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Abstract

A laser line generator projects a straight line on an object and is widely used for alignment,
identification, barcode reading, etc. Conventional laser line generators make use of
cylindrical and Powell lenses that convert a laser beam spot into a line. Because of a fixed fan
angle, however, the length and brightness of the generated line depends on the working
distance between the laser module and object. In this project, using the optical system design
software Zemax and engineering CAD software Solidworks, a micromirror based laser line
generator is designed and fabricated. The performance of the fabricated micromirror based
laser line generator is tested and compared with the performance of a conventional laser line
generator. The results show that the length and brightness of image line can be kept constant

by the designed generator.
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Chapter 1  Introduction

The term “laser” is an acronym for “Light Amplification by Stimulated Emission of
Radiation”. Lasers genecrate light beams that are monochromic, coherent and highly
collimated. Lasers can be generally placed in four categories: gas lasers, semiconductor
lasers, optical lasers and other types. Each category itself consists of many types with
different wave lengths and applications. For example, a laser diode which is a kind of
semiconductor laser, has applications in fiber optic communication, laser scanning, and laser

printing.

Applications of laser are so numerous that is very difficult to list all of them. Scanning is one
of the important applications of laser which has been widely used in pattern generation and
imaging. Laser line generator is a one-dimensional scanner that can be fabricated with
different technologies. Conventional laser line generators usually make use of two types of
lenses: cylindrical lens and Powell lens. One kind of cylindrical lens, namely plano-convex
type, can produce a thin line on the image plane. The linear spot generated by a cylindrical

lens, however, has a Gaussian intensity distribution [1].

Powell lens, which has the shape of a circular prism with a curved roof line, can increase the
uniformity of the linear spot [2]. Figure 1-1 shows the laser lines generated by Powell and
cylindrical lenses.

i A

Figure 1-1. Laser lines generated by cylindrical and Powell lenses [2]

The fan angle of Powell lens is proportional to the refractive index of the glass and inversely
proportional to its roof steepness (Figure 1-2). The laser beam dimension determines the laser
line thickness at a given distance. To change the fan angle of Powell lens, it should be

replaced by another lens.
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Figure 1-2. Fan angle of Powell lens [2]

Following to the invention of semi-conductor MEM micromirror, mirror scanners were also
developed which offered many benefits as compared with conventional scanners. These

benefits mainly stem from their small size, low weight, low power and high scan rate.

The first scanning silicon mirror was introduced in 1980[3]. Since then, micromechanical
systems (MEMS) have been used for light scanning in a wide range of applications. At first
MEMS scanners had their main applications in imaging such as barcode reading and finger
print sensing. At the present time, micromirror scanners have many applications such as
optical coherence tomography (OCT), spectroscopy, printing and light detection and ranging
(LIDAR).

Two general areas for the applications of micromirror scanners are imaging and displaying.
Comparing these areas, the demand for displaying applications is higher because imaging

applications are limited by optics to generate small spot size with low signal levels.

The aim of this project is to design and fabricate a micromirror- based laser line generator
(scanner) and compare its performance with the performance of a conventional laser line
generator. Towards this goal, one has to consider the micromirror specifications and the

performance principles of a micromirror based laser line generator Appropriate engineering

softwares should then be used to design and fabricate the scanner.



1.1 Objectives

The objectives of this project are the followings:

1) Review of micromirror specifications and operation principles of micromirror
based laser line generator.

2 Designing a micromirror based laser line generator without the shell.

3) Using a CAD software to design a case for all parts and fabricate the scanner.

4) Testing the performance of the packed laser line generator and comparing it with

the performance of a conventional laser line generator.

Mirror and lens are the main parts of a micromirror-based laser line generator. Chapter 2
is devoted to a brief review of geometric optics as related to these devices. Chapter 3
describes the micromirror specifications and the performance principles of micromirror-
based laser line generator. In Chapter 4, the software Zemax is used to design the scanner
by selecting the laser, micromirror and the required optical lenses. This software is also
used for analyzing the overall performance of the designed scanner. In Chapter 5, a shell
is designed to hold all mechanical, optical and electrical parts of the scanner. To do this,
the engineering software Solidwork is used to design the overall layout. The laser line
generator is then assembled, packed and tested. These tests include the performance
specifications such as resonant angle of the micromirror and the length of scanned line.
Finally, some conclusions are drawn regarding the designed laser line generator in
Chapter 6.



Chapter 2  Mirrors and Lenses

Mirror and lens play important roles in forming a line image in a laser line generator. Hence,
a brief description of these elements can be helpful in better understanding of the operation of

laser line generator.

2.1 Mirrors

Two kinds of mirrors may be used in a laser line generator; plane mirror and spherical mirror.
The object image with mirrors can be found by the law of reflection and ray tracing. The law
of reflection says that a light ray is reflected from a mirror with the same angle as it
approaches the mirror.

The main function of mirrors in a laser line generators, are to change or periodically divert
the direction of a laser light. Figure 2-1 shows how parallel rays are deflected from two kinds
of spherical mirrors; concave mirror and convex mirror. Parallel rays come from a very

distant source or from collimated laser beam.

Optical . C .-~ F Optical TSONF C
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(a) Concave mirror (b) Convex mirror

Figure 2-1. Parallel rays and their reflections [4].

Figure 2-2 illustrates how a virtual image is formed in a convex mirror. Convex mirrors are
used, for example, in the driver side of automobiles.
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Figure 2-2. Image formation in a convex mirror [4].

2.2 Lenses

Lenses are the main parts of many optical devices such as cameras, microscopes and
telescopes. A lens consists of a transparent refracting part with different shapes. When a ray
hits the front surface, it refracts and propagates through the lens. By reaching to the back

surface, it again refracts [Figure 2-3].
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Figure 2-3. Refraction of light rays by a lens [4].

The image properties of lenses are determined by Snell’s law which is summarized in Figure
2-4. Basically, lenses form images with visible light but can be also used for ultraviolet and

infrared light.

Snell’s Law
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Figure 2-4. Snell’s law [4].
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If the thickness of lens is small compared with the radius of curvature of its surface, it is
classified as a “thin” lens. Since ray-tracing can be easily done for thin lens, they are
often used in the optical applications. Ray tracing is complicated for thick lenses; for
which computer programs have been developed.

Thin lenses may have several shapes which are shown in Figure 2-5. When a thin lens is
used in an optical system, it is assumed that the rays only refract at the front and rear
faces and there is no translation through the lens medium. The first three lenses in Figure
2-5 are converging or positive lenses and the last three lenses are diverging or negative

lenses.

Double  Plano-  Converging Double Plano- Diverging
convex  convex  meniscus concave  concave  MEniscus

Converging lenses Diverging lenses

Figure 2-5. Different kinds of thin lenses [4].

A mirror has only one focal point and the light always remains in one side of the mirror.
But a thin lens has two symmetrical focal points and the light can approach the lens from
both sides. Figure 2-6 shows how the focal points may affect the light rays in positive and

negative lens.
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Figure 2-6. The refraction of light in thin lenses [4].

Figure 2.7 shows the ray tracing in a train of two lenses; a positive lens followed by a
negative lens. In this figure, F stands for the focal length, V for the vertex of lens, RO for

real object, RI for the real image and VI for virtual image.

A 4 .
Positive Negative
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1 | RO, 5
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. 2 3 2
L J .] F Y
2

Figure 2-7. Ray tracing through two lenses [4].

An important parameter of a lens is called “f-number”. The f,,,mper 1S also referred to as

f/stop. It is defined as



f
5 (2-1)

f number

Where f is the focal length and D is the diameter of the lens. “fi,mper” indicates the light
gathering power or equivalently the brightness of a lens. In fact, it is shown that the image
brightness of a lens is inversely proportional to the square of the “f,, mper - In sSummary,
by increasing the diameter of a lens or selecting a lens with shorter focal length, the
brightness of the image can be increased.



Chapter 3  Micromirror-Based Laser Line Generator

Micromirrors are perhaps the first micro- optical devices fabricated by the micro-
electromechanical systems (MEMS) which were used for a wide range of applications in

areas like optical communications and laser imaging and displays.

Micromirror-based laser line generator, which is a one dimensional scanner, has a large
number of applications ranging from barcode reader to laser printer and medical tools. In this
chapter, following a general description of micromirror specifications, the performance
principles of a micromirror laser line generator and its design parameters are presented.

Benefits and applications of laser line scanner are also mentioned.

3.1 Micromirror

MEMs micromirrors are the best candidates to replace macromirrors if miniaturization, light-
weight, low energy consumption and reduced cost are required. To satisfy such requirements,
many type of MEMSs micromirrors, from small (~200 pm) micromirrors in large arrays to the
very large (several to tens of mm) scanners in high resolution imaging systems have been

developed.

Micro scanning mirrors have been developed with different fabrication technologies (bulk
and surface micromachining,etc.)[5], different materials (crystalline silicon[6], poly silicon
[7], aluminum[8], silicon nitride[9], etc.), and different actuations(electrostatic[10],
electromagnetic[11], piezoelectric[12], electrothermal[13]). SOI micromirror that is used in
this project is a kind of micromirror which is fabricated by SOIMUMPs process [14].
MUMPs, or Multi-User MEMs Processes, provides MEMS fabrication procedure to industry
worldwide. This is a silicon- on- insulator micromachining process. In this process, silicon-

on- insulator (SOI) wafer is used as the starting substrate.

The main problem for using a micromirror in a scanner is how to actuate it for the required
angular movement. There are different actuating methods which will be reviewed in the next

section.



Micromirrors can operate in two major modes [15]:

1) Point — to — point mode (quasi- static mode): in this mode, a steady — state analog
actuation voltage results in a steady- state angle of rotation of the micromirrors.
Therefore, mirror can hold a DC position, or move in uniform velocity, or perform
vector graphics.

2 Resonant mode: in this mode, low actuating voltage of a frequency near resonance
results in a large beam angle. Resonant frequency depends on actuator type and

micromirror type and diameter.

It may seem that static operation is more convenient because a linear scanning can be
obtained with a constant beam velocity. But to have a linear scanning at high frequency, there

is a need for a strong actuation, which in turn introduces deformation in the micromirror.

A resonant micromirror, on the other hand, consumes less power with a larger scanning
angle. In fact, resonant micromirrors can replace the static actuated micromirrors in most

applications.

There are some parameters that should be considered in using micromirrors: radius of

curvature, surface roughness, reflectivity and damage threshold.

Radius of curvature which is given by the manufacturers directly affects the scanner

specifications and lenses.

Laser reflection from a non-smooth surface causes interference in the beam coherence. Laser

speckle is the name which is given to this interference.

Reflectivity of micromirror depends on the beam angle of incidence and wavelength and its

coating. Aluminum (AL) and gold (Au) are two common coatings. AL coating performs well

at all wave lengths, while Au coating can compensate the surface heat. Micromirrors with

different coatings can have reflection coefficient of 80% up to 99%.

Damage threshold of micromirror depends on specific coating, wave length and mirror size,
j

cm? -’

and is given in . A typical value for the damage threshold is2 One can increase

m2
the damage threshold by selecting a larger mirror, but it results in lower speed because of
increased inertia. In fact, the inertia of circular mirror is proportional to the fourth power of

its radius.
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Micro mirrors can be employed in two forms: integrated and bonded. Integrated mirrors are
small (typically 2mm) and thin (about 40 micrometer). Bonded mirrors are fabricated

separate from MEMSs device/actuator.

3.2 Laser Line Generator

A micromirror laser line generator is usually constructed from a laser source, a tunable mirror
and some lenses. It illuminates an object with a moving spot which is seen by an observer
like a continuous line.

The performance of a laser line generator depends on working frequency, scan angle, mirror
size, mirror flatness and operation mode (i.e. resonant or non resonant scanning)[16]. In fact
the mode of operation affects the image quality, while the first four factors determine the

image size and scanner resolution.

The main problem in designing a resonant scanner is to avoid image distortion by keeping the

mirror flat; while the most difficult problem in a non-resonant scanner is its linearity.

Resolution and dynamic deformation are two important characteristics for micromirror based

line generator which are discussed in the following.

3.2.1 Resolution
The resolution of a scanner is an important factor which characterizes its performance. The

scanner resolution is defined as the number if elements (pixels) that can be discriminated

across the image length, i.e. the number of spots per line (Figure 3-1).

4 angular resolution
scan angle §

Intensity

scan nEl/

LITIITTTITTT

Figure 3-1. Angular resolution of a scanning mirror [17].

There are two main parameters that determine the number of resolvable image spots, namely,
mirror aperture and scan angle. For small scan angle, the resolution is given by

11



== (3-1)

Where 6 is the maximum scanning angle (which is twice the maximum deflection angle of
the mirror, 20,,), D is the diameter of the mirror, A is the wavelength of the laser and “a” is a
parameter which depends on the mirror shape. The values of “a” are given for different
shapes in [18, 19]. Typically, ‘@’ has a value between 0.75 and 2. Note that N is proportional
to (6.D).

3.2.2 Dynamic Deformation
The mirror deformation is the most difficult problem in designing a high frequency resonant

scanners. In fact, mechanical deflection causes mirror bending that results in mirror distortion

( Figure 3-2 ). Dynamic deformation, 8, is given by formula (3-2) [20].

8y = 0.217% (3.2)
where 6,, is the maximum zero-to peak angle of tilting mirror, p is the density of mirror
material, E is the modulus of elasticity and t,, is the mirror thickness. To avoid image
distortion, 6 should be less than A/8 where A is the shortest system wavelength. As it is
depicted from Equations (3-1) and (3-2), designing of scanner involves a trade off between
different parameters of scanner [21]. For example, increasing the scanner resolution by

selecting larger micrimirror results in more mirror deformation..

Figure 3-2. Mirror deformation during actuation [17].

The maximum allowable actuating angle of a micromirror is limited by its deformation which
is in turn a function of the mirror actuating frequency and diameter. Figure 3-3 shows the
maximum allowable actuating angle as a function of mirror frequency and diameter for

deformation less than 1/10.

12



A mirror scanner operating in mechanical resonance oscillates harmonically. Hence, the

speed of scan is not constant across the scan pattern [22, 23].
The angle 6 of the micromirror at resonance is
0 = 0,,sin(w,t) (3-3)

where 6 is the mirror angle, 6, is its maximum deflection angle and w; is the angular
resonant frequency of the micromirror. The resonant frequency of micromirror is determined
by the mechanical properties of the scanner. Specifically, the resonant frequency for a

torsional micromirror is given by

w, = 2nf, = \E (3-4)

1
12mlL2

where | is the mass moment of inertia ( for square mirror), Kk is the spring constant, m

is the mass and L is the diameter of the micromirror.

Actuaticon angle
Actuation angle

Frequency Scanner diameter

Figure 3-3.Maximum allowable actuating angle as a function of mirror frequency and diameter
[17].
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Using Equation 3-3, the angular-scan rate is given by
— = W;. O, cos(wy.. 1) (3-5)

The linear displacement X in the image plane is given by
X = s.tanf (3-6)

where S is the distance from mirror to the image plane. Therefore, the linear scan rate
(velocity) of the laser beam is given by

ax _

2% = 25(1 + tan?6).2 (3-7)

Note that, the velocity of laser beam can be computed for any t or 8 from above equations.

3.2.3 Actuation Principles

As stated previously, the main micromirror actuating methods are electrostatic actuation,
electromagnetic  actuation, piezoelectric actuation and electrothermal actuation.
Electrothermal actuation is not suitable for micromirror laser line generators because of its
long response times[24, 25]. If combined with a fast scanner, this method may be suitable for

a 2D scanner.

Table 3-1 compares the properties of three more important methods [26].In this table,
displacement is relevant to the scanning angle, force corresponds to the extent of mechanical
force exerted to the mirror and linearity shows how linear the scanner behaves. The actuation

methods are more described in the following.

Electrostatic Actuation: Electrostatic method was the first actuating procedure employed by
MEMs scanners. It was due to its fabrication compatibility and integration with MEMs.

Electrostatic actuation is still the predominant method used for MEMSs scanners.

Torsional rotation of micromirror by electrostatic actuation is performed by two electrodes:
fixed and movable electrodes. The basic principle is that a voltage is applied between the
fixed and movable electrodes that make the mirror rotate about its axis until the electrostatic

14



Table 3-1. Comparison of properties of actuation principles [26].

Category Electrostatic Electromagnetic Piezoelectric
Preferred Type Comb drive Maving coil PZT film
Simple Fabrication Ty v v
Large Displacement W 4 WAV aN 4 v
High Force v 1/1/ I Y
Low Power 4 v v
Low Voltage v v v
Compactness Y v v
Linearity v v v

torque becomes equal to the opposing torque. The electrostatic torque depends on the
capacitance of actuator, which in turn depends on the area of electrodes overlap and the

distance (gap) between the electrodes.

There are two major configuration of electrostatic actuation for scanning micromirror:
parallel-plate and vertical comb drive (Figure 3-4). Most of early micromirror based scanners
made of parallel-plate actuation [27]. This method is still used but has a limitation in scan
angle. In fact, to have large scan angle, the electrodes gap must be increased that results in

applying a higher voltage.

As far as the fabrication is concerned, parallel-plate scanners can be fabricated by either
surface or bulk micro machining processes, or their combination. The Multi-User MEMs
process (MEMPSs) [14] can be employed for the fabrication of surface micromachined

scanners.

Vertical comb drive has a better performance as compared with parallel —plate actuator
because the distance between the electrodes are fixed and scan angle is independent if gap
size. As seen in Figure 3-4, there are two finger shaped electrodes in vertical comb drive. One

static and one movable with fixed distance.

15



Mirror Moving
e(_______=!€) " clectrode
= g(0) Fixed

Electrode

Parallel-Plate Type

Moving Electrode

Figure 3-4. Parallel- plate (Top) and vertical combdrive (Bottom) electrostatic mirrors
[28].

The vertical combdrive, however, is more employed in different applications. The first

vertical combdrive was purposed by Selvakummar et al [29].

By incorporating micro mechanical hinges, electrostatic actuators can generate out of plane
movement suitable for 3-dimensional motion. Electrostatic actuation can be employed in high

rate scanning applications.

Generally, electrostatic actuation has the benefits of small size, stability, and can be
fabricated by use of SOIMEMSs. This method, however, requires high voltage and is very

sensitive to exact fabrication.

Electromagnetic Actuation: Electromagnetic actuator may have two configurations:
moving magnet and moving coil. The first type makes use of an external coil together with a
magnet. It can be simply fabricated and there is no need for electrical contacts with the
scanner. In the moving coil configuration, a coil is fabricated with scanner and an external
magnet is used to produce a magnet field [30, 31]. Using silicon on magnetic actuator can
give +10 degrees angular deflection for fields of 0.07 m T. Integrated or ultraminiaturized

coils can be used for generating the required magnetic field.

16



Electromagnetic actuation is more suitable for larger micromirrors [28]. The reason is that the
magnetic torque is proportional to the permanent magnetic material. Moreover, magnetic
actuation has a more linear response compared with electrostatic actuation and is best suited
for linear slow scanners. In summary, electromagnetic actuator has a relatively large size but

with low power consumption.

Piezoelectric Actuation: Since reliable and convenient methods were developed for
fabrication of piezoelectric actuator, it has been accepted as a major actuation principle for
MEMs scanners. Fabrication of piezoelectric actuators for MEMs scanners is performed by
film decomposition of piezoelectric material on the scanner [32].

The working principle of piezoelectric actuator in MEMs is simple, piezoelectric film
expands when it is actuated by a voltage. Lead ziroconate titanate (PZT) is the most common
piezoelectric material used for MEMSs scanner actuation. Piezoelectric actuation has a higher
efficiency compared with electromagnetic actuation and works with lower voltage as
compared with electrostatic actuation. Limited scan angle can be considered as a drawback
for piezoelectric actuation principle.

All types of actuation methods can be used in resonant scanners. Electrostatic actuation has
more applications in these scanners but it requires a relatively high voltage. Electromagnetic
actuated scanners can provide high scan angles with relatively small voltages. Piezoelectric

actuated scanners are the best among the high frequency resonant scanners (>30 KHz).

As far as the reliability of micromirror is concerned, the stress applied to the actuator springs
should be smaller than the yield stress of the mirror material. Also, the mirror geometry must
be considered in designing the actuator springs. If a mirror is used at high frequency, some
cracks may appear in the mirror as the result of applied stress. These cracks cause a
frequency shift in the actuating frequency or even results in the mirror breakage. The

formation of cracks can be detected by measuring the resonant frequency [33-35].

Based on the structure of actuation, the scanners can be classified as Direct and Indirect
drives. In direct drive, the torque is directly applied to the mirror frame. In a scanner with the
indirect drive, a resonant mode is coupled to mirror by the motion of a larger mass. This kind
of mechanical coupling is more applicable to electromagnetic and piezoelectric actuations
[36, 37].
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Comparing the two drive methods, direct drive is easier to design and has more applications.

This method is best fitted to the scanners with piezoelectric actuation.

3.2.4 Optical Design Laser Line Generator

Figure 3-5 shows a simple yet effective configuration of a laser line generator. The positive
lens is usually included in an adjustable laser module. Due to small diameter of micromirror,
its fan angle is small (typically 5 to 15 degrees). This can be considered as a limiting factor
because longer image line or wider field of view is usually required. Using a concave lens
after micromirror can result in fan angle amplification and, consequently, longer image line.
At the same time, it also keeps the ratio of beam diameter to image distance very small; i.e.

small spot size at the image. The concave lens also compensates for the micromirror

curvature.

Figure 3-5. Basic Structure[38].

Figure 3-6 shows how the fan angle of a converging beam from micromirror is amplified by a
double concave lens. In this Figure 8; and 6, are the angles of the main beam rays with
respect to the optic axis. Two marginal rays together with their heights (hy, hq, h,) at the
concave lens are also shown. P is the distance between micromirror and lens, f,,corresponds
to focal point of the lens, and [, 1, [, denote the distances from the intersection of the

extensions of output rays with focal plane to the optic axis. Based on this figure,

hot = f,. tanf, (3-8)
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which results in
tanf, = (1 + fﬂ)tanﬁi (3-9)

Given P and f,, the above equation can be used for the angle amplification factor of concave
lens. Note that the spot diameter Ds at a distance L can be related to the angle A6 = 6, —

6, by the following relation:
D, = A6.L (3-10)

Where Afcan be found from input beam diameter [38].

ra

focal plane

Figure 3-6. Angle amplification of a concave lens [38].

By moving the concave lens with respect to the micromirror, the optical fan angle can be
changed without changing the number of spot point; as the resolution depends on the tilting
angle of micromirror. It means that one can zoom on the image with a fix resolution. This
property is one advantage of micromirror based laser line generator as compared with

conventional one.
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Micro mirror laser line generator as a one- dimensional laser scanner has applications have
been reported. The benefits of micro mirror laser line generator differ for each specific
application. Hence, the general beneficial characteristics of mirror scanner are first mentioned
and then its potential use for each application is discussed.

3.3 Advantages of Micromirror Laser Line Generator
Small size:

Micromirror can be fabricated with small surface dimensions (e.g. 1.0 X 1.0mm) and
integrated with the required actuator circuit. This results in a small scanner module with a
high structural resistance.

High scanning rate:

Can operate with a frequency in the range of 20Hz up to more than 100KHz. So, it can speed
up some devices like laser printers.

Low distortion:

Can operate at resonant frequency which results in low or no parasitic vibration modes, i.e.

no jitter in the scanned line.

Better dynamic response:

Can be designed for the best dynamic response of the mirror (by applying and testing
different actuator voltages and frequencies). Hence, less distortion again.

Different modes operation:

Fast and broadband capability allows different modes of operation, e.g. constant velocity line
scanning and point to point step scanning.

Low power:

Small size and operating at resonant frequency results in low actuator voltage and power
consumption.

High efficiency:

Mirrors can be coated with different materials to ensure high reflectivity. These materials can
be also selected to compensate for the generated heat.

Low cost:

It can be built by using silicon-on-insulator (SOI) process which is a low-cost technology.
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Brightness:

Laser light in mirror scanner can be focused to a very small beam. Furthermore, the laser
beam will not spread in space. This results in more brightness of the scanned line.

One drawback of micromirror laser line generator which limits its application is its low
power characteristic. For example, it is almost impossible to use micro mirror to make a laser
engraver and cutter for woods and metals. A laser cutter for wood requires about 30 to 40W
power. Also, a laser paper cutter should be of hundreds of milliwatts. The low power
characteristic of mirror laser line generator stems from the damage threshold of the mirror.

3.4 Applications of Micromirror Laser Line Generator

Depending on the beneficial characteristics of micromirror laser line generator, it has been
employed in many applications and has a good potential to be used in some other
applications.

Some 1-Dimensional applications of micromirror laser line generator are alignment,
identification (e.g. industrial inspection) and CD reader. Figures 3-7 to 3-9 illustrate these

applications.
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Figure 3-8. A laser line for leads inspection.

Figure 3-9. CD Reader.

Due to their low power consumption and small size, micromirror based laser line generators
may be employed in barcode readers. Barcode readers scan a laser on a 1- Dimensional code
(Figure 3-10) and detects the scattered light.

Figure 3-10. Barcode Scanner.

The main competitor of mirror line scanner in this application and some other imaging
applications are linear imagers. A linear imager acts like a digital camera; it can read one or
two dimentional codes. Reference [39] compares the characteristics of linear imaging and
laser scanning technology (see Table 3-2) and shows that the micromirror laser line scanner
has longer scan range and larger extended scan range. Moreover, it can result in more
brightness of the scanned line for the same laser power and it has more capability in target
detection.
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Table 3-2.Comparison of linear imaging and laser scanning technology [39].

Micromirror laser line generator can be effectively used in a laser printer. The basic structure
of a laser printer includes a rotating polygonal mirror which directs the light beam through a
system of lenses and mirrors onto a photoreceptor drum (Figure 3.11). Laser printing is an
application that requires high resolution and speed at low cost. Typically, 8 — D product for
this application should be about 60° mm that is hard to achieve. Moreover, the air damping

must be controlled for reliable operation of the polygonal mirror, which in turn calls for a
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strong actuation. This problem can be solved by using a vacuum package but it increases the
cost. Micromirror based laser line generator is best fitted to this application because its small
size reduces damping and deformation. Moreover, it can oscillate at resonant frequency if it is
designed for minimum damping. In a resonant scanner the mirror can have large angular

deflection at a relatively high frequency with a small actuation.

scanning ling

™ photoconductor drum

‘\_-— scanning lens system

poelvgonal mirror

T~ asymmetric lens
e

laser diode %"'

Conteoller - .
¢ = callimator lens

\1,

Figure 3-11. A typical structure of a laser printer [40].

Micromirror laser line generator has some good characteristics to be used in laser Doppler
vibrometry and multi-touch screens. A conventional laser Doppler vibrometer has a relatively
complex structure. Micromirror laser line generator is a proper candidate for this application
because of its small size and low cost.

Micromirror laser line generator may be employed in multi-touch screen. In multi-touch
screen, a light from a single or multiple lasers shine just above a surface. The laser plane or
light is about 1mm thick and positioned as close to the touch surface as possible. When a
finger or object hits the light plane, the object lights up and is seen by camera below the
surface. Alternatively, the finger may make a shadow which is again detected by sensors. An
image is displayed by a projector or a computer. In multi—touch screen, usually 2 or 4 line
generating lenses are placed in each corner of the surface. Mirror laser line generator can be
used in this application for its small size, low power and uniform line. It may be possible to
use fewer micromirror line generators because of its variable fan angle.

LADAR (LAser Detection And Ranging), which is equivalent to a laser RADAR, is another

application of micromirror laser scanner. It can offer more advantages over other methods of
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target detection and analysis [38]. It uses a shorter wavelength than microwave radar and has
high angular resolution. Micromirror laser line generator may be also used in spectrometers.

Spectrometer is used in spectroscopy for producing spectral lines and measuring wavelength
and intensities.

Micromirror laser line generator has many medical applications which are based on 2D/3D
scanning, e.g. Optical Coherence Tomography(OCT).

25



Chapter 4  Designing the Laser Line Generator by Zemax

In this chapter, a micromirror — based laser line generator is designed using Zemax
OpticStudio 15 [41]. Zemax is a standard software which can be used for optical systems

design, analysis, and optimization.

Based on the basic structure of Figure 3-5, the designated configuration for the micromirror
laser line generator is shown in Figure 4-1. This figure is generated by Zemax software. The
convex lens of Figure 3-5 has been omitted because the laser source generates a collimated
beam. The SOI micromirror that is used in this design has a finite curvature. Thus a bi-
concave lens is used to amplify the scanning angle and compensate for the convergence of
the laser beam reflected by the mirror. A reflective mirror is also used to direct the beam to
the desired direction. Note that the selected laser source does not include a convex lens, i.e. it

generates a fixed laser beam.

Reflective Mirror

Laser source

/\_

Image Surface

/ Tilting Mirror (Micromirror)

ko

Concave Lens

Figure 4-1. Designated Configuration.

To design the laser line generator, the following steps are taken in the software Zemax :

- Defining the components specifications and system parameters.
- Defining the designated configuration.

- Defining the micromirror operation and tilting angle.

In this study, reaching to the minimum spot size for the maximum possible image length is

our target. One of the parameters that affect spot size is the distance between lens and
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micromirror. For achieving the best spot size, one can either change this distance manually or

automatically by using the Optimization ability of the software.

The specifications of Micromirror, Laser and Lens are shown in the following Tables4.1 to

4.3.
Table 4-1. Micromirror specifications.
Dimension | Radius of Curvature | Mechanical Angle
Micromirror 1.5x1.5 mm 9.52cm 0 to 10 degree

Table 4-2. Laser specifications

Beam size Wavelength power
Laser 1 mm 635 nm 1 mw
Table 4-3. Lens specifications.
Type Diameter Edge Thickness Focal Length
Lens Double Concave lens 12 mm 4 mm -24mm

By using these specifications and doing the pervious steps with the lens in 29mm from the

micromirror, the following results are achieved. Figure 4-2 shows the general view of the

system and the beam trace for the tilting angle of +2.35 degrees.

Remark: The rotation angle of micromirror is found by the measurement test and the distance

between lens and micromirror is obtained by Zemax, as it will be explained in Section 5.2.

\

Reflective Mirror

Double Concave Lens

Figure 4-2. 2D view and beam trace
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Figure 4-3 shows the spot diagram at the image distance of 0.5 m for zero degree of
micromirror tilting angle. Figure 4-4 illustrates the footprint (image length) of the scanner at

the same distance.
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Figure 4-3. Spot Diagram ( 0.5 m).
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Scale:
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Footprint Diagram
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10/10/2016 Zemax OpticStudio 15.5 SP1
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Ray X Min = -1.4306 Ray X Max = 1.4306
Ray Y Min = -99.3710 Ray Y Max = 100.2110 Best one with 48683 double concave 1ens zmx
Max Radius= 100.2110 Wavelength= 0.6350 Configuration: A1l 3

Figure 4-4.Footprint of the scanner ( 0.5 m).

As it is seen from the above figures, the spot size and footprint of the scanner at the image

distance of 0.5 m are 6.2mm x 2.3mm and 200.4mm, respectively. Zemax software have been
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also used to simulate the spot sizes and footprints for image distances of 1 and 2 meters
which have been shown in Figures 4-5 to 4-8 and tabulated in Table 4-4. As seen from Table

4-4, the spot size and footprint is directly proportional to the image distance.
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Figure 4-5. Spot Diagram (1 m).
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Figure 4-6. Footprint of the scanner ( 1 m).

29



0BJ: 0.0000 (deg)

B+ 0.635

t"‘t
0.'."“0
PR S
Sy e ged
=
. erbe g eebes
o SrRsbspLsbte
o
o et asres
o serrtatesey
) .1‘.00.'0'
o+ e te
* *oat *
et
IMA: 0.000, 0.000 mm
Surface: IMA
Spot Diagram
Zemax
11/1/2016 Zemax OpticStudio 15.5 SP1
Units are um.
Field : 1
Egé ragw us : 70‘14&?004 best one with 49083 doube concave Tens zmx
radius : L2E+ anfiguration 2 o
Scale bar : 4e+004 Reference : Chief Ray

Figure 4-7. Spot Diagram ( 2 m).
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Table 4-4. Spot sizes and footprints.

best one with 48683 double concave lens.zmx
Configuration: ATl 3

Distance

500 mm

1000 mm

2000 mm

Spot Size

6.2mm*2.3mm

12.4*4.4mm

24mm*8.6mm

Scan Length

200.4 mm

395.7 mm

786.5mm
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Chapter 5  Shell Design and Test Results

In this chapter, following a brief description about the designed shell for the micromirror

based laser line generator, the function of its prototype is compared with the Zemax results.

5.1 Shell Design

Based on the configuration obtained by the Zemax software, a shell is designed to hold all
mechanical, optical and electrical parts of the laser line generator. This is performed by the
software “Solidworks”. Solidworks is a solid modeling computer-aided design (CAD) and

computer-aided engineering (CAE) program.

Considering the elements specifications, the elements supports and overall layout are

designed by Solidworks software which are shown in Figures5-1 to 5-6.

Figure 5-1. Laser support. Figure 5-2. Lens support.
Figure 5-3. Tilting mirror support. Figure 5-4. Mirror support.
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Figure 5-5.Base Plate. Figure 5-6. Overall layout.

Figure 5-7 illustrates the laser beam trace when all the components are put in their places.

Figure 5-7. The laser beam trace.

5.2 Test Results
Figurer 5-8 shows the measurement set up for specifying the rotation angle of micromirror. A
laser beam is projected on the mirror and the length of the scanning line is measured. A grid

paper is used as the image screen. By performing a test without the lens, the optical scanning
(mechanical) angle of the micromirror can be measured.

32



gnal generator

High voltage
amplifier

R [aser mo\&l&

& Double congaye lens Grid paper screen
S()l IHCEOMITor

Figure 5-8. Measurement set up.
To achieve the maximum rotation angle of micromirror, it was actuated with a 100 V

sinusoidal voltage at the resonant frequency (940 Hz). The maximum length of the image line

without concave lens was measured as 82 mm at a distance of 0.5m (Figure 5-9).

Figure 5-9. Scanned line.

Figure 5-10 illustrates how the rotation angle was calculated, where D is the distance between

micromirror and screen and L is the length of scanned line.

lj /

Figure 5-10. Optical angle of micromirror.

As it is seen from this figure, the optical angle of scanning micromirror without the concave

lens is given by the following relation.

0 = Arctan— (5-10)
2D
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By using the above relation for L=82mm and D=500mm, the optical angle without the
concave lens can be calculated as 9.4 degrees. Mechanical angle is half of optical angle, so

the rotation angle of micromirror is +2.35 degrees.

In the next step, the Zimax software was used to optimize the distance between the
micromirror and concave lens. The optimization criterion was to minimize the spot size for
maximum possible scanning length. The best result was obtained when the distance between
micromirror and lens was set at 29 mm where the length of scanning line was 200.4 mm
(Figure 4-4).

Assembled laser line generator is shown in Figure 5-11(a) which was enclosed in a box

(88mm x 42mm x 46mm) as shown in Figure 5-11(b).

Reflective mirror  Laser module

Driver and SOl Double
micromirror concave lens

(@) (b)

Figure 5-11. (a) Assembled (b) packed laser line generator.
To verify the operation of the prototype model, its micromirror was actuated for the same
mechanical angle. The measured length of scanned line was equal to 200mm at distance 0.5m
which was very close to the Zemax result (200.4mm). Finally, based on the achieved results,
it was concluded that the concave lens amplified the fan angle of micromirror by a factor of
2.4.This value is close enough to its theoretical value. The angle amplification factor of
concave lens 8, /6; can be determined from Equation 3-9 which is repeated here:

tanf, = (1 + fﬂ) .tanb; (5-11)

n
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6, and 6; are the angles of laser beam before and after the concave lens, P is the distance
between micromirror and lens, and f,, is the focal length of the concave lens. Based on the

Equation (5-11), it can be shown that the lens amplification factor is about 2.2.

An advantage of micromirror based laser generator compared with conventional laser line
generator is its variable fan angle. Conventional laser line generators have fixed fan angle
and, consequently, when the working distance increase, their projected laser lines become too
long to have enough power density/ brightness. On the other hand, micromirror based laser
line generators have adjustable fan angles such that they can retain the power density

unchanged for various working distances. This difference is demonstrated in Figure 5-12.

The resolution of the designed micromirror based laser generator can be determined from the
following relation which was also given in section 3.2.

6D
N=— (5-12)

The shaping factor “a” for a square mirror is equal to 1. For 8 = 9.4, the resolution is

calculated to be about 380 pixels.

(d)

Figure 5-12.Brightness comparison of micromirror based laser line generator and conventional
laser line generator at distances (a) 5m, (b) 1m, (c) 2m,(d) 3m.
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Chapter 6  Conclusions

SOI micromirrors which can be resonantly driven by different actuation methods offer
several advantages like high scan frequency, very small size and potential for low
manufacturing cost. As the main goal of this project, a SOl micromirror based laser line
generator has been designed, implemented, tested and compared with a conventional laser
line generator.

As it has been mentioned in Chapter 3, a micromirror based laser line generator is constructed
from a laser module, a tunable micromirror and some lenses to shape the laser beam. The
types and number of lenses used depend mainly on the laser source and mirror curvature. In
fact, for a collimated laser beam and a flat micromirror , there is no need of lens.

In Chapter 4, Zemax software has been used to design and simulate the micromirror based
laser line generator. Zemax is an standard industrial software which can be used for optical
systems design and simulation. The designated configuration for the laser line generator
consisted of a laser module, a reflected mirror, a tilting micromirror and a double concave
lens. The reflective mirror has been used to direct the laser beam to the desired direction. The
double concave lens has been placed between the tilting mirror and the image plane to
compensate for the micromirror curvature and to amplify the micromirror fan angle.

The distance between the concave lens and micromirror plays an important role in forming
the spot size and line length for a fixed image distance. To achieve the best result (small spot
size and large line length), this distance can be changed manually in the software or
automatically by using the optimization ability of software. Based on the Zemax simulation
results, a distance of 29 mm between lens and micromirror together with a fan angle of 4.7
degrees have resulted in an image length of 200.4 mm at the image distance of 0.5 m. The
tilting angle of micromirror corresponds to the micromirror resonant frequency of 9400 Hz at
100 V actuating voltage.

To fabricate the designed scanner, engineering software SolidWorks has been used to design
a shell to hold all mechanical, optical and electrical parts. The assembled laser line generator
has been shown in Chapter 5. The assembled generator has been also tested and compared
with a conventional laser line generator. As it has been shown in Chapter 5, the micromirror
based laser line generator can keep the image line length and brightness unchanged at
different image distances; which is not possible with conventional laser line generators. This

benefit of micromirror based laser line generator is due to its adjustable fan angle. In fact,
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micromirror based laser line generators can offer more advantages like high scanning rate,
small size and low distortion which have been mentioned in Chapter 3.

A disadvantage of micromirror laser line generator is that the tilting mirror may lose its
alignment and change its scanning performance.

Micromirror based laser line generator has been or can be employed in many applications like
alignment, barcode reading, LIDER, etc. It has also good potential to be used in some other
applications. Doppler vibrometer and large multi-touch screen may be two applications which
can be investigated in future works.

Finally, the designed package for the micromirror based laser line generator has not been
optimized for its size. This optimization, which is necessary for high volume production,

should be done if required.
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