
achieved a larger scanning angle and longer detecting distance than those in literature. Both
modelling and prototyping are presented. Three lasers (Laser 1: 2 mW; Laser 2: 20 mW; and Laser
3: 100 mW) are used to characterise the LRF. Eye-safety calculation is presented for the three
lasers. Achieved performance (measurement distance and FOV, field of view) is: with Laser 1,
distance of 15 — 70 cm and FOV of -15° to 10°, error < 4% ; with Laser 2, distance of 15 - 130 cm
and FOV of 15° to 15°, error < 5%; with Laser 3, distance 15 — 200 cm and FOV of -15° to (5~9°),

error < 5%. Fatigue test indicates 1.2 billion scanning cycles have been reached.
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Chapter 1. Introduction

1.1 Laser Scanning

1.1.1 Applications

Lasers alone have limited applications such optical alignment and single spot
rangefinding. The integration of a scanning mechanism with a laser has broadened the
applications to include laser engraving, laser line generation, confocal microscopy, barcode
scanning, scanning laser rangefinding, and many more. Laser scanners provide control over the
projection of a laser spot, allowing for a greater working range that can be illuminated. Laser
scanners also allow for the fast movement of a laser spot within one or two dimensions. Such
characteristics are especially favorable within laser rangefinding, allowing for fast distance

measurements within a greater field-of-view (FOV).

1.1.2 Laser Rangefinding (LRF)

In the case of laser rangefinding (LRF), laser scanners can be integrated with a single point
LRF to increase the detectable Field-of-view (FOV) for gathering range information within an
environment. This provides obstacle detection and avoidance, which allows for independent
movement of robotics around an environment collision-free [1, 2]. LRF’'s primarily use the
methods of Time-of-flight (TOF) or triangulation to measure distance [3]. TOF uses the round-trip
time it takes for a laser spot to go to an object and back to the LRF device. Triangulation uses the
geometric relationship between a laser, receiver, and object of interest. LRF’s mainly utilize a low
to high powered laser with large (= 5 mm) collimated beams, depending on the range to be
measured. The laser spot is projected towards an object of interest and is diffusely reflected off
its surface. A receiver then collects the diffusely scattered light, by means of a lens, and focuses
it onto an image sensor. The Image sensor then uses the information on the collected light to
generate a distance measurement. The alignment between the laser and receiver is crucial, to

ensure the receiver sufficiently collects the diffusely scattered light and is detected by the image



sensor. Alignment is particularly significant for triangulation LRF’s, which involve the geometry

of the laser and receiver.

Scanning LRF’'s are widely used within growing applications of obstacle
avoidance/detection in automated guided vehicles (AGV) [4], 3D scanning [5-7], gesture
recognition [8-10], and profilometry [11] (shown in Figure 1-1) . The growing popularity of laser
scanners for LRF applications are constantly searching to achieve attractive features of compact
size and low-cost, whilst maintain good scanning performance. The two main methods of

scanning a laser are by rotation (motorized) [12-18] or oscillation (non-motorized) [10, 19, 20].

(d)

Figure 1-1: (a) Automated Guided vehicles [21] (b) Gesture Recognition [22] (c) 3D Scanning [23]

(d) Profilometry [24]



1.1.3 Types of Scanners

Rotation based laser scanners involve a motor which can be used to rotate either the
entire laser diode or a mountable mirror for deflection. Rotation of the entire laser involves
difficult wire maintenance of the laser terminals and may result in potential damage to the laser,
therefore isn’t widely used. Alternatively, a motor can be used to rotate a mountable mirror, such
as a polygon (multiple facets, shown in Figure 1-2) or monogon (single facet, shown in Figure 1-3)
mirror, to scan an incident laser spot projected from a fixed laser. These types of scanners are

commonly used within barcode scanners, CD readers, and laser printers.

Similarly, galvanometers (shown in Figure 1-4) also use a mountable mirror and motor for
laser scanning, however, are bulkier in size and more expensive compared to polygon and
monogon scanners. Galvanometer scanners are suited for applications that require fast,
accurate, and precise laser scanning, with a relatively smaller field-of-view. Such applications
include laser marking, cutting, and welding. These rotation based laser scanners are currently
being used for laser rangefinding applications, however the overall size cannot be further

reduced due to the limiting size of the motor.

A smaller and compact laser scanner is favored for scanning laser rangefinders, because
it allows for better mobility and reduced overall size. In addition, motors require regular
maintenance [25] such as the cleaning and lubrication of gears, windings, brushes, and bearings.
Such maintenance results in increased costs and is required for the motor to prevent failure and
perform optimally. Furthermore, the cost of the motor itself could potentially be expensive
depending on the requirements of scanning performance (RPM, Torque, etc.). Other means of
scanning a laser without a motor have been developed (Oscillation based), which removes the

costs of regular maintenance, costs of the motor, and further reduces overall size [26, 27].



Figure 1-2: Polygon Scanner [28]

Figure 1-3: Monogon Scanner [29]

Figure 1-4: Galvanometer Scanner [30]
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Oscillation based laser scanners are currently favored for their smaller and compact size,
since no motor is required. Additionally, oscillation based laser scanners consists of less moving
parts that require little to no maintenance, yielding a higher reliability and durability.
Furthermore, non-linearity is present at high speed scanning with a motor, due to the larger
moment of inertia from a mounted mass. Oscillation based laser scanners do not require a motor
but instead use 1) Electrostatic (ES), 2) Magnetic (M), 3) Electromagnetic (EM), 4) Piezoelectric
(PZT), or 5) Thermal actuation (T). The traditional material of silicon is primarily used for these
types of scanning actuation, due to its semiconducting properties. A mirror plate is bonded or
integrated to silicon-based scanning actuator, providing a reflective surface for laser spot

scanning.

Microelectromechanical (MEMS) micromirrors (shown in Figure 1-5) are currently the
traditional option for oscillation based laser scanners [31-34], offering the smallest size and cost-
effectiveness for large unit production. MEMS micromirrors are fabricated from a limited sized
silicon wafer using the photolithographic process. MEMS micromirrors with the mirror plate
integrated, have difficulty in achieving a large aperture size (> 1 mm) and high surface flatness
(ROC > 1 m) [35-39]. The fabrication process of an integrated large aperture (4~5 mm) mirror
plate [40, 41] involves a more complex and costly fabrication process in order to maintain good
mirror quality with high flatness. The production of larger aperture size MEMS micromirrors is
less cost effective due to the resulting lower unit production from a limited size silicon wafer.
This lower unit production from the fabrication of larger aperture mirrors results in a higher

overall cost per unit, for the same fabrication process.

Alternatively, bonding of a micromirror plate onto a silicon actuator can be used to
achieve a larger aperture (5~7 mm) with a high flatness, however with a low bonding yield and
increased cost (e.g. >$500) [42-44]. This is due to the brittle nature of the material silicon [45],
which requires careful handling. Consequently, the low bonding yield rate, results in an increase
in the overall cost per unit. In the case of scanning laser rangefinding, a larger aperture size with
high flatness will yield easier alignment, better measurement accuracy, better collimation, and
better accommodation for high-powered large laser spot sizes [41, 46, 47]. Although MEMS

micromirrors have the advantage of compact size, it doesn’t offer a cost effective fabrication and



bonding process in producing highly flat large aperture mirrors at high yields. Such features are
ideal for laser rangefinding applications. Furthermore low cost is required for micromirror based
laser rangefinders since its market is not as pronounced as other successful MEMS devices, such
as the micro-accelerometer [48], micro-pressure sensor [49], and microphone [50]. Low cost has

been achieved with those MEMS devices due to their extremely high volume.

Figure 1-5: (Left) Micromirror Scanner [51] (Right) Compact Micromirror Scanner with small coin
for scale [52]

Flexible printed circuit board (FPCB) micromirrors are a newly developed and proposed
oscillation based laser scanner alternative, which involves easier bonding of a highly flat mirror
plate onto a FPCB actuator (comprised of polyimide and copper layers). The mirror plate is
fabricated independently using a simple dicing process, yielding highly flat mirrors. The
fabrication of the FPCB actuator involves a mature process that is cheap and cost effective, even
for low unit production. The flexible properties of the FPCB material results in a higher yield
bonding compared to MEMS micromirrors. FPCB micromirrors can achieve a larger aperture, high
mirror flatness, and high bonding yield, all at a low cost (especially at low volume production)
[20, 39, 53-55]. FPCB micromirrors are proposed as a more suitable alternative laser scanner for

the application of scanning laser rangefinding.



1.2 FPCB Micromirror

In order to address the primary limitations of MEMS micromirrors, i.e., large aperture and
low cost, FPCB micromirror technology has been developed and pursued. FPCB Micromirrors
have the advantage of utilizing the flexible material properties of polyimide and copper to
achieve easier bonding of a micromirror plate and great scanning performance. MEMS
micromirrors are primarily fabricated from silicon, which has a strain strength of < 1%, making it
a brittle material. The strain strength of FPCB is 3 to 5% higher than silicon, making it less resistant
to deformation during handling and bonding process of a micromirror plate. This results in a
higher production yield. Moreover, the fabrication of FPCB involves a mature process that is
inexpensive and cost effective, when compared to the microfabrication process of MEMS
micromirrors. The FPCB fabrication process is simple and easy, primarily involving the laser
cutting of a sheet of FPCB. The number of units produced and aperture size is not limited by a
working area size, as in the case of MEMS micromirrors that use a limited size silicon wafer.
Therefore, large aperture actuators can be fabricated using FPCB, while remaining cost efficient.
The FPCB fabrication cost per unit can be as low as $10 or less, further decreasing for bulk unit
production. The micromirror plate, bonded onto the FPCB actuator, is independently fabricated
using a cheap and simple dicing process from a silicon wafer, which is coated for better reflectivity
for a desired wavelength. Additionally, the independent fabrication of the micromirror plates
yield a higher flatness when compared to integrated MEMS micromirrors, which are subjected
to multiple coating and etching processes that continually degrade the quality of the micromirror.
Overall when compared to traditional MEMS micromirrors, FPCB micromirrors can achieve a

large aperture size with high flatness, from a low-cost fabrication and high-yield boding process.

Current FPCB micromirrors have been developed and proposed as a potential scanner for
laser rangefinding. Such FPCB micromirrors are: 1) Double stage FPCB (DS-FPCB) micromirror [39]

(shown in Figure 1-6) and 2) FPCB magnetic micromirror [53] (shown in Figure 1-7).

The first proposed DS-FPCB micromirror has an aperture size of 2 mm x 2 mm (square) and is
capable of achieving an optical angle of +5.4°. The overall footprint of the DS-FPCB scanner is
small with dimensions of 10.3 mm x 8.8 mm x 2.0 mm. The DS-FPCB micromirror scans by using

electrostatic actuation from two parallel stages (double stage), to attract and repel the FPCB
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actuator, bonded with a mirror plate. The parallel stages are separated from the FPCB actuator
with a gap of < 1 mm, to increase the magnitude of the electrostatic force between them. To
achieve the optical scan angle of £5.4°, a high driving voltage of 150 V at the resonant frequency
of the mirror is needed. To achieve greater angles a higher driving voltage (>150 V) is required.
Such a high voltage isn’t readily available by current voltage suppliers and requires a voltage
amplifier. The DS-FPCB micromirror optical scan angle is also limited by the “pull-in effect” [56],
which is the eventual constant contact of the FPCB actuator plate with one of the parallel stages.
This effect stops the scanning of the DS-FPCB micromirror and may potentially cause failure or
damage to the FPCB actuator. The “pull-in effect” can be resolved be increasing the gap between
the FPCB actuator and parallel stages, however this will require an even higher driving voltage to
achieve the same angle. Furthermore, the optical angle achieved by the micromirror is too small
(narrow) to provide an adequate detectable field-of-view for applications in laser rangefinding.
At least an optical scan angle of +10° or greater is desired, to provide sufficient detection of small-
medium sized objects at relatively closer ranges. To avoid the need of a high driving voltage and
susceptibility to the “pull-in effect” for larger optical scan angles (as in the case of electrostatic
actuation), other actuation methods have been used. From all the methods of scanning actuation
(mentioned in section 1.1.3), magnetism and electromagnetism provide the greatest optical scan
angle potential, however with the cost of increased size from the use of permanent magnets

(PM) or electromagnets (EM).

Mirror plate

Figure 1-6: Double-Stage FPCB Micromirror [39]
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The second proposed alternative is the FPCB magnetic micromirror (shown in Figure 1-7),
which uses the Lorentz force to achieve a greater optical scan angle of £13.5°. Compared to the
DS-FPCB micromirror, the FPCB magnetic micromirror uses a larger aperture of 4 mm x 4 mm,
beneficial for better total reflection and alignment of larger laser spot sizes. The FPCB
micromirror consists of internal copper coils allowing for current to flow. The presence of two
magnets on either side of the FPCB, introduces a magnetic field that rotates the FPCB micromirror
(Lorentz Principle), depending on the direction of the current supplied. However, the size and
optical scan angle of this FPCB micromirror scanner is limited by the required external magnets
positioned on either side of the FPCB micromirror. The two external magnets result in a wider
footprint of the laser scanner, which increases size and difficulty in positioning with laser
rangefinding components (laser and receiver). Furthermore, the magnets limit the achievable
optical angle due to the blocking of the scanned laser spot during wider optical scan angles. The
potential covering of the scanned laser spot during scanning, especially at wider angles, will yield
error detections within laser rangefinding applications. A wider angle is achieved using the FPCB
magnetic micromirror (compared to the DS-FPCB micromirror), however the magnets results in

a larger (wider) overall size and limits the achievable optical scanning angle due to blocking.

y ‘ ATT RS
| Flexible PCB ¢

structure &5 B ¢

Figure 1-7: FPCB Magnetic Micromirror [51]
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The DS-FPCB micromirror achieves an attractively small device footprint and slightly larger
mirror aperture size (2 mm x 2mm) compared to MEMS micromirrors (< 1 mm). However, the
DS-FPCB micromirror is limited to a narrow optical scanning FOV (+5.4°), which requires a very
high driving voltage (= 150 V) for electrostatic actuation. In addition, the DS-FPCB micromirror is
limited by the “pull-in effect”. A FPCB magnetic micromirror has been proposed, which achieves
a larger aperture (4 mm x 4 mm) and utilizes the Lorentz force to achieve a greater optical
scanning FOV (£ 13.5°) than the DS-FCPB micromirror. However, the FPCB magnetic micromirror
has an overall larger footprint size, due to the requirement of two magnets on either side of the
FPCB micromirror. The magnets pose a risk in damaging nearby electronics and also blocks the

scanning laser spot when achieving a larger optical scanning FOV.

The current proposed FPCB micromirrors are limited in their achievable optical scanning FOV,
due to either a high driving voltage required or the blocking of neighboring components
(magnets). In the case of the FPCB magnetic micromirror, the magnets increases overall size and
difficulty integrating as a laser scanner. These problems will affect the overall performance for

scanning laser rangefinding applications, such as size and detectable FOV.

1.3 Objectives

The objectives of this thesis is as follows:

1) Propose and develop a FPCB micromirror with the following features:

a. Larger optical scan angle compared to the current traditional MEMS micromirrors
and developed FPCB micromirrors. Ideally, an optical scan angle of + 15° or greater
for close to resonance operation or static operation.

b. Larger mirror aperture size (> 5 mm) with high flatness

c. Smaller scanner device footprint, less than the developed FPCB magnetic
micromirror

2) Establish the static and dynamic model of the FPCB micromirror
3) Assembly of a FPCB micromirror scanner prototype for testing

4) Application and testing of the FPCB micromirror scanner for scanning laser rangefinding

10



1.4 Organization

The thesis is organized as follows:

e Chapter 2 presents the design and principle of the external electromagnetic FPCB
micromirror

e Chapter 3 presents the modelling of the FPCB micromirror

e Chapter 4 presents the FPCB micromirror scanner prototype

e Chapter 5 presents the scanning laser rangefinder prototype using the proposed and
developed FPCB micromirror scanner porotype

e Chapter 6 presents the conclusion and future work
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Chapter 2. External Electromagnet FPCB micromirror Design & Principle

2.1 Design

An external electromagnet FPCB micromirror (named EEM-FPCB micromirror hereafter) is
proposed as an alternative FPCB based micromirror laser scanner. The EEM-FPCB micromirror
achieves a greater optical scan angle and larger aperture size compared to both previously
mentioned FPCB micromirror scanners, DS-FPCB and FPCB magnetic micromirror. In addition, the
EEM-FPCB micromirror scanner achieves a smaller overall footprint compared to the FPCB
magnetic micromirror scanner. The problems associated with neighboring permanent magnets
and limited optical scan angles have been solved by using external electromagnets (solenoids)
for scanning actuation. The external electromagnets provide great optical scanning potential and
is not limited by the problems faced by other proposed FPCB micromirror scanners, i.e. a high
driving voltage required, the “pull-in effect”, large (wider) scanner footprint, and blocking of the
scanned laser spot. The proposed EEM-FPCB micromirror still provides the advantages of the use
of the material FPCB. These advantages include a larger achievable aperture size, easy and high
yield bonding of the micromirror plate (high strain strength), and low-cost using a mature FPCB
fabrication process. Similar to the other proposed FPCB micromirror scanners, an inexpensive
low-cost dicing process is used to independently fabricate highly flat and large aperture
micromirror plates, easily bonded onto the FPCB actuator with high-yield. Two configurations of
the proposed EEM-FPCB micromirror have been designed, developed, and tested. Both
configurations are similar in design, and the differences will be explained in this chapter. This
thesis primarily focuses on the design, modelling, testing, and laser rangefinding application using
the first configuration of the EEM-FPCB micromirror. The scanning performance of the second
configuration has been tested with results documented in a published journal paper titled,
“External Electromagnet FPCB Micromirror for Large Angle Laser Scanning”. The second

configuration will also be briefly explained in this chapter.
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2.2 Electromagnetic Actuation

The previously mentioned FPCB micromirrors use electrostatic actuation and magnetic
actuation, for the DS-FPCB and FPCB magnetic micromirrors, respectively. Electrostatic actuation
is limited to small optical angles due to the required high voltage and pull-in effect. Alternatively,
magnetic actuation provides greater optical scan angles by the use of Lorentz force. Magnetic
actuation does not face the problem of the pull-in effect, nor does it require a high driving voltage
to achieve the same or larger optical scan angle. However, magnetic actuation requires the
presence of a magnetic field provided by permanent magnets. These magnets are placed on
either side of the FPCB micromirror, as seen in Figures 1-6. This results in a larger footprint size
for the scanner, due to the excess space required beyond the mirror plate, particularly along the
width direction (shown by red arrow in Figure 1-7). Furthermore, the permanent magnets limit
the achievable optical scan angle, due to the blocking of the scanning laser spot at larger angles.
Also, the permanent magnets pose a magnetic hazard (unwanted attraction or repulsion)

between closely integrated components (laser or screws) during application.

The EEM-FPCB micromirror uses electromagnetic actuation to solve the problem of
limited optical scan angle achievable and large footprint size. A solenoid (shown in Figure 2-1)
has been used to provide an electromagnetic force used to actuate the scanning motion of the
FPCB structure. A solenoid produces a magnetic field controlled by the electric current supplied
to tightly-packed copper helix coils wrapped around a cylindrical rod composed of a ferrous
material (commonly iron). The FPCB structure alone is not affected by the solenoid’s magnetic
field, therefore small permanent magnet discs (< @ 1.5 mm) have been bonded onto either sides
of the FPCB structure. The solenoids attract and repel these bonded small magnet discs, providing

rotation for scanning.
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Figure 2-1: Solenoid working principle [57]

2.3 First Configuration (Copper in Torsion Beam)

The design of the EEM-FPCB micromirror scanner for the first configuration is shown in Figure
2-2. Preliminary results of the first configuration design have been reported in a conference paper
for IEEE OMN 2019 [58]. Deeper study and results have been further reported in a submitted
paper (under review) to the “Journal of Micromechanics and Microengineering”. Additionally,
the second configuration design (described in the following section 2.4) has been reported in a
published journal paper [54] in “Journal of Micromachines”. The first configuration is similar to
the second configuration, except with the main difference of a copper film added in the torsion,
which can be seen in Figure 2-2. The addition of a copper film within the torsion beams allowed
for the flexibility of adjusting beam stiffness, ultimately determining the scanning performance
of the EEM-FPCB micromirror, i.e., resonant frequency and optical scan angle. The EEM-FPCB
micromirror scanner consists of the following components: FPCB structure, elliptical mirror plate,

two permanent magnet (PM) discs, and two solenoids (electromagnets). The FPCB structure is
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made of two polyimide layers sandwiching a thin middle copper layer. The FPCB structure
consists of the following sections: flame retardant 4 (FR4) clamping pads, torsion beams, and
elliptical middle seat. The torsion beams serve as the rotational axis for scanning actuation and
provides a connecting support between the elliptical middle seat and FR4 clamping pads. The
middle seat is the area for the bonding of an elliptical mirror plate, used for laser reflection. The
FR4 clamping pads are used to fasten the torsion beams onto a mechanical part. The two PM
discs are bonded (using adhesive glue of Loctite 401) on the backside of FPCB structure, close to
the tips of elliptical middle seat, as shown in Figure 2-2. Too large of a PM disc will result in an
increase load on the FPCB scanning actuator, potentially causing it to bend or deform due to the
gravitational weight of the PM discs. Therefore, the size of the PM disc was chosen to be relatively
small and light having dimensions of less than 2 mm for both the diameter and thickness. A
solenoid (electromagnet) is positioned directly below each of the bonded PM discs. The solenoids
consist of an relatively small iron rod core (size explained in Chapter 3) wrapped with insulated
thin copper coils of 0.254 mm in diameter The attractive and repulsive force produced by the
solenoids on the PM discs is used to rotate the FPCB micromirror about its torsion beams, as

shown in Figure 2-3.
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Figure 2-2 External Electromagnet FPCB Micromirror Scanner (Configuration 1)
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Figure 2-3: Electromagnetic scanning actuation of the EEM-FPCB micromirror [54]

Compared to the FPCB magnetic micromirror, this FPCB micromirror does not have the
problem of relatively large permanent magnets blocking the scanning FOV. Instead, solenoids are
placed beneath the FPCB micromirror, away from its scanning FOV. Therefore, larger optical
scanning angles can be achieved without interruption and limitation. In addition, the use of
solenoids poses little to no immediate magnetic hazard when placed near neighboring electronic.
As opposed to the large PM magnets, which may result in damages from unexpected magnetic
attraction. Furthermore, the overall footprint using solenoids results in a smaller width beyond
the mirror plate, compared to the FPCB magnetic micromirror. This allows for a more compact
design of the EEM-FPCB micromirror scanner and permits closer placement of additional
neighboring electronics. In the case of scanning laser rangefinding, the laser and receiver can be

easily placed closer to the EEM-FPCB micromirror scanner to reduce overall device size.
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2.4 Second Configuration (No Copper in Torsion Beam)

The second configuration of the EEM-FPCB micromirror shown in Figure 2-4. As
mentioned earlier, further results of the second configuration design can be found in a published
journal [54]. The design of the second configuration is similar to the first configuration, with the
main difference of the second configuration having shorter and wider torsion beams with no
copper. Copper has been excluded from the torsion beams in 2" configuration design in order to
increase the achievable maximum optical angle allowable. This is due to the higher young'’s
modulus of copper compared to polyimide (explained in Chapter 3). Copper being a stiffer
material than polyimide, experiences greater stress than during rotation, thus limiting the
maximum achievable rotation angle without plastic deformation. In addition, the second
configuration uses larger (stronger) solenoids and smaller bonded PM discs. The differences in

beam, solenoid, and PM disc dimensions will be discussed in section 3.

Mirror plate

FR4 clamping pad

Middle seat
PM disc

Electromagnet
(solenoid)

Figure 2-4: External Electromagnet FPCB Micromirror Scanner (Configuration 2)
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Chapter 3. Modelling of External Electromagnetic FPCB micromirror

The program ANSYS [59] has been used for finite element analysis (FEA) to simulate the static
and dynamic response of the first and second configuration of the proposed EEM-FPCB
micromirror. The solenoids are the main component for generating the electromagnetic force for
rotation of the EEM-FPCB micromirror. The magnitude of the electromagnetic force is influenced
by the current supplied to the solenoids. This relationship is shown in Equation 1 having the
following variables: Electromagnetic force in Newtons (F), Number of copper coil turns (N),
Current in Amps (1), Area in m? (A), Permeability of air (u, = 4w10~7), Relative permeability of
an iron core (k = 200), Gap between solenoid and ferromagnetic material in meters (g). The
rotation of the EEM-FPCB micromirror is indirectly related to the current supplied to the
solenoids. However, for practical testing, voltage is more convenient to supply and regulate than
current. Thus, voltage has been used to model the response of the rotational response of the
EEM-FPCB micromirror. The static response simulation will show the relationship of the optical
angle of the micromirror with respect to voltage supplied. The dynamic simulation response will
show the resonant frequencies (Modes) of the EEM-FPCB micromirror.

(WD ke, A
F_< 2-g? )

(1)

The primary focus of this thesis is on the design and application of the first configuration.
Both configurations will follow the same modelling process and parameters which will be further
elaborated within this chapter. The modelling results of the first configuration will be mainly

discussed and the second configuration will be briefly summarized.

3.1 Parameters of the EEM-FPCB micromirror

The FPCB structure is primarily composed of two polyimide sandwiching a copper layer. The
respective thicknesses of the polyimide and copper layers are 57 um and 36 um. The bonded
micromirror plate is elliptical in shape with dimensions of 8 mm x 5.5 mm x 0.1 mm. The elliptical

micromirror plate is coated (on one side) with a layer of 100 nm of gold, which provides excellent
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reflectivity (= 98%) for infrared wavelengths (> 700 nm) [60]. The relatively thin gold-coating
(nanometers) on the elliptical micromirror plate has been ignored within simulation, due to its
insignificant contribution to overall mass. The FR4 clamping pads are 5 mm x 5 mm x 0.5 mm,
and have been modelled as the fixed boundary conditions of the EEM-FPCB micromirror for both
static and dynamic simulations. The only differences between the designs of both configurations
(15t and 2") are beam layering, beam size, solenoid size, and PM disc size. These differences are
listed in Table 1. These differences are further illustrated in Figure 2-2 and Figure 2-4, for the 1%

and 2" configuration respectively.

Table 1: Design differences between the 1st and 2nd configuration

1t Configuration 2"d Configuration
Copper beam 4x0.1 N/A
Polyimide beam 4x0.5 3x1
Solenoid @ 4 x 19 (534 coil turns) @ 6 x 19 (1600 coil turns)
PM disc ®15x1 P1x1

The torsion beams of the FPCB structure consist of a polyimide layer and, depending on
the design configuration, with or without a sandwiched copper layer. The 1% configuration has a
slimmer and longer polyimide beam, which contains a thin sandwiched copper layer between the
two polyimide layers of the torsion beam. A copper layer within the polyimide beams was not
added in the 2" configuration. These design changes in the torsion beam composition (Copper
or No Copper) and size (Length and Width) have been made to adjust the torsion beam stiffness,
thus changing the static and dynamic response of the EEM-FPCB micromirror. Furthermore, a
stiffer beam would yield a higher resonant frequency and require a higher driving voltage for the

same rotational angle.

The solenoid and PM disc size also differ between the 15t and 2" configuration. The 1%
configuration uses smaller solenoids (in terms of diameter) and a slightly larger PM disc, to

compensate for a weaker solenoids. The 1%t configuration solenoid (smaller solenoid) consists of
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534 turns of copper coils and has a resistance of 29 Q. The second configuration solenoids (bigger

solenoids) consists of 1600 copper wire turns and has a resistance of 87 Q.
The densities used for copper, polyimide, micromirror plate and PM disc of the FPCB

. . k k k k
micromirror structure are 8970 g/m3, 1420 g/m3, 2330 g/m3, and 7500 g/m3

respectively. The respective Young’s Modulus used for copper and polyimide are 110 GPa and 4
GPa. Lastly, the Poisson ratio used for both copper and polyimide is 0.34. The copper wire used
for the coils in both solenoids is AWG #30 and has a maximum current rating of 0.142 A [61].
Therefore, the maximum allowable voltage that can be supplied to the 15t and 2" configuration
solenoids are 4.1 V and 12.4 V respectively. The maximum current rating for the copper wire is
the limit before overheating of the wire occurs, causing melting and damage of the insulation or
conductor. The effects of inductance from current flow within the solenoids have been ignored,

since the solenoids will be driven at relatively high frequencies (= 100 Hz).

3.2 First Configuration

3.2.1 Static Performance

The static rotation angle of the EEM-FPCB micromirror is actuated by the electromagnetic
force generated by the solenoids, which is controlled by a voltage supply. The static performance
of the EEM-FPCB micromirror will be simulated showing the relationship between voltage
supplied to the solenoids and optical scan angle of the FPCB micromirror. The two solenoids will
be supplied with a driving voltage with opposite polarity, resulting in each of the solenoids having
opposite magnetic fields at all times. Furthermore, the PM discs are bonded beneath the FPCB
structure such that their magnetic poles (north and south) face the same direction (shown in
Figure 2-3). Therefore, each PM magnet disc will experience the opposite electromagnetic force

(attraction or Repulsion) than the other PM disc, thus producing torque for scanning actuation.

The repulsive force of the solenoids will always be weaker compared to the attractive force
experienced by the PM discs. This is due to the inverse square relationship of distance between
the solenoids and PM discs have with the strength of the electromagnetic force. This unequal

attraction and repulsion of the PM magnet discs will cause rotation of the FPCB micromirror with
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translation (towards the solenoids). Translation during rotation for the 1%t configuration of the
EEM-FPCB micromirror has been simulated using a driving voltage of 5 V for an initial offset of 2
mm and 3 mm between the PM discs and solenoids. The initial offset is the distance between the

solenoid and PM disc before rotation of the FPCB micromirror.

Table 2 shows the attractive and repulsive force experienced by the PM discs from the
solenoids for a driving voltage of 5 V for initial offsets 2mm and 3 mm. Furthermore, the optical
angle achieved, translation of the FPCB micromirror, and relative change of the FPCB micromirror
offset are shown in Table 2. Since the attraction force is always greater than the repulsive force,
the translation of the FPCB structure is always going to be towards the solenoids. Simulations
show that the translation during rotation of the FPCB micromirror is significantly smaller than the
initial offset and considered negligible. Therefore, pure rotation (without translation) of the FPCB

micromirror can be assumed during simulations.

The following steps have been used in determining the static response of the FPCB
micromirror. The 1st step involves obtaining a graph relation between the pure mechanical
rotation angle of the FPCB micromirror and the required torque. This step utilizes the ANSYS
workbench for static structural analysis. The 2" step involves obtaining a graph relation between
the mechanical rotation angle of the FPCB micromirror and the required torque, for a given
voltage supplied to the solenoids with the PM discs positioned according to the mechanical
rotational angle. This step utilizes ANSYS Maxwell for electromagnetic field simulations. The 3™
and last step involves finding the intersections or interpolated points between the two graph
curves obtained from steps 1 and 2. Finally, from step 3, a graph of the relation between
mechanical rotation angle of the FPCB micromirror and voltage is generated. The previously
mentioned 3 steps are used in determining the response of driving voltage and mechanical
rotation angle of the first configuration of the EEM-FPCB micromirror. The results for the 1% step
are tabulated in Table 3 and illustrated by a graph shown in Figure 3-1. The results for step two

are tabulated in Table 4 and illustrated by a graph shown in Figure 3-2.
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Table 2: Translation during rotation of the 1st configuration FPCB micromirror

Voltage (V) 5 5

Offset (mm) 2 3
Attractive Force (mN) 12.73 5.96
Repulsive Force (mN) 6.59 4.38
Translation (um) 6.6 25.7

Optical rotation angle (°) 28 15

Relative change of initial
0.22 % 1.29%
offset due to translation (%)

Table 3: Results of pure mechanical rotation and required torque

Pure Mechanical Rotation Angle (°) Torque (mMN*mm)
0 0
0.5 2.8
1 5.5
2 11.0
3 16.5
4 21.9
5 27.4
6 32.9
7 38.4
8 43.8
9 49.3
10 54.8
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Figure 3-1: Graph of pure mechanical rotation versus Torque
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Table 4: Results of Mechanical rotation angle and torque produced from the electromagnetic field of the solenoids for a specific

driving voltage

Mechanical Torque (MN*mm)
Rotation
Angle (°) Using 0.58 V | Using 1.16 V | Using 1.74 V | Using 2.32V | Using 2.9V | Using 3.48V | Using 4.64V | Using 5.8V
0.5 4.5 8.9 13.6 17.3 21.4 24.2 30.6 41.7
1 4.8 9.2 13.7 17.3 21.6 25.1 31.0 42.4
2 5.2 9.3 13.7 17.7 21.9 26.0 324 43.2
3 53 9.8 135 18.2 22.0 27.0 33.6 44.2
4 5.7 10.1 13.8 18.4 22.7 28.0 354 45.2
5 6.3 10.6 14.8 19.1 234 29.2 36.2 46.3
6 6.9 11.2 16.0 19.8 24.0 30.0 374 47.0
7 8.0 12.2 18.1 21.0 25.4 30.8 38.4 49.2
8 8.6 13.2 19.9 22.0 26.5 31.6 38.6 49.6
9 9.6 14.4 21.8 23.2 27.8 32.6 394 50.4
10 10.7 15.3 23.5 244 28.9 33.1 40.2 51.7
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Figure 3-2: Graph of mechanical rotation angle versus torque for a specific solenoid driving
voltage.

26



10

Mechanical Roation Angle (°)
B )
[ ]
1
Lo
o
p. o
2. O r
%":P 'ﬁﬁ, ‘Tg_q
o -
. < C"& 0%
o, Q%

O
2 \#F'
o
W Q
1
0 27.4
0 10 20 20 40 50 60

Torgue (MN*mm)

Figure 3-3 Graph of both curves from graphs shown in Figure 3-1 and 3-2, with the intersections
from both curves shown by red circles
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The points of intersection between curves obtained from step 1 and 2 are shown in Figure
3-3 with red circles. Interpolation was used to determine the voltage for a mechanical angle
falling in-between two curves with different respective driving voltages, shown as a green circle

in Figure 3-3. The following equation is used for interpolation,

Tmiddle - Tlower

V= Vlower + ( > (Vupper - Vlower) (2)

Tupper - Tlower

Table 5: Results of Optical rotation angle and corresponding required driving voltage.

Optical rotation angle (°) Driving Voltage (V)
-12 -3.93
-10 -3.30

-8 -2.79
-6 -2.11
-4 -1.38
-2 -0.67
0 0

2 0.67
4 1.38
6 2.11
8 2.79
10 3.30
12 3.93

The green circle shown in Figure 3-3 shows the pure mechanical rotation angle of 5° with
a required torque of 27.4 mN*mm (T},;q41¢), Which falls between curves of driving voltages 3.48

V (Vupper) and 2.90 V (Vioyer) With respective torques of 29.2 mN*mm (T per) and 23.3 mN*mm

ppe
(Tiower)- Using equation 2 and the mentioned corresponding values, the voltage required to
achieve a mechanical rotation angle of 5° is calculated to be 3.3 V. Table 5 shows the calculated
values of voltage for a corresponding optical rotation angle using Equation 2 and Tables 3 & 4.
The optical rotation angle is double (2x) the mechanical rotation angle. Only positive mechanical

rotation angles have been considered in Tables 3 and 4. Due to rotational symmetry, the negative

mechanical rotation angles have been determined as having the opposite driving voltage as the
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positive mechanical rotation angle of equal magnitude, i.e., 3.3 V to achieve 5° and -3.3 V to

achieve -5°.
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Figure 3-4: Graph of Optical rotation angle versus driving voltage.

Figure 3-4 shows the graph relation of the simulated static response of the EEM-FPCB
micromirror for optical rotation angle and driving voltage. As expected, the optical rotation angle
of the EEM-FPCB micromirror follows a linear relationship with the driving voltage supplied to

29



the solenoids. The maximum optical angle simulated is 12°, which requires a driving voltage of
3.93V, close to the maximum voltage rating (4.1 V) of the solenoids. Therefore, static simulations

were stopped for an optical angle of 12°,

3.2.2 Dynamic Performance

Modal analysis on ANSYS is used to simulate the dynamic response of the EEM-FPCB
micromirror. The first three modes (resonant frequencies) of the EEM-FPCB micromirror have

been simulated for both configurations.

The first mode of the first configuration has a resonant frequency of 117 Hz, with rotation
about the torsion beams, shown in Figure 3-5. The 2" and 3™ modes have respective resonant
frequencies of 293 Hz and 1149 Hz. The 2™ mode resonates with vertical translation shown in
Figure 3-6. The 3™ mode resonates with lateral translation shown in Figure 3-7. The resonant
frequency of the first mode is the primary dynamic response that will potentially provide the

largest optical angle rotation of the EEM-FPCB micromirror during scanning.

A: Modal FPCB micro
Total Deformation
Type: Total Deformation
Frequency: 117. Hz

Unit: mm

2020-01-22 1:23 PM

0.20942 Max
0.18615

0.13961
0.11634
| 0.093075
| 0.069806
0.046537
0.023260
0 Min

Figure 3-5: 1st Mode.
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A: Modal FPCB micro
Total Defarmation 2
Type: Total Deformation
Frequency: 292,9 Hz
Unit: mm

2020-01-22 1:23 PM

0.14035 Max
012475
01096
0.093566
0.077971
0.062377
0.046783
0.031189
0.0155%4

0 Min

Figure 3-6: 2nd Mode.

A: Modal FFCB micro
Total Defarmation 3
Type: Total Defarmation
Frequency: 1148.8 Hz
Unit: mm

2020-01-22 1:24 PM

0.14234 Max
012653
011071
0084397
0.079081
0063264
0.047448
0.031632
0015818

0 Min

Figure 3-7: 3rd Mode
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3.2.3 Stress Analysis

The stress experienced by the FPCB material during the mechanical rotation of the EEM-FPCB
micromirror has been simulated using ANSYS workbench for static structural analysis. FPCB is
comprised of copper and polyimide, which have different yield strengths. The yield strength of
copper is determined using the journal paper titled, “The yield strength of thin copper films on
Kapton” [62]. The following equation is a function of material layer thickness and is used to

determine the yield strength of copper,

oy = 116 + 355t 70473 (3)
The thickness of the copper layer used within the design of the EEM-FPCB micromirror is
36 um. Using Equation 3, and the yield strength of copper was calculated to be 181.2 MPa. The
yield strength of polyimide is 86-89 MPa, which was determined using the material properties of
Kapton Polyimide listed in the site titled “Dielectric Manufacturing” [63]. The following Table 6
lists the maximum stress experienced by polyimide and copper for a mechanical rotation of +10°

(£20° optical angle).

Table 6: Stress analysis of Polyimide and Copper

Polyimide Copper
Maximum stress (MPa) 10 MPa 119 MPa
Yield stress (MPa) 86-89 181.2
Location Torsion Beam Torsion Beam

Furthermore, using the limiting yield stress of copper and polyimide, the simulated
maximum angle that the EEM-FPCB micromirror can achieve is £10° mechanical rotation angle
(£20° optical angle), without experiencing plastic deformation. The maximum stress is
experienced by the thin copper in the FPCB structure torsion beam during mechanical rotation,
as shown in Figure 3-8. Furthermore, from simulated stress analysis a maximum optical rotation
angle of +30° (60° Field-of-View), without exceeding the vyield stress limits of polyimide and
copper. Failure during the scanning motion about the torsional axis will be attributed to the shear

stress experienced by copper (primarily) within the torsion beams. This is due to its relatively
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larger young’s modulus compared to polyimide, making it stiffer material that is more resistant
to deformation (torsion or bending). The high concentration of stress from torsional rotation is

justified in Figure 3-8.

Equivalent Stress

Type: Equivalent fwon-hises) Sress
Unit MPa

Tirne: 1

14742020 9:00 A

119,53 Max
110,93
10745
93.915
85.377
76,539
62301
59,764
51.226

47 508
34,151
15613
17.075
8.5377
1.7449e-6 Min

Polyimide

Copper

Figure 3-8: Stress analysis of EEM-FPCB micromirror for +10° mechanical rotation.
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3.3 Second Configuration

3.3.1 Static Performance
The second configuration follows the same process (steps 1-3) for simulating static response
as the first configuration, explained in the previous section (3.2). The final results of optical angle

versus driving voltage (step 3) for the second configuration is shown in Figure 3-5.
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Figure 3-9: Graph of optical rotation angle versus driving voltage [54]

34



The second configuration only comprises of polyimide within the torsion beams, therefore
the parameters used for polyimide during simulations significantly affect the simulation results.
Due to the viscoelastic properties of polyimide, the young’s modulus of polyimide can vary within
the range from 2-4 MPa and is further affected by other factors such as humidity, which will be
explained in chapter 4. Therefore, multiple young’s moduli of polyimide (2.5, 3.2 & 4 GPa) have
been used for static simulation. A non-high static angle (+3° optical angle) was simulated for the
second configuration since the application for this configuration is intended for large angle

scanning using resonant rotation.

3.3.2 Dynamic Performance

The first three modes of the second configuration have also been simulated and shown
in Figure 3-9 (a)-(c) respectively. The first mode has a resonant frequency of 207 Hz, having
rotation about the torsion beams. Similar to the first configuration, the 1t mode is of most
significance as it will provide the greatest mechanical rotation angle during scanning. The 2" and
3" modes have respective resonant frequencies of 437 Hz and 1480 Hz. The 2"¥ mode translates

vertically and the 3™ mode rotates about the width axis of the elliptical micromirror.

(b) ()

Figure 3-10: (a) 1st mode (b) 2nd mode (c) 3rd mode [54]

3.3.3 Stress Analysis

The maximum rotation angle (about the torsion beams) of the second configuration
depends mainly on the yield strength of polyimide, since no copper layer was added into the
torsion beams. The yield strength of polyimide used is 86-89 MPa, same as the first configuration.

Using this yield strength of polyimide, the maximum optical scan angle of the second
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configuration of the EEM-FPCB micromirror is limited to +50° (+25° mechanical rotation angle).
The second configuration was designed in having no copper in the torsion beams, to achieve a
greater optical scan angle at resonance than the first configuration. This is because copper has a

higher young’s modulus (stiffer or less flexible) compared to polyimide.
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Chapter 4. EEM-FPCB Micromirror Prototype & Testing

Two Prototype scanners have been made, one for the first configuration and another for the
second configuration. The static and dynamic performance have been experimentally tested by
an optical setup using a laser (for illumination) and a PSD (position sensitive detector) for tracking
of the optical rotation angle of the EEM-FPCB micromirror during laser spot scanning. Multiple
gold-coated elliptical micromirror plates (of the same design, 8 mm x 5.5 mm) were fabricated
and used for both configuration designs of the EEM-FPCB micromirror scanner, shown in Figure
4-1. These mirror plates are bonded using an adhesive to the middle elliptical seat for both
configurations. The flatness of the gold-coated elliptical micromirror plate is measured on a Zygo
3D optical profiler. Its ROC (Radius-of-Curvature) is measured to be ~15 m, which varies between
10~ 20 m. The variation could be caused by non-uniform metal coating on the micromirror plate
during fabrication. These highly flat mirror plates were used for both configurations. The static &
dynamic testing of the 15t and 2"? configurations (in that order) will be discussed in the following

sections, 4.1 and 4.2 respectively.

~N

Figure 4-1: Gold-coated elliptical (8 mm x 5.5 mm) micromirror plates.
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4.1 First Configuration Prototype

Figure 4-3: 15t configuration FPCB micromirror structure (Left) FPCB micromirror front side with
& without bonded mirror plate. (Right) Solenoid and backside of FPCB micromirror.

The dimensions of the assembled 1° configuration of the EEM-FPCB micromirror scanner
is 3 cm x 3 cm x 3.5 cm, shown in Figure 4-2. Figure 4-3 (Left) shows the 1%t configuration FPCB
micromirror structure with and without the bonded micromirror plate. A small coin (@18 mm)
has been included in the figure for scale. Figure 4-3 (Right) shows the solenoid (external
electromagnet) used and the backside of the FPCB structure with two bonded PM discs at the

tips of the width of the elliptical middle seat. The FPCB micromirror is assembled with a gap of
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approximately 2.5 — 3 mm between the centers of the solenoids and bonded PM discs on the
backside of the FPCB micromirror structure. This gap was difficult to accurately measure after
assembly. In addition the solenoids were assembled approximately 8mm apart. The setup of
testing the FPCB micromirror’s static and dynamic performance response is shown in Figure 4-4,

which consists of a laser and PSD.

Figure 4-4: Setup for testing optical rotation angle of the EEM-FCPB micromirror.

4.1.1 Static Response

The experimental and simulated static response of the first configuration design EEM-
FPCB micromirror scanner is shown in Figure 4-5. The variance between the experimental and
simulated static performance results could be attributed to the offset between the PM discs and
solenoids. Furthermore, for higher angle scans the centers of the PM discs are not aligned with
the centers of the solenoids. During simulations, the PM discs and solenoids were assumed to

have their centers perfectly aligned. The experimental testing of the static performance of 1%
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configuration EEM-FPCB micromirror was stopped for an angle of 12°, since the voltage required

to achieve such angle surpasses the voltage rating of the solenoid of 4.1 V.
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Figure 4-5: 15t configuration EEM-FPCB micromirror’s static performance.

4.1.2 Dynamic Response

Figure 4-6 shows the experimental results of total optical scan angle (will be referred to
as FOV, for Field-of-View) versus driving frequency at various driving voltages. The rotation
resonant frequency (1%t mode) of the 1%t configuration EEM-FPCB micromirror was tested to be
111 Hz, which is marginally lower than the simulated value of 117 Hz. The variance between

experimental and simulated values of the rotational resonant frequency could be attributed to
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the perfect clamping conditions assumed during simulations. In addition, humidity has been
observed to affect the scanning performance of both configurations of the EEM-FPCB

micromirror. Further details on the effects of humidity will be discussed in the following section,

4.1.3.
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Figure 4-6: Dynamic performance of 1% configuration EEM-FPCB Micromirror

A sinusoidal driving voltage with amplitudes of 0.125V, 0.25 V, and 0.35 V have been used
to test the dynamic performance of the 15t configuration EEM-FPCB micromirror for a frequency
range from 0 Hz to 1000 Hz. However, frequencies greater than 300 Hz weren’t included in Figure
4-6, since the optical scan angle for all driving voltage amplitudes, settled to 0°. In addition, a

second resonant frequency peak should’ve been detected at approximately 293 Hz (according to
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simulations in chapter 3), however the setup shown in Figure 4-4 can only detect the first mode
of scanning rotation about the torsion beams. Each sinusoidal driving voltage amplitude yielded
a resonant frequency of 111 Hz. In addition, the FOV at resonance for the driving voltages of
0.125V,0.25V, and 0.35V are 27°, 46°, and 60° respectively. Recalling back to the stress analysis
in section 3.2.3, the simulated maximum optical angle achievable by the 1%t configuration EEM-
FPCB micromirror (without exceeding the yield stress limits of polyimide and copper) is 60°FOV.
Therefore, the testing driving voltage was stopped at 0.35 V which achieves a maximum FOV of
60° at resonance. Testing of a driving voltage greater than 0.35 V could potentially damage the

FPCB structure due to plastic deformation.

4.1.3 Fatigue Testing

The reliability and durability of the 1%t configuration EEM-FPCB micromirror scanner has been
tested at 100 Hz at a FOV of 40°. The fatigue testing has been performed by having the scanner
run in 24/7 mode, which currently has lasted a couple months. Thus far the prototype has
endured approximately 1.2 billion cycles with the fluctuation in FOV mainly caused by the
changes in humidity of the testing environment. Figure 4-7 shows the Field-of-View of the 1%t
configuration EEM-FPCB micromirror scanner versus the numbered of cycles endured.
Additionally, Figure 4-8 shows the correlation between changes in scanning FOV and humidity.
The dashed lines in the figures are the regions where no data was recorded due to a technical
accident of the computer not recording data. However, during this technical accident, the fatigue

test was continuously running without interruption.

Polyimide is a viscoelastic material that behaves as both a fluid and elastic solid at the same
time, this is due to its long molecule strands of polymer. Furthermore, humidity affects the
material properties of FPCB such as its stiffness and/or flexibility [64-66]. As observed from Figure
4-8, the fluctuations in humidity caused a proportional fluctuation in the scanning FOV of the
EEM-FPCB micromirror scanner, i.e., as humidity increased, scanning FOV decreased and vice

versa. Furthermore, the greater the change in humidity, the greater the change in scanning FOV.
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The problem of humidity affecting the scanning performance of the EEM-FPCB
micromirror scanner can be solved by vacuum sealing the FPCB micromirror using a transparent

glass or plastic contraption.
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Figure 4-7: Total optical angle (FOV) versus number of oscillation cycles for the 15t configuration.
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Figure 4-8: Correlation between scanning angle and humidity for the 1° configuration
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4.2 Second Configuration

Figure 4-10: 2™ configuration FPCB micromirror structure (Left) Front side of FPCB micromirror
without bonded mirror plate. (Right) Solenoid
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Figure 4-9 shows the assembled 2" configuration of the EEM-FPCB micromirror scanner.
The dimensions of the assembled scanner is the same as the 1%t configuration, since it uses the
same mechanical housing part designs, however 3D printed (thus the grey color). Figure 4-10
(Left) shows the front side of the 2" configuration FPCB micromirror structure without the
bonded micromirror plate. Furthermore, compared to the first configuration (see Figure 4-3
(Left)), the 2" configuration has relatively shorter and wider torsion beams that consists of no
copper layer. In addition, Figure 4-10 (Right) shows the relatively larger solenoid used for the 2™
configuration. Two relatively smaller PM discs are also bonded to the backside of the FPCB
structure, similar to the 1t configuration shown in Figure 4-3 (Right). The gap between solenoids
to PM discs and solenoids to solenoids, are assembled similar to the 1t configuration (refer to
section 4.1). The differences between the 15t and 2" configurations have already been explained

and can be referenced in chapter 3 of Modelling.

The experimental testing of the 2" configuration EEM-FPCB micromirror scanner uses the

same setup of a PSD and laser as shown in Figure 4-4.

4.2.1 Static Response

The experimental testing and simulated results of the static performance of the 2"
configuration EEM-FPCB micromirror is shown in Figure 4-11. As mentioned prior, multiple
young’s moduli of polyimide have been simulated. From Figure 4-11, the simulated results for a
polyimide young’s modulus of 3.2 GPa best fits the experimental results. This shows that the
discrepancy in the material properties of FPCB polyimide, especially young’s modulus, can cause
a variance between simulated and experimental results. Only the general material properties of
FPCB polyimide before the FPCB fabrication process is available. Furthermore, after the FPCB
fabrication process, the material properties of FPCB polyimide can potentially change and vary,

which wasn’t available by the manufacturer.

As mentioned in chapter 3, non-high optical scan angles (+3°) has been tested for the 2™
configuration because it is intended for the application of large angle laser scanning at its

resonant frequency, as opposed to quasi-static scanning.
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Figure 4-11: 2™ configuration EEM-FPCB micromirror’s static performance.

4.2.2 Dynamic Response

The dynamic performance of the 2" configuration of the EEM-FPCB micromirror scanner
has been experimentally tested using a sinusoidal driving voltage of £3 V over the frequency
range of 0 Hz to 1000 Hz. Figure 4-12 shows the experimental dynamic performance results of
the 2" configuration EEM-FPCB micromirror scanner. The experimental resonant frequency was
tested to be 191 Hz, providing a FOV of 62°. Similar to the 1t configuration, the experimental
resonant value is lower than the simulated value of 226 Hz. This variance again can be attributed
to the imperfect clamping boundary conditions during assembly, which is assumed as perfectly
fixed (without tension or slack on the FPCB micromirror structure) during simulations.

Furthermore, experimental tests revealed that when slack or tension was evident in the FPCB
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micromirror structures torsion beams, the resonant frequency varied by 20-30 Hz higher and

vice-versa.

A FOV of 100° was simulated as the maximum limit (refer to chapter 3) that can be
achieved without exceeding the yield stress of the polyimide torsion beams. However a safety
margin was considered by having the prototype not exceed 70° FOV. Therefore a higher driving

voltage than +3 V (providing 62° FOV) wasn’t pursued for greater optical scan angles.
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Figure 4-12: Dynamic performance of 2" configuration EEM-FPCB Micromirror

4.2.3 Fatigue Testing

The reliability and durability of the 2" configuration EEM-FPCB micromirror scanner has
been tested at 200 Hz at a FOV of 70°. The fatigue testing has been performed by having the
scanner run in 24/7 mode, which currently has lasted a couple months. Thus far the prototype
has endured approximately 800 million cycles (almost 1 billion) with the fluctuation in FOV mainly

caused by the changes in humidity of the testing environment. Figure 4-13 shows the Field-of-
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View of the 2" configuration EEM-FPCB micromirror scanner versus the numbered of cycles
endured. Additionally, Figure 4-14 shows the correlation between changes in scanning FOV and
humidity. Similar to the 1%t configuration fatigue testing results, humidity affects the material

properties of FPCB such as its stiffness and/or flexibility.

Again, the problem of humidity affecting the scanning performance of the EEM-FPCB
micromirror scanner can be solved by vacuum sealing the FPCB micromirror using a transparent

glass or plastic contraption.
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Figure 4-13 Total optical angle (FOV) versus number of oscillation cycles for the 2"
configuration.
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Figure 4-14: Correlation between scanning angle and humidity for the 2" configuration.

50

Humidity (%)



Chapter 5. Scanning Laser Rangefinder

The EEM-FPCB micromirror scanner has been used to realize scanning for the application
of laser rangefinding. The developed scanning laser rangefinding prototype is intended for
the integration within low-speed automated guided vehicles (AGV), profilometry, 3D
scanning, facial and gesture recognition. These application favor a scanner that will provide
ample scanning resolution and FOV at moderately high speeds. From the two configurations,
the 1%t configuration is chosen for this application due to its better suited scanning
characteristics. The 1%t configuration design of the EEM-FPCB micromirror scanner achieves
a greater angle at lower driving voltages and achieves large angle scanning at a relatively
lower resonant driving frequency. These scanning characteristics are tabulated and

highlighted in Table 7.

Table 7: Scanning performance comparison between 15t & 2™ configuration designs.

15t Configuration 2" Configuration
FOV for +3 V (static) 16° 3.4°
Resonant Frequency (1%t Mode) =100 Hz = 200 Hz

For a lower voltage, the 1% configuration provides adequate scanning FOV at moderately
fast speeds for scanning laser rangefinding. Furthermore, the relatively lower resonant
scanning frequency (= 100 Hz) provides a sufficient refresh rate and better resolution for
scanning laser rangefinding. In contrast, the 2" configuration is intended for scanning at
higher speeds, due to its relatively higher resonant frequency. This results in the sacrifice of
lower scanning resolution for scanning laser rangefinding, i.e., for any given range
measurement sampling rate, the faster the scanning frequency, the sparser the amount of

range measurements per scan becomes.

Although the 1%t configuration was chosen due its previously mentioned ideal scanning
characteristics, the 2" configuration has advantages of its own. The 2" configuration is
capable of achieving a larger scanning FOV at high speeds (= 200 Hz). This is due to the

absence of a copper within the torsion beams, allowing for a greater maximum optical
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rotation angle whilst not exceeding the yield stress of the polyimide beam. In addition, the
2" configuration has a maximum optical scanning FOV limit of 100° (+50), compared to the
1%t configuration which is limited to 60° (+30°). In general, the 2" configuration has the
advantage of large angle scanning, however only at high speeds (high driving frequency) and
higher driving voltage. Such characteristics are advantageous for applications that require a
high speed refresh rate and wide angle scanning. Such applications include unmanned aerial

vehicles (UAV), high-speed AGV’s, and LiDAR.

This chapter will explain the working principle (method) used in to determine range by
the use of laser spot illumination. Furthermore, the design and assembly of the mechanical
parts, components, and data acquisition (DAQ) program utilized to construct the EEM-FPCB
micromirror scanning laser rangefinder prototype will be described. Lastly, the testing and

experimental results will be presented.

5.1 Design & Working Principle

FPCB
Micromirror
Scanner

Receiving lens

Figure 5-1: FPCB micromirror based laser scanning rangefinder.
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Angle convention

Figure 5-2: Laser triangulation working principle.

The two main methods of laser rangefinding are Triangulation and Time-of-flight. In
comparison to TOF, triangulation method was chosen for its advantage of great accuracy for short
(mm range) to medium ranges (< 15 m), simple hardware, simple processing, and low-cost [12,

67-69]

Figure 5-1 shows the major components of the FPCB scanning laser rangefinder. These
components include the EEM-FPCB micromirror scanner (1% configuration), laser diode, receiving
lens, and PSD. A PSD has been chosen for its simple signal processing and fast response [70, 71],
when compared to other traditional image sensors such as CCD (Charged Coupled Device), CMOS

(Complementary Metal-Oxide-Semiconductor), & PD (Photo Diode).

Figure 5-2 shows the working principle of using the triangulation method to measure
range and/or distance. The variables shown in the figure are as follows: laser spot distance on
PSD (X), focal length (F), receiving angle (R°), optical scanner angle (S°), base length (B), and

diagonal distance between the object and micromirror center (D).
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The laser diode spot projection is illuminated towards the reflective surface of the
micromirror plate of the EEM-FPCB micromirror scanner. The EEM-FPCB micromirror then
reflects and scans the incident laser spot laterally along a line in the x-direction (refer to Figure
5-2), illuminating objects and/or obstacles within the scanned environment. The scanned laser
spot incident onto the surface of an object, is diffusely reflected and collected by the receiving
lens. The receiving lens then focuses the diffusely reflected light onto the PSD (image sensor),

which produces a voltage output proportional to the received laser spot position on the PSD.

The path of the laser spot from point 1 to 3 (refer to Figure 5-2) creates a triangle, whose
parameters (sides and angles) can be solved using trigonometric relations and equations. In order
to solve all parameters of the triangle, at least any three of the triangles parameters must be
known. The first known parameters is the base length (B), which is the measured fixed center-to-
center distance between the micromirror plate of the EEM-FPCB micromirror scanner (Point 1 in

Figure 5-2) and receiving lens (Point 2 in Figure 5-2).

Secondly, the scanning angle is known, which is determined using the sinusoidal driving
signal supplied to the solenoids. This method saves both space and cost of a sensor to be used
for tracking the rotation of the FPCB micromirror during scanning. The scanning laser
rangefinding prototype has the EEM-FPCB micromirror operating at 30° optical FOV at 100 Hz,
using a sinusoidal driving voltage. The optical rotation scan angle of the EEM-FPCB micromirror
is qualitatively assumed to follow a sinusoidal response, shown in Figure 5-3. Therefore EEM-

FPCB micromirror’s optical rotation scan angle (S°) was modelled using the following equation:

S° =0, sin2rft + @) + B (4)

The following variables in Equation 4 are as follows: driving frequency (f), optical scan
angle amplitude (8,), phase shift between the driving signal and response rotation (¢), initial
optical angle of the laser spot before scanning (£), and time (t). An external PSD was used to
determine and calibrate those variables (see Figure 4-4) for an optical scanning FOV of 30° at 100
Hz (near resonance) of the EEM-FPCB micromirror scanner. Those values are: 8, = 15°, ¢ =0.44

rad (shown in green in Figure 5-3), f =100 Hz, and 5 = 0°.
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Figure 5-3: Sinusoidal driving voltage (blue) and EEM-FPCB micromirror scanner optical rotation
response (yellow)

Lastly, the third known parameter is the receiving angle (R°), which indirectly determined
using the focused laser spot position on the PSD (X). The value of X is determined using the
voltage output of the PSD. Using the value of X and the know focal length of the receiving lens
(F), the receiving angle (R®) is calculated using the following equation,

R° =tan™?! (;) (5)

Since, distance (D) is simply one of the side of the triangle formed by the laser path from
points 1 to 3, it can be solved using trigonometric equations (specifically sine law) and the three
previously mention determined parameters B, S°, and R°. Finally, once all three parameters of
are determined, distance (D) is calculated using the following equation,

_ cos (R°)
b=8 (sin (R° — S°)> (¢
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5.2 Testing of the Scanning Laser Rangefinding Prototype

5.2.1 Prototype Assembly

Convex lens

" IR laser

Figure 5-4: Electromagnetic FPCB micromirror based laser rangefinder

Figure 5-4 shows the assembled scanning laser rangefinder prototype with the EEM-FPCB
micromirror scanner. The following components used are: infrared (IR) laser, 45 mm 1D PSD, 50
mm convex lens (F = 50 mm), IR long pass filter and EEM-FPCB micromirror scanner. The overall
dimensions are 16 cm x 8 cm x 7 cm and the base length (B) is 8.3 cm. A convex lens is chosen for
a simple optical setup for imaging the diffusely reflected scanned laser spot onto the PSD for

processing.

Figure 5-5 shows the hardware used for the scanning laser rangefinding, which are as
follows: 1) PSD amplifier, 2) Function generator, 3) Voltage supplier, 4) Field-programmable gate

array, and 5) Scanning laser rangefinding prototype.
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Figure 5-5: Hardware used with the scanning laser rangefinding prototype.

Vibrational influence can potentially affect the scanning response of the EEM-FPCB
micromirror especially for frequencies close its resonant scanning frequency or for relatively
large vibrational magnitudes. In additional, changes in scanning performance will influence the
repeatability and accuracy of range measurements generated during testing. Therefore during
scanning LRF prototype testing, environmental conditions were performed on a stable platform
that had little to no influence from vibrational forces. Furthermore, the EEM-FPCB micromirror
is still suitable for scanning LRF applications that involve low vibrational influence, such as low-

speed indoor AGV'’s, gesture recognition, and profilometry.

The surface of the object being detected also affects the accuracy of measurements. The
receiver relies on the imaging of a diffusely scattered reflection of the scanned laser spot.
Therefore, specularly reflective objects (mirrors, shiny metals, etc.) will potentially result in range
measurement inaccuracies due to insufficient collection of the laser spot illumination by the

receiving lens. In addition, the color of the object also affects the power intensity of the diffusely
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reflected scanned laser spot. White color surfaces have a higher diffuse reflectivity compared to
black surfaces which absorbed a majority of incident laser power (especially for infrared
wavelengths). The diffusely reflected power intensity imaged onto the PSD, greatly influences its
response accuracy. To avoid these inaccuracies within scanning LRF measurements, the materials
chosen for testing have little to no specular reflectivity and have surface with relatively bright

colors with great diffuse reflectivity.

5.2.2 Laser Eye Safety

The prototype is intended for potential applications in gesture recognition and close-
range obstacle detection. Therefore, the laser must be eye-safe during operation. Laser safety
calculations (see appendix) are performed using the international laser safety standard “IEC

60825-1" [72] and “Eye-safety for scanning laser projection systems” [73].

Three IR lasers of 2-mW (Laser 1), 20-mW (Laser 2), and 100-mW (Laser 3) are used in the
experiment tests. The laser spot sizes are 2 mm, 5 mm, and 2.5 mm respectively. The sizes of the
laser spots for each laser are what was currently available by the manufacturer and required
customization (with increase cost) for different sized laser spots. All divergence angles are less
than 1.5 mrad. The laser classes for all three lasers are 3B, which are considered non-hazardous
to the skin and diffuse viewing, however hazardous to direct continuous-wave (CW or non-
modulated) beam viewing [74]. The lasers are scanned at 100 Hz with 30° FOV. In order to achieve
a Laser class of 1 (eye-safe), modulation is required. For example, all lasers need to be modulated
at a repetition frequency of 1 kHz with required pulse durations of <170 us, £3.2 us, and <650 ns

for Laser 1, 2, and 3 respectively. Safety calculations can be found in the appendix.

The overall response time of the current PSD and its signal processing circuit, i.e., the
amplifier, combined is tested to be 125 us. This response time can satisfy the requirement of
detecting a laser pulse duration of 170 us (using Laser 1), a faster overall response time is
required for measurements using Laser 2 and Laser 3. The current 45 mm 1D PSD alone has a
response time of 2.7 us for a reverse voltage of 15 V, which can be further halved (i.e., 1.3 us) by

doubling the reverse voltage according to the PSD manufacturer. With this response time, the
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required amplifier response time should be <1.9 us for processing a 3.2 ps pulse duration
required by the measurement using Laser 2, which can be achieved by a customized amplifier

according to the PSD manufacturer.

For the measurement using Laser 3, a 20 mm 1D PSD with a faster response time of 250
ns can be achieved, but with the sacrifice of a smaller receiver FOV; e.g. reduced to 23° from 48°.
In this case the required amplifier response time must be <400 ns for processing a 650 ns pulse
duration required by measurements with Laser 3. Such a high speed amplifier can be customized
according to the PSD manufacturers. In this paper we use Laser 2 & 3 without modulation (i.e.,
laser on continuous mode) to conduct the experiments. It is believed that the testing results
without modulation should be equivalent as those with modulation. This is because the

modulated pulse duration (3.2 us and 650 ns) is long enough for the PSD to respond.

5.2.3 Experimental Results 1 (Eye-Safety Considered — With Modulation)
A FPGA LabVIEW program (see appendix) has been made to acquire data from the
scanning laser rangefinder prototype and generate distance measurements. As mentioned

earlier, the EEM-FPCB micromirror scans at 100 Hz for 30° scanning FOV.

For each scanning cycle, 10 distance measurements are recorded. These 10 distance
measurements are recorded for 10 scanning cycles, producing one frame of distance
measurements along the scanned line. This results in a total of 100 measurements each frame
with a refresh rate of 10 Hz. The 100 distance measurements are evenly distributed within the

30° FOV. A flat white boards is used for distance measurement testing, shown in Figure 5-6
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Figure 5-6: Testing setup using a flat white board.

Laser 1 is used for testing with the flat white board placed at 15 cm and 20 — 60 cm with
the increment of 10 cm, which is the perpendicular distance (D, ) between the base line B (see
Figure 5-2) to the white board, while D is the diagonal distance from the FPCB micromirror center

to the object (Figure 5-2).

Laser 2 is used for testing with the flat white board placed at 15 cm and 20 — 130 cm with
the increment of 10 cm (perpendicular distance D, ). Laser 3 is used for testing using the flat
white board placed at 15 cm and 20 — 200 cm with the increment of 10 cm (perpendicular
distance D, ). Figures 5-7, 5-8, and 5-9 shows the experimental results of measuring the diagonal
distance D (as shown in Figure 5-2) using Laser 1, 2, and 3 respectively. White board at
perpendicular distances 15 — 30 cm are partially detected, because at close ranges the scanned
laser spot doesn’t fall completely within the field of view of the receiver. The long dashed and
small dashed square region in Figures 5-7 to 5-9, show where experimental measured diagonal

distances had an error of <10% and <5% relative to the real distances respectively.
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Measurements using Laser 1 provide a measuring range of 15 — 60 cm (< 10% error) for -
15° to -3% and 15 - 60 cm (< 5% error) for -15° to -6°, shown in Figure 5-7. Measurements using
Laser 2 provide a measuring range of 15 — 130 cm (< 10% error) for -15° to 10° and 15 - 110 cm
(£ 5% error) for -15° to 8%, shown in Figure 5-8. Measurements using Laser 3 provide a measuring
range of 15 — 180 cm (< 10% error) for -15° to 11° and 15 — 140 cm (< 5% error) for -15° to 9°
shown in Figure 5-9. Laser 3 is to be hypothetically used with a smaller 1D PSD of 20 mm in order
to achieve a faster overall response time explained in section 5.2.2. Therefore, the detectable
field of view of the receiver decreases. The measurements within the green border shown in
Figure 5-9 are the values that would be detected using the smaller 1D PSD of 20 mm. The raw

laser scanning range measurement performance of each laser is tabulated in Table 8.

Table 8: Raw laser scanning range measurement performance

Laser Measuring Range FOV Relative Error
-15" to -3° <10%
1 15-60cm
-15" to -6 <5%
15-130cm -15° to 10° < 10%
2
15-110cm -15° to 8° < 5%
15-180cm -15%to 11°* <10%
3
15-140cm -15° to 9°** < 5%

*hecomes -15" to 9°, due to smaller PSD

**hecomes -15" to 8°, due to smaller PSD
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Figure 5-7: Flat white board detection results using Laser 1
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The LRF’'s measurement error comes from the inaccuracy in PSD’s measurement in X (see
Figure 5-2 and Equation 5), which is mainly caused by: 1) low laser power received by the PSD; 2)
aberrations; 3) misalignment; and 4) ambient light. The laser spot power imaged onto the PSD
decreases with the increasing object distance. In addition, the aberration increases when the
laser spot is further away from the receiving lens optical axis, due to the use of a single lens [75].
Aberrations distribute the imaged laser power over a large non-circular area on the PSD, resulting
in inaccurate readings. Proper alignment between the scanned laser spot, receiving lens and PSD

is crucial to ensure the scanning laser spot is imaged adequately onto the PSD.

The problem of low laser power can be improved by using a higher power laser (Laser 2
and Laser 3) to increase the detecting range and SNR (Signal-to-Noise). The use of a multiple lens
optical receiver could be used to solve the problem of optical aberrations by providing improved
imaging quality. However, such a multiple lens optical receiver is costly and difficult to align, thus

a single lens optical setup is used in this thesis.

5.2.4 Calibration Method

A calibration method is proposed to increase the measurement accuracy. This method is
explained using the measurements with Laser 1 as an example. Calibrations are conducted for
the perpendicular distance (D) of 20, 30, 40, 50, 60, and 70 cm from angles of -15° to 10°. At
each perpendicular distance, the error AX, between measured distance of the laser spot image
on the PSD, i.e., X;peqsure and expected value Xeypecreq Obtained from Equations 5 and 6 is the
function of S°as shown in Equation 7, which can be approximated using a third-order polynomial

in Equation 8. Figure 5-10 shows the example of AX for D, = 50 cm.

AX = Xexpected - Xmeasure (7)

AX == (a()SOB + alsoz + CLZSO + a3) (8)

Thus, the calibration leads to 6 polynomials for 6 perpendicular distances (D, ) when using
Laser 1. Each measurement needs to go through 3 steps to get the final result. The 1% step):
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generating a raw perpendicular distance (D, ) according to the measurement, based on which a
pre-calibrated polynomial is found, whose corresponding perpendicular distance is the closest to
D,; 2" step): use the polynomial found in 15t step and the measured S’, to calculate the AX and
add it to the measured X, which is used to calculate new perpendicular distance (D, ). Based on
this D, , find a new pre-calibrated polynomial whose corresponding perpendicular distance is
theclosestto D, ; 3" step): use the polynomial found in 2" step and the measured S to calculate

the AX and add it to the measured X, which is to be used to calculate the diagonal D using

Equations 5 and 6.

Calibrations for measurements using Laser 2 is at the perpendicular distances (D, ) of 20
— 130 cm with the increment of 10 cm for the angle range of -15° to 15°. Calibration for
measurements using Laser 3 is at the perpendicular distances of (D; ) 20 — 200 cm with the

increment of 10 cm for -15° to 15°.

The calibration method improves the measurement accuracy and widens measurement
angles. Measurements of an optical post (13 mm thick) at various locations are used to verify the
calibration method as shown in Figure 5-11(a). Tables 9, 10 and 11 show the measured results
(Dimeasurea ) @and the error between the measured and real (D,.,;) values when placing the post

at diagonal distances and angles for measurements using Lasers 1, 2, 3.
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Table 9: Measured results using calibration method with Laser 1

Location S° Dyteasure (€M) D, oqi (cm) Error (%)
1 -15° 26 26.7 2.7
2 -7° 43 44.4 3.3
3 0° 56 57.1 2
4 3° 36 35.6 1.1
5 8° 45 45.2 0.4

Table 10: Measured results using calibration method with Laser 2

Location S° Diteasure (€cm) Dy pqi (cm) Error (%)
1 -12° 96 96.1 0.1
2 -8° 55 55.9 1.6
3 0° 48 48.1 0.2
4 6° 67 69 2.9
5 12° 65 66.7 2.6

Table 11: Measured results using calibration method with Laser 3

Location S° Dpeasure (€M) Dyeqq (cm) Error (%)
1 -14° 75 75.2 0.3
2 -8° 109 105 3.8
3 0° 55 54.4 1.1
4 7° 113 116.6 3.1
5 14° 85 86.7 2
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Figure 5-11: Calibrated measurements using Laser 1 and location 2 from Table 9 (a) Setup
(b) LabVIEW Real-time graph.
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Figure 5-12: Calibrated measurements using Laser 2 and location 4 from Table 10 (a) Setup
(b) LabVIEW Real-time graph.
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Figure 5-13: Calibrated measurements using Laser 3 and location 2 from Table 11 (a) Setup
(b) LabVIEW Real-time graph.
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During tests, a flat white background is placed at 70 cm, 130 cm, and 150 cm as
background for Lasers 1, 2, and 3 respectively. Figure 5-11(b) shows the real-time graph of
measure distance versus optical scan angle generated for the example of Laser 1, D,.o; =44.4 cm
and S° = 7° (Location 2 from Table 9). The blue circle shows the detection of the optical post and
the red circle shows the occluded points [76] that are hidden behind the optical post from the
receiver. This results in an error PSD reading, due to the absence or partial detection of the laser
spot when scanning at that angle. To alleviate the problem of occlusion [76], an additional
receiver can be used to improve detectability of the scanned laser spot. However, this is not
implemented in this paper due to the increase in size and cost. Figure 5-12(a) shows the setup of
testing laser 2 with the optical post placed at Location 4 from Table 10. Figure 5-12(b) shows the
real-time graph of measure distance versus optical scan angle generated from the setup in Figure
5-12(a). Figure 5-13(a) shows the setup of testing laser 3 with the optical post placed at Location
2 from Table 11. Figure 5-13(b) shows the real-time graph of measure distance versus optical

scan angle generated from the setup in Figure 5-13(a).

With the calibration method, the measuring range using Laser 1 is 15 — 70 cm with < 4%
error for -15° to 10°; Measurement using Laser 2 has a measuring range of 15 — 130 cm with <
4% error for -15° to 15°; Measurement using Laser 3 has a measuring range of 15 — 200 cm with
< 4% error for -15° to 15° (becomes 5°~9° because a smaller is PSD used). The improvement
brought by the calibration method is significant. The laser scanning range measurement

performance of each laser using the calibration method is tabulated in Table 12.

Table 12: Laser scanning range measurement performance using the calibration method

Laser Measuring Range FOV Relative Error
1 10-70cm -15%to 10° <4%
2 15-130cm +15° <4%
3 15-200 cm +15%* <4%

* becomes 5°~9° because a smaller is PSD used
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5.2.5 Experimental Results 2 (Eye-Safety Not Considered — No Modulation)

Higher powered lasers can be used without modulation (continuous mode without eye-
safety considered) for laser scanning rangefinding applications that are far below eye-level
(below chest and/or waist level) or operated in an environment that involves the laser directed
away from the user’s eyes. The laser class for all three laser are 3B, therefore pose no hazard for
diffuse view and skin burns. Such applications include low-profile AGV’s (Vacuum cleaning robot

or automated warehouse delivery cart) or profilometry & 3D scanning.

Experimental tests have been performed using Laser 3 (highest powered laser of the 3
lasers) in continuous mode, which provided greater scanning resolution within range
measurements. Range measurements can only be collected when the laser is turned on, which is
limited once the laser is modulated. Operating the laser in continuous mode during scanning
allowed for more range measurements to be collected per scanning cycle. The sampling rate of
range measurements is limited by the faster response times of the PSD and FPGA module, instead
of the pulse modulation frequency. The calibration method has been used during measurements,
which yielded the same measuring range and accuracy of Laser 3 shown in Table 12 (15 -200 cm

with £ 4% error for -15° to 15°).

During tests, a flat white board (used in previous tests) was placed as a background, 200
cm away. A smaller optical scanning FOV of 20° (+10°) at 10 Hz was tested, further improving the
scanning measurement resolution, i.e., sampled range measurements distributed throughout a
smaller scanned FOV, resulting in denser measurements per frame. This allowed for
smaller/thinner objects to be detected, such as a soldering wire (0.4 mm) and Q-Tip (2.5 mm).
The sampling rate of range measurements was 10 kHz, programmed using the same FPGA
module and LabVIEW. This yielded 1000 range measurement points collected at a refresh rate of
10 Hz, 10 times more points compared to the tests conducted with the lasers modulated for eye-
safety (100 points at 10 Hz). The range measurements were plotted on a real-time LabVIEW graph

similar to the previous experiments of distance (cm) versus optical scan angle (°).
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Figure 5-14: (top) setup of 4 Q-tips at 50 cm (bottom) LabVIEW real-time graph
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Figure 5-15: (top) setup of a soldering at 60 cm (bottom) LabVIEW real-time graph
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Figure 5-17: (top) setup of hand (fingers open) at 100 cm (bottom) LabVIEW real-time graph
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Figure 5-14 (top) shows the setup of 4 Q-tips evenly spread out, all placed at a perpendicular
distance (D, ) of 50 cm away. The corresponding LabVIEW real-time graph generated shows the
detection of the 4 Q-tips, presented in Figure 5-14 (bottom). The range measurements of all 4 Q-

tips are approximately 48~50 cm, close to the real measurement of =50 cm.

Figure 5-15 (top) shows the setup of a soldering wire (supported by the blue apparatus, out
of the detectable FOV) placed at a perpendicular distance (D, ) of 60 cm away. The corresponding
LabVIEW real-time graph generated shows the detection of the soldering, presented in Figure 5-
15 (bottom). The range measurements of the soldering wire is approximately 59~60 cm, close to

the real measurement of =50 cm.

Figure 5-16 (top) and 5-17 (top) shows the setup of a hand with closed and open fingers
respectively, both at a perpendicular distance (D, ) of 100 cm away. The corresponding LabVIEW
real-time graph generated shows the detection of both the closed and open hand, presented in
Figure 5-16 (bottom) and 5-17 (bottom) respectively. The range measurements of both the closed

and open hand is approximately 100~105 cm, close to the real measurement of =100 cm.

The problem of occlusion (explained in section 5.2.4 and shown in Figure 5-11) wasn’t
observed during the detection of the relatively thinner objects such as the soldering wire (0.4
mm) and soldering wire (2.5 mm). This is due to the thin size of the objects which didn’t create
much of an obstruction towards receiver. Conversely, occlusion was evident during the test of
the open and closed hand, which is seen as a range measurement spike immediately to the left
of the hand detection on the graphs. This is due to the hand being a relatively larger obstruction
towards the receiver, which results in the scanning laser spot to fall undetected behind it. The
triangulation method for rangefinding isn’t immune to the problem of occlusion and potentially
causes inaccuracies within readings. The alleviation of this problem has already been discussed

in section 5.2.4.
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Chapter 6. Conclusion & Future Work

6.1 Contributions

1. Developed an electromagnetic FPCB micromirror based scanner intended for laser
rangefinding applications. The FPCB micromirror has a large aperture (8 mm x 5.5 mm)
and high flatness (ROC = ~15m), that overcomes conventional MEMS micromirrors’
limitation of small aperture (less than 5 mm). Subsequently high powered lasers with
large beam sizes and good collimation can be used in micromirror based scanning LRF for
better performance. Laser scanning fatigue test have been performed, reaching up to 1.2
billion scanning cycles. This indicates good reliability and durability of the FPCB material
for extended long period operation. 2 configurations of the electromagnetic FPCB
micromirror scanner has been developed. Both configurations have unique scanning
advantages of their own.

a. The first configuration has a relatively more flexible torsion beam (consisting of
copper) which provides a maximum optical scanning FOV of 60° (+30°) at
resonance of =100 Hz, using a relatively lower voltage. The first configuration is
best suited for scanning requirements of a moderately wide optical angle for low
to medium speeds (10-100 Hz).

b. The second configuration has a relatively stiffer beam which is comprised of only
polyimide, which provides a wider maximum optical scanning FOV of 100° (+50°)
at higher resonance of =200 Hz. The second configuration is best suited for
scanning requirements of a wide optical angle (= 60° FOV) for relatively higher

speeds (> 100 Hz).

2. The modelling and prototyping results of the 1%t and 2™ configuration designs of the
electromagnetic FPCB micromirror scanner have been performed and presented in this
thesis. In addition, a journal paper presenting the research results of the 15t configuration
design and its application in scanning laser rangefinding, has been submitted and under

currently under review by the “Journal of Micromechanics and Microengineering”.
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Furthermore, a journal paper has been published presenting the research results and

performance of the 2" configuration design to the “Journal of Micromachines”

3. Developed a scanning laser rangefinding prototype using the first configuration design
of the electromagnetic FPCB based micromirror scanner, which has been experimentally
tested with results presented in this thesis and in a journal paper under review. The
prototype developed in thesis has achieved performance better than those (micromirror
based LRF or claimed to be used for LRF) reported in literature [46, 77,78]

a. Three infrared lasers of varying powers have been tested and operated with
modulation meeting eye safety standards of class 1M, during scanning laser
rangefinding prototyping. The scanning laser rangefinding prototype developed
in this thesis meets laser eye safety requirements (Class 1) and has achieved a
larger scanning angle and longer detecting distance than those in literature. The
scanning laser rangefinding prototype can perform up to a 30° optical scan FOV,
collecting 100 range measurement at 10 Hz, up to a range of 200 cm.

b. Tests and results using the highest powered laser (Laser 3) has been operated in
continuous mode (without modulation), providing greater scanning resolution

and detection of thinner objects such as a Q-tip and soldering wire.

4. Developed calibration method, improving the measurement accuracy and range of

measurements for the scanning laser rangefinding prototype.

5. Developed an FPGA LabVIEW program to collect range measurement data and modulate
the lasers for eye safety. The program is also responsible for calibrating collected
measurement results and generating a real-time graph of distance measurements versus

optical scan angle.
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6.2 Future Work

1.

Use of the Time-of-Flight (TOF) method for potential further range detection capabilities
will be pursued.

Use of a high speed PSD amplifier, allowing for the detection of faster pulsed lasers for
eye safety.

Use of a CMOS image sensor for potential accuracy improvement of position detection
of the scanning laser spot.

Use of a multiple lens optical receiver for improved imaging quality of the scanned laser
spot onto the image sensor for reading.

Addition of a second scanning FPCB micromirror to achieve scanning detection in 2
dimensions.

Optimization of mechanical parts and housing designs for an improved compact and

lightweight design of the overall scanning laser rangefinding prototype.
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Appendix A: LabVIEW FPGA & Real-Time Program
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Appendix B: Mechanical Part Drawings
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Appendix C: Laser Safety Calculations

The scanned pulsed lasers used in this paper have the following parameters:
Wavelength (A): 850 nm (Infrared)

Pulse frequency (f): 1 kHz

Beam Diameter: <5 mm

Beam Divergence: < 1.5 mrad

Scan FOV: 30°

Laser Power (P):

1. Laser1l:2-mW
2. Laser 2: 20-mW
3. Laser 3: 100-mW

Pulse Width (t):

1. Laser1:170 pus
2. lLaser 2:3.2 ps
3. Laser 3: 650 ns

The wavelength of 850 nm passes through the ocular media of the eye and is focused into
a spot on the retina, potentially resulting in a retinal burn. The worst case scenario assumed is a
collimated laser spot being focsed into a small spot on the retina, for an eye accomodated
towards infinity. An eye accomodated towards infiintiy focuses the smallest spot on the retina
for a collimated lasers, regardless of laser spot size. The worst case limiting aperture size (fully
dialated pupil) and aperture distance used for laser safety calculations are 7 mm and 100 mm
respectively [72]. The worst case exposure time (T) is 10 seconds for unintentional viewing of
near-infrared (700 — 1000 nm) wavelengths [52, 79]. For a laser to be class 1 or 1M, the single
pulse energy of the lasers must not exceed the most restrictive limit of the following 3 AEL

(Accessible emision limit) criteria [52]:
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1. Single Pulse AEL
2. Average single pulse AEL
3. Corrected single pulse AEL

A scanning factor (S) and beam size factior (B) has been considered within calculation using

the same methods in [73,80,81].

Only a portion of the laser power is collected by the eye when the laser spot size is larger than
the limitng aperture. The beam sizes of all lasers are smaller than the limiting aperture of 7 mm

(fully dialated pupil). Therfore 100 % of the single pulse energy enters the pupil, thus B = 1.

The angle of acceptance of a fully dialated pupil (7 mm) at the limiting aperture distance of
100 mm is approxiamtely equal to 4°. The scanning factor (S) is equal to the ratio of the angle of
accpetance of a fully dialated pupil and the scanning FOV. Therefore the scanning factor is S =

4°/30° =0.13.

The single pulse energy (joules) of a laser is calculated by the product of the beam size factor

(B), Peak power (P), and pulse width (t), as seen in the following equation,

Epyise =B - P -t in Joules (6)

Using Eq.5 the calculated single pulse energies for each respective laser is,

Laser 1: 340 nJ

Laser 2: 64 n)
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Laser 3: 65 nJ

The AEL of a laser is calculated using Table 1 from [72]. The value of C, is 1 for small source
emittance. The value of Cg4is 1.995, determined using “Notes to Tables 1-4” from [72] for 850 nm

wavelength.

The AEL of a single pulse (Joules) with pulse widths (t) within (18 ps < t < 10 s) are

determined using the following equation,

7 X 107*t%75C,Cs (Joules) (7)

As for pulse widths (t) within (1 ns <t < 18 us) are determined using the following equation,

2%x1077C,Cs (Joules) (8)

Single Pulse AEL calculation (Criteria 1)

Using Eq. 6 for t = 170 us, the Single Pulse AEL for Laser 1 is 2.08 J.

Using Eq. 7 for t = 3.2 us, the Single Pulse AEL for Laser 2 and Laser 3 is 399 nJ.

Using Eq. 7 for t = 650 ns, the Single Pulse AEL for Laser 3 is 399 nJ.

Average Single Pulse AEL calculation (Criteria 2)
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The average single pulse AEL is calculated by finding the AEL for the worst case exposure
duration (T = 10 s) and dividing it by the number of pulses (N) the eye is exposed to within that

duration.

The number of pulses (N) is calculated using the following equation,

N=S-T-f (9)

The number of pulses the eye is exposed to within the worst case exposure time of 10

seconds is 1337 pulses for all lasers.

All lasers are pulsed at the same frequency and associated with a worst case exposure
time (T) of 10 s. Therefore, using Eq. 6 and Eq. 8, the Average single pulse laser AEL for all lasers

is 5.87 w.

Corrected Single Pulse AEL calculation (Criteria 3)

The corrected single pulse AEL of a laser is calculated by multiplying the Single Pulse AEL

(Criteria 1) by a correction factor N =925,

The Corrected Single Pulse AEL for each laser is:

Laser 1: 344 nJ)
Laser 2: 66 nJ

Laser 3: 66 nJ
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Criteria 3 (Corrected single pulse AEL) is most restrictive AEL from the three criteria’s
tested. Therefore, this limit will be used to compare with the actual single pulse energies of each

laser calculated earlier.

Laser 1’s single pulse energy of 340 nJ is less than the most restrictive AEL limit of 344

nl. Therefore, Laser 1 is classed as 1.

Laser 2’s single pulse energy of 64 nl is less than the most restrictive AEL limit of 66 nJ.

Therefore, Laser 2 is classed as 1.

Laser 3’s single pulse energy of 65 nl is less than the most restrictive AEL limit of 66 nJ.

Therefore, Laser 3 is classed as 1.

The lasers are classed as 1 instead of 1M, since the laser spot sizes are already smaller
than the limiting aperture of 7 mm. Therefore, magnifying optics cannot further increase the

hazard of the beam.
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