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ABSTRACT

Various optical microscopy techniques have been developed for micrometer level imaging of
biological tissue samples. Among those techniques, confocal imaging provides superior
image contrast and high resolution with a modest system cost. Confocal microscopy allows
vertical optical sectioning (imaging a section perpendicular to the surface of tissue) or
horizontal optical sectioning (imaging a section parallel to the surface of tissue) and provides
high-resolution tissue morphology that is analogous to conventional histopathology images.
This has brought up a tremendous potential for guiding surgical biopsies and in vivo non-
invasive diagnosis of diseases such as cancer. The challenge in moving microscopic imaging
modalities into clinical applications is miniaturization into a form of hand-held devices or

catheters for endoscopic applications.

In this thesis, micro-fabrication techniques such as Microelectromechanical Systems
(MEMS) fabrication process and laser micromachining have been employed to develop
magnetic actuators. The actuators are then used to move lenses and optical fibers in order to
scan a laser beam across a sample. Lens and fiber actuators are integrated in catheter and
hand-held devices for confocal thickness measurement and optical sectioning imaging of

biological samples.

Thickness measurement is performed by scanning the focal point of a microlens across the
thickness of thin films or layered biological tissues and collecting the intensity signal of the
single scattering light reflected back from the samples as a function of lens position. A

catheter was developed and thickness measurements of polymer layers and biological tissues
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were demonstrated. The device has optical resolution of 32 pm with expanded uncertainty of

measurement of 11.86 um.

Lens and fiber optic actuators have been coupled to form two-dimensional imaging devices.
Direct and real-time vertical and horizontal cross-sectional imaging of biological samples has
been demonstrated. Vertical imaging is performed by transverse (X-axis) and axial (Z-axis)
scanning of a focused laser beam using an optical fiber and a microlens actuator respectively.
Horizontal imaging is done by a 2-axis fiber optic scanner. All the developed actuators are
driven by electromagnetic forces and require low driving voltages. Confocal imaging of

biological samples, with lateral resolution of 1.55 pm, has been demonstrated.
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PREFACE

The research presented in this thesis was carried out in the University of British Columbia
(UBC) MEMS Laboratory in the Department of Mechanical Engineering under the
supervision of Dr. Mu Chiao. A portion of research was also conducted in the Imaging Unit
of Integrative Oncology Department in the British Columbia Cancer Agency Research

Center (BCCRC), under the supervision of Dr. Haishan Zeng.

Chapter 1 of this thesis is a brief review of various optical microscopy techniques and an
introduction to MEMS fabrication technology. In this chapter, different MEMS scanners and

actuation mechanisms used in optical scanning are presented.

Chapter 2 is based on the work published in the following journal articles:

e Mansoor, H., Zeng, H., and Chiao, M. (2011) “Real-time thickness measurement of
biological tissues using a microfabricated magnetically-driven lens actuator”

Biomedical Microdevices. 13: 641-649.

e Mansoor, H., Zeng, H., and Chiao, M. (2011) “A microfabricated optical scanner for
rapid noncontact thickness measurement of transparent films” Sensors and Actuators

A: Physical. 167: 91-96.

This work was also presented in the following workshops and conferences:

e Mansoor, H., Zeng, H., and Chiao, M. (2010) “Magnetically driven scanning
microlens for out-of-plane in vivo medical imaging” 217th ECS Meeting. Vancouver,

Canada.
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e Mansoor, H., Zeng, H., and Chiao, M. (2010) “A confocal scanner for biological
tissue thickness measurement” ICICS Biomedical Engineering Workshop,

Vancouver, Canada.

e Mansoor, H., Zeng, H., and Chiao, M. (2011) “A confocal fiber optic catheter for in
vivo thickness measurement of biological tissues” IEEE 24™ International Conference

on MEMS, Cancun, Mexico. 999-1002.

These papers describe confocal thickness measurement of transparent and semi-transparent
thin films and biological tissues. The author conducted literature review on existing MEMS
scanning systems and lens actuators, and fabricated an electromagnetic lens actuator using
electroplating technique. The lens actuator was coupled with an optical fiber and
encapsulated in a 30 mm long and 4.75 mm outer diameter tube to form a catheter for
endoscopic applications. The author performed experimental design, device characterization,
experimental setup preparation, conducting experiments and data analysis. The manuscript
was prepared under the supervisions of Dr. Mu Chiao and Dr. Haishan Zeng. Supervisors
guided the author through all aspects of the work and provided editorial suggestions on the

manuscripts.
Chapter 3 is a version of work published in the following journal:

e Mansoor, H., Zeng, H., Chen, K., Yu, Y., Zhao, J., and Chiao, M. (2011) “Vertical
optical sectioning using a magnetically driven confocal microscanner aimed for in

vivo clinical imaging” Optics Express. 19(25): 25161-25172.



The same paper was also selected for publication in the Virtual Journal for Biomedical
Optics, Vol. 7, Issue 2, February 2012. This work was presented in the Hilton Head 2012
Workshop on the science and technology of solid-state sensors, actuators, and microsystems

and published in the conference proceedings:

e Mansoor, H., Zeng, H., Chen, K., Yu, Y., Zhao, J., and Chiao, M. (2012) “Histology-
equivalent vertical optical sectioning using a 2-axis magnetic confocal microscanner”
Solid-State Sensors, Actuators, and Microsystems Workshop, Hilton Head Island,

South Carolina, USA, 397- 400.

In this work we show mechanical and optical design and simulations of a 2-axis scanner
capable of imaging a vertical cross-section of biological samples. The author conducted
literature review, performed mechanical design and analysis, fabricated actuators, carried out
optical simulation, assembly and alignment, and finally performed imaging experiments on
samples. The manuscript was written under the direction of Dr. Mu Chiao and Dr. Haishan
Zeng. Dr. J. Zhao, Mr. K. Chen and Mr. Y. Yu helped with preparation of imaging setup and

developing image processing software.

Chapter 4 presents a novel fiber optic scanner that was used for confocal imaging of
horizontal cross-sections of biological samples. This work is published in the following

journal paper:

e Mansoor, H., Zeng, H., Tai, I. T., Zhao, J., and Chiao, M. (2012) “A handheld
electromagnetically actuated fiber optic raster scanner for reflectance confocal
imaging of biological tissues” IEEE Transactions on Biomedical Engineering,

In Press.
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This work was also presented in the 26th IEEE International Conference on MEMS:

e Mansoor, H., Zeng, H., Tai, I. T., Zhao, J., and Chiao, M. (2013) “A miniature
fiber-optic raster scanner for 2D optical imaging of biological tissue” , 26th IEEE

International Conference on MEMS, Taipei, Taiwan, 137 — 140.

In this chapter we present a novel fiber optic actuator driven by electromagnetic forces and
capable of scanning samples in a raster pattern. The author conducted literature review,
mechanical design, fabrication, assembly, system integration, optical simulation, optical
assembly and allignment, and imaging test on specimens. Dr. Mu Chiao and Dr. Haishan
Zeng supervised the work and provided expert guidence and advice. Dr. J. Zhao helped with
developing the imaging setup and Dr. I. T. Tai provided biological tissue samples for
imaging experiments. An image artifact originating from mechanical motion of
electromagnetic actuators was observed, investigated and corrected by methods that are

described in Appendix B of this thesis.

Contributions of the work included in this thesis can be summarized as following:

1. Designed and developed a novel actuator for scanning a lens in the out-of-plane
direction. The actuator is driven by magnetic field and can provide large scanning

range with low driving voltages.

2. Developed fabrication process for the magnetic actuators including:

= Nickel electroplating on silicon wafers and laser micromachining of

ferromagnetic foils.

= Using positive photoresist as a mold for electroplating process.
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Demonstrated real-time thickness measurement of samples using a lens actuator and

designed and fabricated a catheter for endoscopic applications.

Demonstrated confocal imaging of vertical cross-section of biological samples by
designing and fabricating a 2-axis electromagnetic scanner using laser

micromachining techniques.

Designed and developed a novel 2-axis fiber optic actuator capable of scanning
samples in a raster pattern. Demonstrated functionality of device by imaging

horizontal sections of biological samples.

Investigated potential causes of imaging artifacts in electromagnetically driven

optical scanners and implemented real-time correction methods.
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CHAPTER 1

INTRODUCTION

Optical microscopy provides detailed morphological and microstructural information for
visualization and quantitative measurement of specimens including biological samples. This
information can be useful for early detection of cancer lesions and delineating their margins
before biopsy and surgery. Moving optical microscopy modalities into clinical applications is
challenging because miniaturized laser beam scanning devices have to be designed and
integrated in hand-held probes or endoscopic catheters for real-time imaging of samples.
Microelectromechanical Systems (MEMS) technology is used to fabricate various micro-
scanning systems for optical imaging modalities. MEMS-enabled optical medical devices can
be small and have functionalities unattainable with conventional medical systems. In this
chapter we review common optical microscopy techniques used in biomedical applications
followed by an introduction on MEMS fabrication technologies. Then we review various
actuation mechanisms and available MEMS actuators developed for optical imaging

applications.
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1.1 Optical Microscopy

Various optical microscopy techniques have been developed for non-destructive imaging of
biological tissues. These techniques include Optical Coherence Tomography (OCT) [1, 2],
Multi-photon Microscopy (MPM) [3, 4], Reflectance-mode Confocal Microscopy (RCM) [5,
6], and Fluorescence-mode Confocal Microscopy (FCM) [7, 8]. Microscopic images
obtained by these techniques provide high resolution morphological information approaching
that offered by histology images of fixed tissue sections. Figure 1.1 compares imaging

resolution and penetration depths of three optical imaging modalities.
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Figure 1.1 Comparison of resolution and imaging depth of various optical microscopy
techniques. OCT: optical coherence tomography; MPM: multi-photon microscopy;

CM: confocal microscopy.
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1.1.1 Optical Coherence Tomography (OCT)

OCT provides high resolution cross-sectional imaging of microstructures in various materials
including biological tissue. It relies on the interference of coherent light waves. Axial
measurement of backscattered or back-reflected light is performed by low coherence
interferometry techniques. Lateral scanning of light beam is usually done using
mirror/micromirror or optical fiber scanners. Among optical imaging techniques, OCT has
relatively large imaging depth (~2 mm) and field of view (FOV), but generally, lower spatial
resolution (about 10-15 um ) and not as good image contrast due to the speckle effect. OCT
performs vertical sectional imaging by default and its miniaturization is the easiest to
implement because only one dimension of mechanical scanning is required (transverse

direction).

1.1.2 Multi-photon Microscopy (MPM)

MPM often employs two-photon excitation fluorescence (TPEF) and second harmonic
generation (SHG) signals for image formation. In these methods, two or more low energy
photons are absorbed by the sample to excite an electron from the ground energy level to a
higher energy level. When the electron returns to the ground level, the extra energy is
released as a photon which has higher energy and shorter associated wavelength than the
exciting ones. In this method a beam of light is focused on the sample by a lens. Cross-
sectional imaging is performed by scanning the light beam in a horizontal plane (parallel to
the surface of tissue), using two-dimensional mirrors/micromitrors or optical fiber scanners.
MPM has penetration depth of up to 1 mm, but can provide higher image resolution (~1 pm)

compared to that of OCT. One drawback of MPM systems is requirements for demanding



Chapter 1: Introduction

optics and high cost mode-locked laser sources capable of providing high peak power and

short femtosecond (fs) pulses.

1.1.3 Confocal Microscopy (CM)

CM provides superior image contrast and high resolution tissue and cellular morphology
images that are close to that of histology. The concept of CM is based on the rejection of out-
of-focus light using a pinhole that enables optical sectioning of samples and enhances
imaging resolution and contrast. Confocal microscopy is performed in RCM or FCM. FCM
images offer high signal-to-noise ratio (SNR); however, in many cases, RCM is more
favorable over FCM since it uses native tissue signals and does not require high quantum
yield exogenous fluorescence contrast agents which bring additional drug administration
procedures and complications. In addition, in RCM imaging (near-infrared (NIR) laser
illumination) deeper light penetration is achievable compared to FCM (visible wavelength
laser excitation), that would enable imaging of deeper layers within the tissue. The resolution
of a confocal system is close to that of MPM. The major drawback in confocal microscopy is
its limited imaging depth (~ 0.2 mm); however, this imaging depth is good enough for the
detection of many diseases such as early epithelial cancers. Figure 1.2 shows a typical

configuration of a confocal microscope.

It consists of a light source, a beam splitter, an objective lens, a detector and two pinholes.
The entrance pinhole is located on the optical axis and limits the field of laser illumination.
An image of this pinhole is projected on the sample by the objective lens. The exit pinhole is
placed in the conjugate focal plane of the objective lens and rejects the out-of-focus light in

the image plane. The size of pinhole governs the resolution of the system. Smaller pinhole
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improves the resolution but lowers the amount of light received by the detector which results
in higher requirements on detection electronics. This configuration helps to reject light
scattered from parts other than the focal point of the lens. This will greatly help to increase

resolution, improve SNR, and reduce image blur due to light scattering.

Objective lens

Beam splitter

NY

Laser

Entrance
pinhole

Exit
pinhole

Out of focus ====\s
Focal plane
Out of focus

Detector

Figure 1.2 Basic principle of confocal microscopy.

1.2 Microelectromechanical Systems (MEMS)

MEMS is a technology that incorporates miniature mechanical components and integrated
circuits (IC) to build sensors, actuators and microsystems [9]. Mass production and cost
reduction are possible with MEMS technology compared to traditional sensor/actuator

manufacturing technologies. Many MEMS sensors and actuators in micrometer scale have
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found applications in automotive industry [10], biotechnology [11] and wireless

communications [12].

MOEMS or Micro-Optoelectromechanical Systems are MEMS devices that incorporate
optical components such as mirrors [13] and lenses [14]. Applications of MOEMS devices
include telecommunication [15], medical imaging [16], and consumer products [17]. The
smallest feature size of a MEMS and MOEMS device usually ranges from a few microns up

to a few millimeters.

Conventionally, fabrication of MEMS devices is performed using silicon (Si) thin-film
technologies similar to IC technology that builds semiconductor circuitry. Batch fabrication
of MEMS devices is realized by fabricating several or hundreds of micro devices with similar
or different designs on a common Si wafer in a single fabrication process. This is the same
way that IC devices are built and will greatly help in reducing production cost. Because of
the small size, MEMS devices cannot be fabricated using conventional machining equipment
such as cutting, drilling or forming. Instead, thin-film deposition, photolithography and

chemical etching are the techniques to fabricate MEMS devices.

Deposition is a process of placing thin layers of metals, dielectric materials, semiconductors
or other substances such as photo-sensitive materials (photoresist (PR)) on a substrate. This
can be done by physical methods using evaporator, sputtering machine, substrate spinner, or
by chemical methods using chemical vapor deposition (CVD) machines. After deposition,
thin films are patterned by a process called photolithography. It is a process that is used to
transfer the MEMS structure design from a photo mask to a PR. To make the photo mask,

desired pattern is first generated using computer-aided design (CAD) software. The design is
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then used to pattern a chromium film deposited on a glass plate by a laser or an electron
beam writing system. Next, a layer of PR is spin-coated on the substrate and baked. The
thickness of this layer can be controlled by spinning speed and PR viscosity. The photo mask
is then placed on the PR and the PR is selectively exposed to ultraviolet (UV) light. The UV
exposure changes the chemical properties of the PR. The substrate is then moved into a next
position and UV exposure is carried out again. The process is repeated until all the substrate
area is exposed. An illustration of a photolithography process is shown in Figure 1.3. After
the UV exposure process, the substrate is placed in a developer solution that etches away

either the exposed or unexposed regions of the PR, depending on the type of PR used in the

G]]@ Light source

C > Condenser lens

Ph k
"' oto mas

process.

C > Projection lens

Substrate

Figure 1.3 Illustration of a photolithography process.
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Etching is a process that is frequently used in MEMS fabrication to selectively remove
materials that are not protected by PR or any other physical layers above. The materials that
can be etched are either the deposited thin films or the substrate itself. Wet etching is
performed in a chemical bath. Most wet chemical etchings result in an isotropic etching
profile. Wet etching requires simple equipment setup, but precise control on the etching rate
is difficult. Dry etching is performed in vacuum chambers using chemical in gaseous form.
Available dry etching methods include Reactive Ion Etching (RIE), Deep Reactive Ion
Etching (DRIE), and Plasma Etching. Figure 1.4 illustrates basic steps in MEMS fabrication.

Further reading of MEMS fabrication processes can be found in textbooks [18].

Deposition: Photoresist

Substrate

Pateming —

Substrate

Etching: Photoresist

Substrate

Figure 1.4 Basic MEMS fabrication process flow.
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1.2.1 Surface Micromachining

The previous section described methods of depositing layers, photo-patterning and selective
etching. However, a unique combination of those techniques is required to realize micro
mechanical structures on a substrate. The substrate acts as a mechanical support for the
microstructures and can be made of silicon, glass or plastic. The micro mechanical structures
are the thin films that are deposited and patterned on the surface of the substrate, hence the
terminology “surface micromachining”. To fabricate free moving mechanical structures,
“sacrificial layers” are needed. Figure 1.5 illustrates an example of the surface

micromachining steps required to fabricate a cantilever beam on a Si substrate.

As shown in Figure 1.5 (b), a layer of “sacrificial” film is first deposited and the first
photolithography step and etching are performed to form a hole in the film. The second film
is deposited that covers the hole and bounds with the substrate to form an “anchor”. The
second photolithography and etching steps are carried to form a shape of a cantilever beam in
the second layer film (Figure 1.5 (c)). Lastly, the sacrificial film is chemically etched, while
leaving the cantilever beam intact through etching selectivity (Figure 1.5 (d)). The
combinations of material selection, processing chemicals and temperature in surface
micromachining require extensive development. Further reading can be found in “Surface

micromachining for microelectromechanical systems” [9].
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(a) silicon as a substrate

(b) deposit & pattern oxide
(sacrificial layer)

(c) deposit & pattern poly
(mechanical structure)

(d) sacrificial etch to
release the beam

front view

Figure 1.5 Fabrication of cantilever beam on a Si substrate.
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1.2.2 Bulk Micromachining

In contrast to surface micromachining, “bulk micromachining” directly defines the structures
by selective etching of single crystalline Si substrates. Depending on the chemicals and
techniques used, etching can be wet or dry and can have anisotropic or isotropic profiles. To
realize the selective etching, usually a layer of silicon dioxide (SiO;) is thermally deposited

and patterned on a Si substrate. Then the substrate is exposed to chemicals to etch away the

and Si substrate to form a cantilever beam.

SiO,

parts of the Si that are not protected by SiO,. Figure 1.6 shows an example etching of SiO,
(a)
Si substrate

(b) I?!!!!SESSEEEEE?
(c) (d)

Rapid etching of convex corners Cantilever beam released

Figure 1.6 Si wafer etching steps showing (a) SiO, deposition and (b) patterning followed by (c)

silicon substrate etching until (d) cantilever beam released.
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1.2.3 Laser Micromachining

Developed more recent than both surface and bulk micromachining technologies, laser
micromachining has been used to fabricate microdevices [19, 20]. This technique is more
flexible in material selection, processing chemicals and temperatures than other
micromachining technologies. Furthermore, laser micromachining may be arguably more
environmentally friendly since no chemicals are required during the process. Laser with
proper optics can be used to cut or drill through thin films. Wavelength, energy and pulse
width of laser can be properly selected to provide selective machining of a variety of
materials, including metals [21], polymers [22] and ceramics [23, 24]. In this way a layer of a
material can be machined without damaging the layers underneath. In general, “laser writing”
is required to fabricate devices using laser. This can make the process much slower than
batch fabrication type micromachining techniques, such as surface micromachining. This is
because the laser removes materials only at a small spot that it is focused at each time. For
cutting a line or a shape, usually a CAD file is imported to the laser machining equipment. A
motorized stage follows the CAD drawing to achieve the desired shape of cut. Figure 1.7 is
photograph of a commercial laser machining system (QuikLaze 50ST2, New Wave
Research, USA). Depending on the materials to be cut, the laser wavelength can be selected

to be IR, green or UV. Figure 1.8 shows a sample cut on a thin film gold using green laser.

12
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Figure 1.7 Laser micromachining setup - QuikLaze 50ST2.

Figure 1.8 Green laser used to cut letters UBC in a 200 nm gold evaporated on a Si substrate.

The width of cut is 40 pm.
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1.3 MEMS for Optical Microscopy

There are three types of laser beam scanners for optical microscopy; mirror scanners, lens
scanners and optical fiber scanners. The actuation mechanism of these scanners can be
presented in four main categories. This includes electrostatic, electromagnetic, electrothermal

and piezoelectric actuators.
1.3.1 Electrostatic Actuators

Electrostatic actuators are based on the force applied to charge particles by electric field. One
common type of this actuation method is based on two parallel electrodes. In this method one
electrode is fixed and the second one is capable of actuation in electric field. Petersen in 1980
[25], developed an electrostatic scanner by aligning and stacking two micromachined
substrates. The upper substrate is made of single-crystalline Si that is machined to form a
center piece that acts as a mirror and two torsional bars to suspend the mirror. The center
piece is coated with a layer of aluminum to enhance the reflection. The actual mirror surface
area is around 2x2 mm?®. The bottom substrate that can be Si or glass is etched to form a gap
between the mirror and two electrodes that are placed at the bottom of the etched area. The
deflection of the mirror is achieved by applying 300-400 volts between the electrodes and the
mirror. This scanner has a resonance frequency of 15 kHz and is capable of scanning about

+1°.

Another type of electrostatic actuators is based on comb-shape electrodes. Conant et al.
demonstrated a scanning micromirror [26] that is actuated by staggered torsional comb
actuators. In their design, the lower comb teeth are stationary and fabricated by DRIE of Si

wafer. The upper comb teeth are fabricated by etching another Si wafer that is bonded to the
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first wafer with a thin layer of thermally grown oxide in between. The top wafer also defines
the mirror and torsion hinges. Scanning is realized when a voltage is applied between the
upper and the lower comb electrodes, exerting a torque on the mirror and causing it to tilt.
This mirror has diameter of 550 pm and is capable of scanning +6.25° at resonance

frequency of 34 kHz.

One disadvantage of staggered comb drives is the requirement for critical alignment of the
stationary and moving comb teeth during the manufacturing process. To overcome this issue,
angular vertical comb (AVC) actuators are fabricated from a single substrate. Patterson et al.,
developed a scanning micromirror based on AVC actuators [27]. In this approach, the
moving comb fingers are attached to the torsion beams that suspend the mirror using PR
hinges. When a voltage is applied between the movable and stationary fingers, the movable
fingers rotate about the torsion beams, hence rotating the mirror. This type of actuators can
provide larger scanning range compared to standard vertical comb drive actuators. The
overall size of the scanning micromirror is 1x1 mm?. The scanning angle of this micromirror

is £18° with driving voltage of 21 volts at resonance frequency of 1.4 kHz.

Using microlenses instead of micromirror has alignment advantage. Kwon et al. [28] used
comb-drive actuators to scan microlenses in X and Y directions. They demonstrated the focus

scanning of 75 um with alternating (AC) voltage of 10 volts and direct (DC) bias of 20 volts.
1.3.2 Electromagnetic Actuators

In electromagnetic actuators, a magnetic field is used to move an object. The magnetic field
can be from a permanent magnet or an electromagnetic coil. For example, if a current

carrying wire is placed in an external magnetic field generated by a permanent magnet or an
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electromagnet, the wire experiences a force (Lorentz Force) that is the result of interaction
between the external magnetic field and the field generated by the current in the wire.
Another case of magnetic actuation is when a ferromagnetic material is placed in an external
magnetic field. Due to the misalignment of magnetic moments of domains that magnetizes
the ferromagnetic material, magnetic force is exerted on the ferromagnetic material. This
type of actuation has been used in development of endoscopic catheters for various

microscopy techniques.

In 1994, Asada et al. [29] reported a 2-axis micromirror scanner driven by magnetic field.
The scanner is micromachined from a Si substrate. The mirror is connected to a moving
frame which itself is connected to a fixed frame using torsion beams. A pair of planer coils
fabricated around the mirror and the moving frame and two permanent magnets are placed on
both sides of the scanner. Actuation is realized by electromagnetic torque that is produced by
the permanent magnets and controlling the electrical current in the planer coils. The scanner
has overall dimensions of 7x7 mm” and is capable of scanning +3° and +1° about X and Y

axes at resonance frequencies of 380 and 1450 Hz respectively.

Mitsui et al. [16] developed another 2-axis magnetically driven micromirror scanner that is
suitable for OCT imaging. They used similar idea as Asada, but different configuration of
magnet and coils to achieve a larger scanning range. In their device, a Si substrate was etched
to form a mirror that is connected to a movable plate by a pair of torsion beams. Similarly,
the movable plate is also connected to a fixed frame by the second pair of torsion beams.
Two planar coils are fabricated adjacent to the mirror and connected in parallel for X-axis
rotation. Four other planar coils for Y-axis rotation are fabricated and connected in parallel

on the movable frame. The coils placed on opposite sides of the mirror and the movable plate
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spiral in opposite directions. A permanent magnet is also placed under the device. Actuation
about X and Y axes is realized by the electromagnetic torques that are produced when
controlled electrical current is supplied to the coils. The scanner has the overall size of
7.4x9.8 mm” and is capable of £8° scanning while driven in the static or low frequency (~10

Hz) mode, with a current of +4.6 mA and +£10.3 mA in the X and Y axes, respectively.

Kim et al. [30] developed a catheter for high speed OCT imaging. It incorporates a
magnetically actuated micromirror that is capable of 2-axis scanning. The actuation is
realized by gluing a permanent magnet underneath the mirror and applying an external
magnetic field using two coils. With a low driving voltage of up to 3 volts, the micromirror
scans + 20° and is capable of operating either statically in both axes or at the resonant
frequency (>= 350Hz) for the fast axis. The catheter has diameter of 2.8 mm and rigid length

of 12 mm.

Siu et al. [31] developed a transmissive microlens scanner. In this scanner a microlens is
placed on a nickel platform that is suspended on a moving frame by four V-shaped springs.
The moving frame is also suspended on a fixed frame using three serpentine springs. The
microlens is actuated in the out-of-plane (Z-axis) direction using an electrostatic force that is
generated by applying an AC voltage of 56 volts with a DC bias of 28 volts between the
moving and fixed frames. The transverse (X-axis) actuation is realized by applying a
34.5 mT AC magnetic field to the nickel platform. Out-of-plane and transverse scanning

ranges are 120 and 163 pum at resonance frequencies of 286 and 480 Hz respectively.

Min et al. [32] in 2009 demonstrated one dimensional optical fiber scanning by attaching a

ferromagnetic iron-bead to the fiber and actuating by a magnetic force generated by a
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solenoid. For the selected length of optical fiber (50 mm) the resonant frequency was 30 Hz
with actuation range of 4 mm when 120 mA current was supplied to the solenoid. In 2011,
using a similar approach they demonstrated two dimensional elliptical spiral scanning pattern
of an optical fiber. This was achieved by placing the iron-bead off the axis of the solenoid

[33].
1.3.3 Electrothermal Actuators

The principle of thermal actuators is based on the linear expansion of materials at elevated
temperature. This phenomenon is used in MEMS thermal actuators to fabricate small size
actuation mechanisms. The advantage of electrothermal actuation is mainly in large
displacement compared to other types of actuation; however, scanning speed is limited by
thermal dissipation rate of the actuator when cooled down from typically a few hundred
degrees Celsius (°C). Most demonstrated electrothermal actuators have a scanning speed less
than kHz. For out-of-plane actuation, bimorph beams consisting of two layers with different

coefficients of thermal expansion can be used.

Pan et al. [34] developed a scanning micromirror connected to a frame by a bimorph
actuator. The MEMS mirror is 1x1 mm? and is fabricated by DRIE etching of a Si substrate.
The bimorph thermal actuator is composed of a stack of aluminum (Al) and SiO; thin films.
A layer of polysilicon thermal resistor is embedded in the bimorph mesh and acts as a heat
source from joule heating effects. Because of internal residual stress and difference in the
thermal expansion of the layers in the hinge, the mirror curls to angle of about 17° after
fabrication. The bimorph actuator can handle voltages up to 33 volts and the mirror has

resonance frequency of 165 Hz and is capable of tilting £8°.
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Jain et al. [35] used similar approach to develop a 2-axis thermally actuated micromirror.
This mirror is connected to a movable frame that itself is connected to a fixed frame using
bimorph cantilever beams. This mirror has dimension of 1x1 mm? and can tilt 40° with the
applied voltage of 15 volts. The frame can tilt 25° at 17 volts. The resonant frequencies of the

mirror and frame actuator structures are 445 and 259 Hz, respectively.

Xie et al. [36] developed a thermal micromirror scanner for OCT applications. The
micromirror is suspended using a series of bimorph cantilever beams. The actuation is
realized by heating the bimorph beams by directly passing electrical current through them.
The diameter of the head is 5.8 mm and the size of the mirror is 1x1 mm?. This mirror is

capable of scanning +£25° with driving voltage of less than 10 volts.
1.3.4 Piezoelectric Actuators

Piezoelectric effect causes crystalline materials such as quartz and ZnO to expand when
charges are applied. The effect is reversible, meaning that a deformation in a piezoelectric
material will generate electric charges. The advantage of piezoelectric actuator is high speed
of operation; however, the displacement is relatively small compared to other types of
actuation mechanism. Goto et al. demonstrated a resonator mirror fabricated by MEMS
technology [37]. A piezoelectric actuator (PZT) is attached to the resonator that is fabricated
from a Si substrate and is capable of scanning an optical beam in two directions. For 10 pm
PZT actuation, the mirror scans 10° in one direction and 20° in the other direction. The

resonance frequencies of the resonator are 121 and 288 Hz in both directions, respectively.

Another PZT actuator was developed by Tsaur et al. [38]. In this design, a micromirror with

dimension of 500x500 um? is hinged to four PZT cantilever beams. The overall size of the
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device is 5x5 mm’. Scanning angle of 6° at resonance frequency of 1975 Hz was

demonstrated.

Fiber optic scanners have also been developed using piezo actuation techniques. Myaing et
al. [39] have shown spiral scanning pattern of an optical fiber using a tubular PZT actuator.
For an 8.2 mm long actuator, they achieved scanning diameters of 120-220 um at frequency

range of 1323-1330 Hz. The maximum driving voltage of the PZT actuator was 75 V.
1.4 Concluding Remarks

Among optical imaging techniques, confocal imaging can potentially provide highest
resolution with modest cost. Confocal imaging that is based on native tissue properties,
RCM, is preferred over fluorescence imaging (FCM) that requires exogenous contrast agents.
Between actuation techniques used in MEMS scanners; electromagnetic actuation offers
repeatable large scanning ranges with low driving voltages, which is preferred in clinical
applications because of safety considerations. In this thesis, we utilize MEMS technology to
developed electromagnetically driven lens and fiber optic scanners for reflectance confocal

imaging of biological samples.
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CHAPTER 2

A MICRO-FABRICATED OPTICAL SCANNER FOR REAL-TIME

NON-CONTACT THICKNESS MEASUREMENTS'

2.1 Introduction

Various techniques are available for non-destructive thickness measurement of thin films and

coatings. This includes ultrasonic [40], x-ray radiation [41] and optical methods via

! A version of this chapter has been published in journal papers and presented in conferences:
e Mansoor, H., Zeng, H., and Chiao, M. (2011) “Real-time thickness measurement of biological tissues

using a microfabricated magnetically-driven lens actuator” Biomedical Microdevices. 13: 641-649.

e  Mansoor, H., Zeng, H., and Chiao, M. (2011) “A microfabricated optical scanner for rapid noncontact

thickness measurement of transparent films” Sensors and Actuators A: Physical. 167: 91-96.

e  Mansoor, H., Zeng, H., and Chiao, M. (2011) “A confocal fiber optic catheter for in vivo thickness
measurement of biological tissues” IEEE 24" International Conference on MEMS, Cancun, Mexico.

999-1002.

e  Mansoor, H., Zeng, H., and Chiao, M. (2010) “Magnetically driven scanning microlens for out-of-

plane in vivo medical imaging” 217th ECS Meeting. Vancouver, Canada.
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reflection, transmission and interference measurement of light [42-44]. These techniques can
be used to measure thickness of polymer films, optical coatings and PR layers in MEMS
fabrication process. The choice of measurement technique depends on the material and the
desired measurement resolution. Thickness measurements of biological tissues are also
useful for studying pathological processes and diseases. For instance, the thickening of
epithelium in the vocal folds is an indicator of early laryngeal cancer [45]. Another example
is the measurement of the central corneal thickness that can be related to the intraocular
pressure (IOP) to determine onset of glaucoma [46]. Thickness measurement of biological
tissues has been demonstrated by radiography [47] and ultrasound [48]. More recently optical
methods such as OCT [49, 50] and CM [51-55] have been developed for thickness
measurements. In general, optical measurement techniques provide higher resolution and

accuracy.

To perform rapid confocal measurements, MEMS technology can be employed. Using this
technology, out-of-plane actuations of a microlens by mechanisms such as electrostatic [31,
56] and electrothermal [57] actuation have been demonstrated. In general, electrostatic
actuators have disadvantage of non-linearity [58] and thermal actuators are limited by
thermal fatigue due to continuous thermal cycling [59]. On the other hand, electromagnetic
actuators typically require low driving voltage, have high repeatability and provide large
scanning range. In this chapter we present development and evaluation of a magnetically
driven confocal micro-scanner for rapid non-contact thickness measurement of transparent
and semi-transparent films, as an alternative method to the current state-of-the-art equipment.
In addition, we demonstrate development of an optical fiber catheter for thickness

measurement of biological tissue for endoscopic applications.
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2.2 Design and Principle of Operation
2.2.1 Scanner Optical Configuration

A typical optical configuration for confocal measurement is shown in Figure 2.1(a). The
pinhole is of fixed size and position and it is realized using an optical fiber in our setup
(Figure 2.1(b)). Both the illumination beam and the reflecting light from the sample will pass
through the fiber but in opposite directions. The incident light will pass through the fiber to a
collimating lens illuminating the objective lens. The light beam is then focused and after
interacting with the sample, the elastically scattered light is collected and relayed back to the
fiber for confocal imaging. Thus, the same fiber serves as both the illumination and the
detection pinholes to achieve confocality. Using this optical configuration, the thickness of
samples can be measured by actuating the objective lens in the Z-axis direction (Figure

2.1(b)) and monitoring the intensity of reflected light as a function of lens position.

@) (b) |
Pinhole Optical fiber

Collimating lens

Objective lens

r’x

Out-of-plane
actuation of
objective lens

—_—

Quun

Focal point moves
into the depth of
sample

Figure 2.1 Optical configuration of confocal scanner for thickness measurement.
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2.2.1.1 Thickness Measurement

When the objective lens is actuated in the Z-direction, the focal point of the lens scans a line
perpendicular to the surface of the sample and passes through both upper and lower surfaces.
The reflected light intensity is greater when the focal point is on the surface or at the layer
boundaries with different refractive indices. Two intensity peaks will be detected each time
the focal point scans across the thickness of sample (Figure 2.2(a)). The displacement of the

lens between intensity peaks can be represented by:
d = Asin(wt) (2.1)

where A is the amplitude of lens actuation,  is the frequency of actuation and ¢ is time. Lens

displacement between intensity peaks is known as the optical thickness of the sample [60].

(a) (b)
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Figure 2.2 (a) Illustration of the working principle of confocal thickness measurement and a
typical intensity signal. (b) The refractive index mismatch causes difference between

mechanical (#) and optical (d) thickness of the sample.
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This value is different than the mechanical (or physical) thickness because of the mismatch
between the refractive indices of the sample and the surrounding medium (Figure 2.2(b)).

The mechanical thickness of a sample such as a film is calculated using Eq. (2.2):

(=20 2.2)
f .

ny

In this equation, tris the film thickness, nrand ny are the refractive indices of the film and air

respectively and d is the lens displacement between intensity peaks.
2.2.1.2 Resolution

The performance of the confocal scanner in axial direction can be represented by thickness of

optical section and calculated using [61]:

0.88x 4 ) (N2xnxPH)
Raxial = ( ' - = J +[ il ] (23)
n—~n>—NA* NA

In this equation 4. is the wavelength of excitation light, n is the refractive index of the

medium, NA is the numerical aperture of the objective lens and PH is the pinhole or core
diameter of the optical fiber. Using shorter wavelength light can improve the resolution of
the scanner; however, for most fibers more photons are absorbed by the fiber at shorter
wavelengths and less power is seen at the output. N4 is another parameter that affects the
resolution. Higher resolution can be achieved by using an objective lens with higher N4. The
main parameter that governs the resolution of the confocal scanner is the pinhole size or core
diameter of the optical fiber (PH). Smaller PH improves the resolution by rejecting the out-

of-focus light; however, less light is received by the detector which results in higher

25



Chapter 2: A Micro-fabricated Optical Scanner for Real-time Non-contact Thickness Measurements

requirements on detection electronics. Larger PH lowers the resolution but requires a less

sensitive detector.

The objective lens used in our confocal scanner is a Plano-convex lens with N4 of 0.43. The
fiber that was used is a single-mode optical fiber with core diameter of 8.2 um. Theoretical
axial resolution of the scanner is 28 um. The axial resolution was also experimentally
measured by axially scanning a flat mirror and logging the change in the reflected light
intensity as the lens moved toward the mirror. The maximum intensity was when the mirror
was at the focal plane of the lens. The experimental axial resolution is defined by the full
width at half maximum (FWHM) of the signal peak which was measured to be 32 um

(Figure 2.3), very close to the above theoretical value of 28 pm.

0.8
0.6
— FWHM: 32 pm
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Figure 2.3 Reflected intensity as a function of lens displacement from axial scan of a flat mirror.

The measured FWHM was 32 pm.
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2.2.2 Lens Actuation

The lens is suspended on a micro-fabricated nickel flexure. The out-of-plane (Z-axis)
actuation is realized by applying an AC magnetic field generated by an electromagnetic coil

to the flexure. Figure 2.4(a) shows a conceptual illustration of this actuator.

(a) (b)
AC magnetic field generated by a coil

Prrobd

Lens
Fixed frame

\ Folded beam

Lens holder

500 pm —

Focal point I

Figure 2.4 (a) Conceptual illustration of microlens scanner with a suspension system made of a
magnetic material (nickel). Out-of-plane scanning is enabled by an external magnetic field. (b)
Layout of out-of-plane scanning flexure. The diameter of the lens is 1.5 mm, the width of folded

beams is 75 um and the overall size of the scanner is 3 mm x3 mm.

The magnetic force applied to the nickel flexure can be approximated by the virtual work

method [62]. The net work in the electromagnetic system is approximated by the expression:
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In Eq. (2.4), ¢ is magnetic flux and F), 1s magnetomotive force that is defined as the

product of N.i, where N is the number of turns and i is the current flow in the coil. Magnetic

flux and magnetomotive force are related by the expression:

F .
oy N (2.5)

=R " w

where ‘R is the reluctance encountered by the flux in its path that is approximately:

g
R=-2z_ 2.6
i (2.6)

In Eq. (2.6), g. is the gap between the coil and nickel flexure u is permeability of free space
and 4 is cross-sectional area of the electromagnet core. Replacing equations (2.5) and (2.6) in

Eq. (2.4) will give:

U ANPP®
2g.

/4

mag

2.7)

The magnetic force acting on the nickel flexure is finally approximated by the following

expression:
AW, u, AN’
Foe =— iz == 20 (2.8)

The squared current term (i) in Eq. (2.8) shows that the magnetic force (Fu.e) is always in
the same direction, independent of the direction of the current in the coil. This means that
when a sinusoidal current with zero DC bias is applied to the coil, the nickel flexure’s

actuation frequency is twice the applied current frequency. This so called double-frequency
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effect is expected since the displacement of the nickel flexure is always toward the coil
regardless of the direction of applied current [63].

The lens actuator consists of four folded beams attached to a fixed frame at one end and a
lens holder at the center. Figure 2.4(b) shows the design layout of the nickel flexure. The
stiffness of the flexure can be modeled as four folded beams in parallel. The stiffness of each
folded beam can also be approximated by assuming each suspension consists of two fixed-

guided beams of length /,/2 in series and zero rotation at the joint [64].

192E1

s = 4% K == (2.9)
b

total

In Eq. (2.9) E is the Young’s modulus of nickel, 7 is the moment of inertia of beam and /, is
total length of each folded beam. The restoring force of the nickel flexure as a function of

deflection can be approximated as:

192£1 d (2.10)

3 z
b

F,=4F(z) =

where F(z) is the restoring force of one beam and d, is the displacement of the flexure.
Eq. (2.10) is derived by assuming s-shaped deformation of the flexure as shown in Figure

2.5.
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Figure 2.5 Illustration of the flexure deformation and derivation of the restoring force for the

electromagnetic microlens actuator.

When a sinusoidal current with frequency of w; is applied to the coil, a harmonic

electromagnetic force with frequency of 2w; is produced by the coil. The vibration mode

frequencies can be predicted using the equation of motion of the system [65]. Assuming

damped vibration under harmonic magnetic force, the equation of motion for the system

becomes:

mz+cz+kz=F(t)

2.11)

where m is mass, ¢ is damping constant and & is stiffness of the system. The amplitude of the

displacement, d., of the nickel flexure at various excitation frequencies can be expressed as

[66]:
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d. = (2.12)

where o is the frequency of actuation, w, is the natural frequency of the structure and {'is the
damping ratio of the system. The nickel flexure actuates in the first mode of vibration that is

the out-of-plane sliding mode.

Finite Element Analysis (FEA) was performed on the flexure design using COMSOL
Multiphysics. Figure 2.6 is the FEA results of the nickel flexure deformation at resonant
frequency. The predicted actuation range and resonant frequency of the flexure were 220 pm

and 530 Hz respectively when a 14 mT AC magnetic field is applied.
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Figure 2.6 FEA simulation of nickel flexure after lens installation. The simulation result for

resonant frequency and maximum vertical displacement are 530 Hz and 220 pm respectively.
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2.3 Fabrication Process

2.3.1.1 Flexure Fabrication

Electroplating technique is used to fabricate the nickel flexure as shown in Figure 2.7.

(a) Si0; etch in HF after the first photolithography step

(b) Cr/Au patterning using the second photolithography step and
lift-off process

e RN L1

l]

(c) Nickel electroplating after the third photolithography step

h

(d) Silicon etch in 20% KOH and lens installation

Si .Si02 . Cr/Au .Ni Lens

Figure 2.7 Schematic drawing of the MEMS nickel flexure fabrication steps.

First a 2 pum thick SiO; layer is thermally grown on both sides of a 300 um thick Si wafer.
After the first photolithography step, SiO, is etched in a 7:1 buffered oxide etch (BOE)

solution (Figure 2.7(a)). An electrode area for electroplating is defined by the second
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masking step followed by deposition of 50 nm chromium (Cr) and 150 nm gold (Au), and a
lift-off process to remove excess/ unwanted Cr/Au (Figure 2.7(b)). A mold for electroplating
nickel is fabricated on the Si substrate using a thick layer of SPR 220-7 PR. A 20 um thick
nickel layer is electroplated on the substrate and the PR mold is removed with acetone
(Figure 2.7(c)). The Si beneath the nickel flexure is then etched in a 20 wt% KOH at 85 °C to
suspend the nickel flexure. Finally, the lens is fixed into the lens holder using a UV-curable

adhesive (Figure 2.7(d)) (see Appendix A for details on fabrication process).

Figure 2.8 shows photos of two lens actuators fabricated by electroplating technique

described above.

(a)

Folded
beam

Figure 2.8 Photos of electroplated lens actuators before lens installation showing flexures with

(a) four rectangular and (b) three circular folded beams. Lens holder has diameter of 1.5 mm.

2.3.1.2 Scanner Assembly and Characterization

The MEMS actuator is then placed on an electromagnetic coil that was wound using
American wire gauge (AWG) #44 on a hollow cylindrical core. The coil has an outer

diameter of 4 mm and is capable of producing a 14 mT magnetic field with an AC current of
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60 mA,,;. Figure 2.9(a) shows the photo of the fabricated lens actuator attached to the coil.
The out-of-plane displacement of the lens at various frequencies was measured using a Laser
Doppler Vibrometer (LDV) (Figure 2.9(b)). The measured resonant frequency of the lens
actuator was 544 Hz with a maximum displacement of 204 um. This is very close to the
simulation results of 530 Hz and 220 pm. The small difference between the measured values
and simulation prediction is mainly due to the non-uniformity in the thickness of the

electroplated nickel flexure during fabrication process (see appendix A for details).
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Figure 2.9 (a) Photo of the MEMS nickel flexure with a lens attached to an electromagnetic coil

for out-of-plane scanning. (b) Frequency response of microlens scanner measured by a LDV.

A collimating lens was placed inside the core of the electromagnetic coil and the coil-lens
assembly was positioned in front of an optical fiber to form the confocal catheter (Figure
2.10(a)). The catheter has a rigid length of 30 mm and an outer diameter of 4.75 mm. Figure
2.10(b) shows the positions of the optical components and the electromagnetic coil at the tip

of the catheter.
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(a)

Optical fiber
Coil-lens assembly

Scanning head

(b)
Optical fiber Collimating lens ~ Objective lens
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- AR

Coil for lens actuation MEMS nickel flexure

Figure 2.10 (a) Photo of the confocal catheter, (b) Cross-sectional drawing of the confocal

scanner showing positions of the optical components, electromagnetic coil and lens actuator.
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2.4 Experimental Setup and Results

2.4.1 Signal Acquisition

The schematic diagram of experimental setup for film thickness measurement is shown in

Figure 2.11.
Scanning FElectrical wire
R Computer
DAQ - P Electronics
30R/70T Beam Fiber Optical fiber
vl splitter © coupler
785 nm laser AN

diode ’U

Figure 2.11 Schematic of experimental setup.

A 785 nm laser beam is directed toward a fiber coupler by a 30:70 (30% reflectance and 70%
transmission) beam splitter. A single-mode optical fiber is used to transfer the laser beam to
the scanner and relay back the reflecting light from the sample to a photomultiplier tube
(PMT). PMT converts the intensity of the reflecting light to electrical signal. The output of
the PMT is connected to a data acquisition (DAQ) card for intensity signal measurement
which is displayed in real-time on a computer monitor. The MEMS device is controlled by

scanning electronics including a function generator, an amplifier and an oscilloscope.

36



Chapter 2: A Micro-fabricated Optical Scanner for Real-time Non-contact Thickness Measurements

2.4.2 Experimental Results

To demonstrate functionality of the system, the scanner was used to measure thicknesses of

layers of PR deposited on Si wafers and also biological tissues.

2.4.2.1 PR Thickness Measurements

The PR used for the experiment was SU-8 3050 negative PR (MicroChem Corp.). Five
different thicknesses were spin-coated on 4 inch diameter Si wafers. Thicknesses of SU-8
layers were measured by Wyko optical profiling system (Veeco Instruments Inc.) [67] and
recorded for comparison to our measurements. The samples were positioned in front of the
objective lens of the MEMS scanner and the intensity signal of reflected light was collected
using the PMT while the scanner was operating at its resonant frequency (544 Hz). Eq. (2.1)
is used to plot the intensity signal against the lens displacement. The value used for the
amplitude of vibration (4) in Eq. (2.1) was 102 pm which is equal to the half of the
maximum peak-to-peak displacement of the lens. Figure 2.12 shows the intensity signal
obtained from one of the thickness measurement trials while the objective lens was moving
toward the sample. The first intensity peak corresponds to the reflection from the surface of
the PR and the second peak is reflection from the surface of the wafer. From this plot, the
lens displacement between intensity peaks is measured and the thickness of the SU-8 layer is
calculated to be 94.5 um based on Eq. (2.2). The value used for the index of refraction of the
SU-8 was 1.56 [68]. The thickness of the sample measured by Wyko optical profiler was
88.6 um. Similarly, the thicknesses of all other PR samples were measured by both the
confocal scanner and Wyko optical profiler. For each sample, the measurement was repeated

6 times. Table 2.1 summarizes the mean thickness values and standard deviations of repeated
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measurements by Wyko optical profiler and confocal scanner. The differences between the

measured thicknesses using both methods and their standard deviations are also presented.
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Figure 2.12 The intensity peak obtained from the scanner when the lens moved toward the

sample.

Wyko optical profiler Confocal scanner Wyko - confocal

Sample Mean Standard Mean Standard Difference of Standard
#p Thickness Deviation Thickness Deviation mean thickness Deviation

[nm] [nm] [nm] [nm] [nm] [nm]

1 47.05 0.06 43.57 6.72 3.48 6.77

2 68.79 0.04 76.17 5.10 -7.38 5.07

3 88.67 0.09 92.77 4.78 -4.10 4.84

4 127.43 0.23 125.06 6.60 2.37 6.69

5 178.70 1.16 179.57 6.05 -0.87 5.12

Table 2.1 SU-8 PR thickness measurement results from Wyko optical profiler and confocal

scanner.
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2.4.2.1.1 Statistical Analysis

The mean thickness measured using the confocal scanner was plotted against the mean
thickness measured by Wyko optical profiler with error bars of two standard deviations
(Figure 2.13). This plot shows good linearity of the scanner response in terms of thickness
measurement and high correlation between the two measurement methods. This correlation
shows the strength of the relation between methods of measurement; however, for proper

comparison, the agreement between data must be investigated [69].
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Figure 2.13 Plot of the mean SU-8 photoresist thickness measurement using confocal

scanner and Wyko optical profiler.
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Figure 2.14 is the Bland-Altman plot of the measurement data. This plot represents the
difference between the measured thicknesses against mean thicknesses from both
measurement methods. From the measurement data, the mean difference is -1.30 um with
mean standard deviation of 5.70 um. Assuming a normal distribution, we would expect most
of the differences in the measured thickness lie within the 95% confidence interval (two
standard deviations). From this we can conclude that using the current confocal system, the
measurement may be -12.7 um below or 10.1 pm above that determined by the Wyko optical
profiler. This is consistent with the resolution of our confocal scanner as determined in

section 2.2.1.2.
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Figure 2.14 Bland-Altman plot of thickness measurement comparison between our confocal

scanner and Wyko optical profiler. SD: standard deviation.
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The uncertainty of measurement for the confocal scanner was approximated by combining
the Type A uncertainties of the sample thickness measurement by confocal scanner and the
lens displacement measurements by LDV. The expanded uncertainty of measurement (for

95% confidence interval) using the current confocal scanner was found to be 11.86 um.

2.4.2.2 Biological Tissue Thickness Measurement

The confocal catheter was used to measure the corneal thickness of a 5-months-old female
C3H/HeN mouse. After measurement, the eye was removed, fixed, and stained with
hematoxylin and eosin (H&E) for histology examination. Sectional histological images of the
cornea (Figure 2.15) were obtained and used to measure the corneal thickness for comparison
with our catheter measurements. The average corneal thickness from histology images was

measured to be 94.4 um by ImageJ processing software [70].

(b)

Figure 2.15 (a) H&E image of an eyeball from a 5-months-old female C3H/HeN mouse after
standard histology processing, (b) magnified image of mouse corneal section. The mean corneal

thickness measured from this histology image was 94.4 pm.
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Figure 2.16(a) shows the intensity signal obtained from our MEMS confocal catheter
measurement of the mouse eye. The optical signal intensity is plotted versus the objective
lens displacement for a half-cycle lens actuation. The two intensity peaks correspond to the
light reflection from the epithelium and endothelium layers of the cornea. The lens
displacement between the two peaks on the curve is 69.2 um. Using Eq. (2.2) and assuming
the refractive index of the mouse cornea to be 1.4015 [71] the calculated thickness of the

cornea is 97 pm. This is very close to the histology results of 94.4 pm.
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Figure 2.16 (a) Reflected intensity from the mouse cornea as a function of lens displacement.
Intensity peaks in the graph correspond to the reflected light from the surface of epithelium
and endothelium. The corneal thickness is calculated to be 97 pm assuming a refractive index of

1.4015, (b) zoomed view of the H&E image of the mouse cornea section shown in Figure 2.15.

Similar experiment was performed to measure the thickness of mouse skin. Figure 2.17(a)
shows the intensity signal obtained from the skin measurement experiment. The two intensity
peaks correspond to the light reflection from air-stratum corneum interface and the dermis-

subcutaneous fat interface. The measured lens displacement between intensity peaks is
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139.4 um which corresponds to a tissue thickness of 195.2 pm using Eq. (2.2) and assuming
a skin refractive index of 1.4 [72]. Figure 2.17(b) is the histology section of the mouse skin
used in this experiment. The average skin thickness measured from histology section was

178.8 pm.

The thickness from the histology measurements are less than the values measured by the
confocal catheter, for both cornea and skin tissues. The differences could be related to the
variation in the refractive indices and the shrinkage of the tissue as a result of formaldehyde
fixation in the histology processing [73].
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Figure 2.17 (a) Reflected intensity from mouse skin as a function of lens displacement. Intensity
peaks in the graph correspond to the reflected light from the surface of the skin (stratum
corneum) and the boundary between dermis and fat tissue. The skin thickness is calculated to

be 195.2 pnm assuming a refractive index of 1.4, (b) H&E image of mouse skin section.
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2.5 Concluding Remarks

The design and fabrication of a magnetically driven lens actuator using MEMS technology
was demonstrated in this chapter. The lens actuator was used for non-contact confocal
thickness measurement of transparent and semi-transparent films, and biological tissue
samples. Thickness measurement of five different SU-8 PR layers deposited on Si wafers and
cornea and skin of a mouse were demonstrated. The device has a resolution of 32 um with
expanded uncertainty of measurement (for 95% confidence interval) of 11.86 um. The lens
actuator is used to develop two-dimensional laser scanners for confocal imaging of biological

tissue that is presented in Chapter 3.
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CHAPTER33

VERTICAL OPTICAL SECTIONING USING A MAGNETICALLY

DRIVEN CONFOCAL MICROSCANNER®

3.1 Introduction

In confocal microscopy, a beam of light is focused on a sample by an objective lens. Imaging
is usually performed by scanning of the focused light in the X-Y plane (X-Y plane is parallel
to the surface of the sample). Scanning of the light beam can be performed using micro-
mirrors developed by MEMS technology [74-77] or by optical fibers [78-80]. This will result

in horizontal optical sectioning that produces an image of a section that is parallel to the

2 A version of this chapter has been published in a journal and presented in a conference:

e  Mansoor, H., Zeng, H., Chen, K., Yu, Y., Zhao, J., and Chiao, M. (2011) “Vertical optical sectioning using
a magnetically driven confocal microscanner aimed for in vivo clinical imaging” Optics Express. 19(25):

25161-25172.

e  Mansoor, H., Chen, K., Yu, Y., Zhao, J., Zeng, H., and Chiao, M. (2012) “Histology-equivalent vertical
optical sectioning using a 2-axis magnetic confocal microscanner” Solid-State Sensors, Actuators, and

Microsystems Workshop, Hilton Head Island, South Carolina, USA, 397- 400.
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surface of the sample. In conventional histopathology preparation procedures, samples are
cut in transverse slices. Images obtained from this process show a vertical cross-section of
the sample. Therefore, a confocal device capable of obtaining vertical cross-sectional images
is very useful for clinical applications. One method of in-direct vertical sectional imaging is
collecting and stacking horizontal section images obtained from various depths within the
sample [81]. The disadvantage of this method is a long scanning time if high resolution
imaging is desired. A better method of optical vertical sectioning is direct raster scanning of a
focused laser beam in the X-Z plane (X-Z plane is perpendicular to the surface of sample).
This will provide real-time images that are analogues to histopathology images which

pathologist and clinicians are more familiar with.

Direct vertical confocal imaging in the X-Z plane has been previously demonstrated by
various methods. This includes focusing a beam of light on a specimen and moving the
sample in the X-Z plane using a piezo translation stage [82] or scanning a laser spot in
transverse (X-axis) direction using a galvanometer mirror and translating the specimen using
a piezo stage for axial (Z-axis) scan [83]. In another work, transverse and axial scans were
performed by a galvanometer mirror and a commercial piezo-actuated macroscopic objective
lens respectively [84]. The whole assembly is large in size and is intended for laboratory
desktop microscopy applications. Those implementations are not suitable for in vivo clinical
patient measurements, especially for internal organ imaging through an endoscope. For in
vivo clinical applications, the sample (our epithelial tissues as part of our body) cannot be
moved for the purpose of imaging. The scanners have to be miniaturized to the size of
millimeters or several millimeters and also be safe to the patient, thus present significant

engineering challenges. Utilizing MEMS technology is the way of choice to overcome these
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challenges. Recently, a group has proposed direct vertical imaging by mounting a
micromirror developed by MEMS technology on a stage and actuating the stage in the axial

direction using piezoelectric unimorph beams [85].

In this chapter we present another way of direct vertical sectional imaging by scanning a
laser beam in transverse direction using an optical fiber and in axial direction through
actuating an objective lens with the aim of real-time in vivo imaging. In this work, we have
coupled a magnetic lens actuator with a transverse fiber optic actuator to form a 2-axis
confocal scanner for direct vertical cross-sectional imaging of samples. In addition, laser
micromachining technique is utilized to fabricate the magnetic actuators. In this scanner,
fiber and lens actuators are mechanically decoupled, eliminating translational errors and any
interference or coupling effects between the actuation systems. Optical and mechanical
design and characterization of a 2-axis confocal scanner for vertical optical sectioning are

presented. Preliminary two-dimensional confocal imaging of samples is also demonstrated.

3.2 Design and Principle of Operation

3.2.1 Instrumentation

Figure 3.1 (a) shows the optical configuration of a 2-axis confocal scanner. A beam of light is
illuminated from a single mode optical fiber (SMF) and is collimated by a collimating lens.
The light is then focused on a sample by an objective lens. In order to scan a vertical cross-
section of the sample, both transverse and axial scanning of the focused beam is required.
The frequency ratio and desired number of pixels in the image defines the scanning rate of
device. In our system fast-axis scanning is performed by actuating the objective lens in axial

direction and slow-axis scanning is done by moving the optical fiber in transverse direction.
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Figure 3.1 (a) Optical configuration of the 2-axis confocal scanner. The optical fiber and
objective lens are capable of scanning in transverse (X-axis) and axial (Z-axis) directions

respectively. (b) Schematic diagram of the experimental setup.
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A schematic diagram of 2-axis confocal system is provided in Figure 3.1 (b). A beam of light
with wavelength of 785 nm is emitted from a laser source (SDL XC30). The beam is directed
to a single mode fiber coupler (Newport Corp.) using a 30R/70T beam splitter. After
scanning the sample, the reflected light is relayed to a PMT through the same optical fiber. A
DAQ card is used to collect the intensity signal from the PMT and to generate the driving
signals for the scanner. The intensity signal is converted to a two-dimensional image using a

computer.

3.2.2 Magnetic Actuators

3.2.2.1 Fiber Actuator

To prevent the fiber from scanning in unwanted directions due to misalignment with the
applied magnetic field or external vibrations, the stiffness of the fiber actuator in X-axis is
designed to be much smaller than that in Y-axis. This is achieved by mounting an optical
fiber on a 25 mm X 2 mm cantilever beam that was fabricated by laser micromachining of a
25.4 um thick nickel foil. A groove was created at the center and along the length of the
beam to hold the optical fiber. One side of the cantilever beam was mounted to a v-groove
fiber holder and an electromagnetic coil was place at the other side of the beam. When an
alternating magnetic field is generated by the coil, the nickel beam is pulled toward the coil
and released resulting in forced transverse actuation of the optical fiber. The length of the
optical fiber is 30 mm and the tip of the fiber can actuate 450 um in X direction. The
cantilever beam undergoes simple forced actuation and can be modeled as a beam with one
end fixed and the other end free (Figure 3.2). The deflection at the tip of the fiber can be

approximated by [86]:
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Figure 3.2 (a) Deflection diagram of cantilever/fiber actuator for transverse scanning. (b)

Deflection diagram of one of the four folded beams for axial scanning of a lens.

3.2.2.2 Lens Actuator

Lens actuator utilizes a similar design that we described in the previous chapter; however,
this time instead of electroplating nickel on a Si substrate, we used a nickel foil and laser

micromachining technique to fabricate the nickel flexure. The flexure consists of four folded
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beams that suspend the objective lens in an electromagnetic field. The width and total length
of each folded beam are 0.125 mm and 8.7 mm respectively. The flexure thickness is 56 pm.
The objective lens is mounted in the lens holder using UV-curable adhesive. When the nickel

flexure is placed in an alternating magnetic field, the lens actuates in Z-direction.

3.3 System Description and Characterizations

3.3.1 Actuators Fabrication and Assembly

A Commercial laser machining system (New Wave Research QuikLaze system) was used to
fabricate the nickel flexure and cantilever beam. The selected laser wavelength was green

(532 nm) with energy of 3 mJ. The cutting speed was 15 um/s and the laser pulsed at 50 Hz.

(a) (b)
. . Objective
Nickel cantilever lens i §

beam

-

Electromag Lens holder ' :

Folded
beam

Figure 3.3 Photo of (a) Fiber optic actuator, and (b) Lens actuator, fabricated by laser

micromachining of nickel foils.

The nickel foil used to fabricate cantilever beam for fiber actuation was 25.4 um thick and
the one used for lens actuator had thickness of 56 um. Figure 3.3 shows a cantilever beam for

fiber actuation and a flexure for lens actuation fabricated on nickel foils using a green laser.

51



Chapter 3: Vertical Optical Sectioning Using a Magnetically Driven Confocal Microscanner

Using laser can make the fabrication process much slower than electroplating techniques
because the laser removes materials only at a small spot that it is focused at each time.
However, the fabricated flexure can be more uniform in thickness which can result in more
accurate theoretical prediction of actuation response of the lens. Figure 3.4 shows the cross-
section view of the 2-axis scanner demonstrating the positions of the optical fiber,

collimating and objective lenses and electromagnetic coils.

Collimating lens
Optical fiber

Transverse actuation of
optical fiber

Out-of-plane
actuation of
objective lens

Objective lens  Coil for actuating  Coil for actuating
mounted on nickel flexure nickel cantilever
nickel flexure beam

Figure 3.4 Cross-sectional drawing of 2-axis confocal scanner.

A larger objective lens can have better optical quality which enhances the resolution of
image; however, the increased mass of larger lens reduces the resonant frequency of the lens
actuator which lowers the imaging frame rate. In the current system, the resonant frequency
of lens actuator is 378 Hz and the cantilever beam for fiber actuation is moving at 2 Hz. Fiber
scanning frequency defines the imaging frame rate of 2 frames per second. Both lens and
fiber actuators exhibit a sinusoidal response with peak-to-peak amplitudes of 190 um and

450 pum respectively.
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3.3.2 Mechanical Characterization

The frequency response of the nickel flexure before and after lens installation was predicted
by performing FEA using COMSOL Multiphysics. This value was also calculated based on
Eq. (2.9) and Eq. (2.12), and measured using an LDV. The FEA-predicted and calculated
first mode resonant frequencies of the flexure were 564 Hz and 558 Hz before lens
installation; and 401 Hz and 393 Hz after lens installation, respectively. The measured
resonant frequencies of the lens actuator before and after lens installation were 549 Hz and

378 Hz respectively.

Figure 3.5 shows that the FEA analysis, calculation and LDV measurement agree well
especially before lens installation. The measured resonant frequency after lens installation is
lower than prediction. This is mainly due to the mass of the UV adhesive that was used to
mount the lens to the flexure which was ignored in our calculations. Notably, the actuator’s
frequency bandwidth has increased after lens installation. This indicates lower quality factor,
0, and higher damping ratio, {, in the system compared to that before lens installation.

Quality factor is defined by the equationQ =+/kM /c, where k is the stiffness of the actuator,

M is mass of the system and c is damping coefficient. Larger mass of the scanner after lens
installation tends to increase the quality factor; however, increase in the damping coefficient
dominates due to the fact that the scanner is installed on an electromagnetic coil which
restricts air movement and causes increase in viscous damping after lens installation. Lower
quality factor indicates higher rate of energy loss, which can be minimized by creating
opening for air flow in the lens holder portion of the nickel flexure. The measured quality

factors of the scanner before and after lens installation are 97 and 23 respectively. After the
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lens installation, the maximum displacement of the flexure at the resonant frequency of

378 Hz was 190 pm.
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Figure 3.5 Measured, predicted and calculated resonant frequencies of the nickel flexure.

3.3.3 Optical Characterization

To evaluate the optical performance of the system, lateral and axial responses are determined
by performing calculations, optical simulations, and experimental measurements. On-axis
lateral resolution of the system was calculated by treating the fiber as a single point object
and following analytical method described in [87]. This method emphasizes the sensitivity of
system’s lateral resolution to the size of detection pinhole, but neglects the size of
illumination source. The estimated lateral resolution of the system based on this model is

0.92 um. The theoretical on-axis axial response of the scanner was also determined by
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applying analytical method described by Gu et al [88]. Fiber is considered as a detection
pinhole and variation of detected intensity is plotted as a function of axial position as a
perfect reflector is translated through focus. The FWHM of the intensity plot is the axial

resolution which for our system is equal to 7.60 um.

The optical performance of the system was predicted by Zemax optical simulation software
(Radiant Zemax, LLC). Figure 3.6 illustrates a layout of the optical configuration. The SMF
has a N4 of 0.17 and mode field diameter (MFD) of 4 pm. The collimating and objective
lenses are aspheric lenses with diameters of 3 mm and 2.4 mm, focal lengths of 4.5 mm and
1.45 mm, and numerical apertures of 0.30 and 0.55, respectively. Due to under-filling of the
objective lens, the effective N4 is 0.35. With the current lens selection, the system has a
magnification of approximately 0.31 in transverse (X-axis) direction. As a result, when SMF

is actuated £225 um, image size in the transverse direction is about 145 um.

Collimating lens

Objective lens
M ____—-—’i—:{___'
+225 um e \[
0 um : Sample
-225 pm ] \/\ \
XL ) IV JE—
z

Figure 3.6 Two-dimensional layout of confocal scanner optical configuration.

Lateral resolution can be predicted from full field spot diagrams. Figure 3.7 represents beam
spot sizes at the focal point of the objective lens corresponding to three fiber locations (0 um
and £225 pm). Field points in each spot diagram (represented by red, blue and green colors)
correspond to the center of fiber core + 2 um. Full field spot diagrams show that on-axis spot

diameter is 1.2 um while the spot size becomes larger (5.7 um) at the edges of the FOV. In
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addition the diagrams show that the propagated rays do not remain within the Airy disk
(black circle shown on diagrams) when the fiber is at the edges of FOV. This means that the

objective is not capable of providing diffraction-limited performance at these regions.
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Figure 3.7 Full field spot diagram of the confocal scanner demonstrating the lateral resolution.

This can also be seen in the modulation transfer functions (MTF) curves compared with the
diffraction-limited curve (Figure 3.8). The plot indicates that the performance of the system
is lower than the ideal case at the edges of scanning range which is mainly due to the

geometrical arrangements and imperfections of the lenses.

56



Chapter 3: Vertical Optical Sectioning Using a Magnetically Driven Confocal Microscanner

TS Diff. Limit
‘ ‘TS 0.0000 mm

| I I T I I

o N
.l N _
"l -

0.3 | TS +£0.225 mm -

of the OTF

Modulus

0.0 I I TE—} I I t %ﬁa‘

0 140 280 420 560 700 840 980 1120 1260 1400
Spatial Frequency 1in cycles per mm

Figure 3.8 Plot of MTF for three fiber positions. OTF: optical transfer function, T: Tangential,
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Figure 3.9 Through focus spot diagram of 2-axis confocal scanner at three fiber positions.
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The axial response of the scanner can be assessed from the through focus spot diagrams by
ray trace analysis at three fiber positions. Figure 3.9 shows the spot diagrams at various focal
plane shifts, indicating how the spot size diameter changes at various distances from the focal
point. From Gaussian beam propagation analysis, the depth of focus is defined as twice the

Rayleigh range of the beam and is equal to 3.26 pm in our system.

On-axis lateral and axial resolutions were also measured by experiment. The lateral
resolution is defined as 0.78 times the 10-90% (1/e"2 resolution measurement) of the
intensity signal from laterally scanning edge of a surgical blade by actuating the optical fiber
while holding the objective lens stationary. Axial resolution can be approximated by
measuring FWHM of the intensity signal when a flat mirror is axially scanned [89] by the
lens while the fiber was fixed at 0 um displacement position. The experimental lateral and

axial resolutions were 3.87 um and 10.68 um respectively (Figure 3.10).
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Figure 3.10 Experimental measurement of (a) Axial and (b) Lateral resolutions of 2-axis

confocal scanner.
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Predicted values for lateral and axial resolutions are smaller than experimental results. We
believe this is mainly due to the imperfect alignment of optical components and measurement
samples. Both lateral and axial resolution measurements were performed by holding a blade-
edge and a flat mirror stationary while actuating the optical fiber and objective lens
respectively. In lateral resolution measurement, the distance between blade-edge and optical
axis can significantly affect the measurement since off-axis spot size is larger than on-axis
spot diameter. In addition, axial resolution measurement is sensitive to the axial and lateral

misalignment of the optical fiber [90, 91] during the system assembly.

3.4 Imaging Results

Confocal scanner was used to obtain vertical cross-sectional images of samples. The lens was
actuated 190 pm at 376 Hz while sampling 200 intensity data points over one actuation cycle
and fiber was moved at 2 Hz, providing a 145 pum scan in transverse direction, while
collecting 189 data points in each cycle. The intensity data was used to graph vertical section
view of samples. Figure 3.11(a) shows a confocal image obtained from a SU-8 PR
(MicroChem Corp.) channel fabricated on a Si substrate. The width and height of the channel
are 90 um and 65 pm respectively. Figure 3.11(b) is the optical profile image of this channel
obtained by Wyko optical profiler (Veeco Instruments Inc.) for comparison. In the confocal
image, the vertical walls of SU-8 channel are not visible. This may be due to the large
incident angle of illumination beam with respect to the surface of the walls and total
reflection which prevents the light from going back to the optical fiber for confocal imaging.
However, this image shows that the scanner is capable of detecting surfaces and edges of the

samples cross-section for defining shape and dimensions of the channel.

59



Chapter 3: Vertical Optical Sectioning Using a Magnetically Driven Confocal Microscanner

SU-8 surface

Silicon wafer Silicon

Figure 3.11 (a) Confocal image of SU-8 channel cross-section. (b) Optical profile of the channel

measured by an optical profiler.

Figure 3.12(a) shows a microscopic transverse cross-sectional image of a yellow onion
stained with Alcian blue. Depending on the size of onion, the cross-sectional shape and
dimensions of epidermal cells are different. The typical cross-sectional size of the epidermal
cells of the sample onion used in our experiment was about 40 um by 40 um. The epidermal
peel was removed from the onion for conducting confocal imaging experiments. Fig. 12(b, c,
and d) show three confocal vertical optical section images of the onion peel. The images
clearly show the upper and lower surfaces of the peel layer. The images also provide

information regarding the position of the walls and size of the cells.
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Figure 3.12 (a) Microscopic image of an onion transverse section stained with Alcian blue. (b, c,

and d) Confocal vertical optical section images of onion epidermis.

3.5 Concluding Remarks

The confocal scanner developed in this chapter provides the advantage of direct vertical
optical sectioning of samples. This possesses great potential for clinical applications for
performing vertical sectioning optical biopsies that mimic conventional histopathology
examinations. FOV of the scanner is 145 um in transverse and 190 pm in axial directions.
The lateral and axial resolutions are 3.87 um and 10.68 um respectively. The current system

demonstrates the functionality of the optical configuration and scanning mechanisms;
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however, the system has to be optically and mechanically optimized to expand FOV and

enhance the image quality and resolution.
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CHAPTER 4

A HANDHELD FIBER OPTIC RASTER SCANNER FOR

HORIZONTAL OPTICAL SECTIONING OF BIOLOGICAL TISSUES’

4.1 Introduction

Fiber-based confocal scanners utilize a fiber bundle or a single fiber for light transmission. In
recent years, various proximal and distal scanning mechanisms and imaging embodiments
have been developed [92]. A proximal scanning fiber bundle-based endomicroscope has been

commercialized by Mauna Kea Technologies (Paris, France) [93]. Another commercially

3 A version of this chapter has been published in a journal and presented in a conference:
e Mansoor, H., Zeng, H., Tai, I. T., Zhao, J., and Chiao, M. (2012) “A Handheld Electromagnetically
Actuated Fiber Optic Raster Scanner for reflectance Confocal Imaging of Biological tissues” IEEE

Transactions on Biomedical Engineering, In Press.

e  Mansoor, H., Zeng, H., Tai, I. T., Zhao, J., and Chiao, M. (2013) “A miniature fiber-optic raster scanner
for 2D optical imaging of biological tissue” 26th IEEE International Conference on MEMS, Taipei,
Taiwan, 137 — 140.
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available flexible endoscope is based on distal scanning of a single fiber (Pentax Corporation,

Tokyo, Japan) [94].

The essential component in an imaging system is a mechanism for scanning a laser beam
relative to a sample. Scanning of a sample is typically achieved by moving stages [95, 96] or
by scanning the laser beam using mirrors [74, 97-102], lenses [28, 103, 104] or optical fibers
[33, 39, 105-117]. Moving stage is a simple way of confocal imaging across a sample;
however, this method is limited by scanning speed and also not suitable for in vivo tissue
imaging. Mirror scanners including galvo mirror and micromirror scanners can be fast and
achieve large scanning range, but may be challenging in miniaturization and alignment since
optical axis is folded after reflecting off mirror surface. Transmissive scanners using moving
lenses have alignment advantages for systems implementation, but scanning speed can be
limited by the mass of the lens. On the other hand, ease of optical alignment along with fast
scanning speed and large actuation range make optical fiber scanners suitable for

miniaturization for clinical applications.

Several research groups have demonstrated fiber optic scanners utilizing piezoelectric and
electromagnetic actuation mechanisms. Various two-dimensional scanning patterns including
Lissajous, spiral and raster have been demonstrated. Lissajous patterns are created by
actuating an optical fiber in two axes (X and Y) at its resonant frequencies while controlling
the amplitude and phase of scan in each direction. When amplitude of driving signals is
triangularly modulated, a spiral scanning pattern can be generated. For raster scan, optical
fiber is actuated at its resonant frequency in one axis while moved at a lower non-resonant
frequency in the other axis. In general, miniaturization of Lissajous and spiral fiber scanners

is easier since resonant actuation requires smaller driving voltage and excitation force. In
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raster scanners, the off-resonance slow actuation of fiber requires a large driving force which
is particularly difficult to generate using miniature electromagnetic actuators. All described
scanning patterns have been previously demonstrated using piezoelectric actuation
mechanism. Electromagnetic actuation has also been used to generate spiral scanning
patterns. Recently, a group has proposed raster scanning of an optical fiber using

electromagnetic fields [118].

In this chapter we present a fully-packaged hand-held laser beam raster scanner for two-
dimensional reflectance-mode confocal microscopy of biological tissues. Magnetically
driven fiber optic actuators are incorporated in the scanning head to move an optical fiber in
a raster scanning pattern. Raster scanning pattern has been selected because of its uniformity
and simple image reconstruction. Unique design of electromagnetic actuators in our system
enables achieving large fiber deflections for both fast and slow scanning axis (=500 pum)

while requiring low driving currents (<200 mA).

4.2 Materials and Methods

4.2.1 Instrumentation

A schematic of the optical system is shown in Figure 4.1. A 785 nm laser diode (Starbright
785XM, Torsana Laser Technologies) with linearly (vertically) polarized output power of
500 mW was used as a light source. Laser beam power was controlled using a variable
metallic neutral density (ND) filter. The laser beam was directed to a single-mode fiber
coupler by a polarizing beamsplitter (PBS) and coupled to a polarization maintaining (PM)
optical fiber (Fibercore HB750) with the mode field diameter (MFD) of 4 um,, for delivery

to the confocal scanner. At the distal end of the PM fiber, light has the same polarization
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state as the incoming beam. The light beam is then collimated by a lens and circularly
polarized by a zero-order quarter wave plate. This may be done by orienting the fast (or

slow) axis of the wave plate at 45° to the linearly polarized incident light.

PM Fiber (~1.2 m)
Fiber Coupler ———p————

I
I
I
ND Filter :
- , Hand-held
Diode Laser PES I Confocal
(A=785 nm) IA Scanner
I
: —
: Sample
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® Vertically Polarized <> Horizontally Polarized

Figure 4.1 Schematic diagram of imaging system.

After focusing into the sample by an objective lens, the light is scattered. Single scattered
photons from the sample retain their polarization state. After passing through the quarter
wave plate, these photons are linearly (horizontally) polarized and have rotated 90° with
respect to the incident light before coupling back into the PM fiber. Multiple scattered
photons from the sample behave as un-polarized or partially polarized light. Figure 4.2 shows

the optical configuration at the scanning head of our confocal scanner.
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Figure 4.2 Optical configuration of confocal scanning system.

The horizontally polarized light coming back from the PM fiber, originated from single
scattering photons in the sample, can pass through the PBS toward a photomultiplier tube
(PMT). The PBS blocks the vertical polarization components of multiple scattered photons
from the tissue and also the unwanted light reflections from the surfaces of optical
components. Using light polarization effects can greatly improve imaging quality and
contrast [119]. An iris diaphragm is used to block the PMT from detecting the ambient light.
The intensity signal from the PMT is collected by a DAQ card for image reconstruction. The
DAQ card is also used to generate driving signals to drive the scanner and control frame rate
and scanning range of the imaging system. Both collimating (Geltech 352220) and objective
(Geltech 352230) lenses are aspheric lenses with effective focal lengths (EFL) of 11 mm and
4.51 mm respectively. Diameter of the light beam depends on the N4 of the optical fiber and
collimating lens; and may not be large enough to fully cover clear aperture of objective lens.
As a result, the effective N4 of the system may be less than the full N4 of objective lens. In

our system effective N4 is 0.29 with a magnification of 0.41 in the transverse direction. This
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means that the scanning range of the focal spot is 0.41 times the actuation range of the PM

fiber in X and Y directions.
4.2.2 Scanner Design

Schematic of fiber optic raster scanner is shown in Figure 4.3 (a). It consists of a PM fiber;

two cantilever beams (B1 and B2) and two electromagnetic coils (C1 and C2).
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Figure 4.3 (a) Schematic of the two-axis fiber optic scanning system and (b) schematics of

electromagnetic actuation mechanism for X-axis scanning.
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Both beams are fabricated by laser micromachining of nickel foils using a commercial laser
machining system (New Wave Research QuikLaze system). B1 is soldered to a supporting
rod and is compliant in bending in X direction. Using UV curable adhesive (Norland Optical
Adhesive 63), PM fiber is mounted onto B2 that is perpendicularly soldered to B1 and is
flexible in Y direction. Beam B1 is 2 mm wide and 4.5 mm long and has thickness of
0.05 mm. Two neodymium permanent magnets are placed on both sides of B1 and a hollow-
core coil (C1) is placed around it (Figure 4.3(b)). Beam B2 is 2.4 mm wide, 12 mm long and
0.11 mm thick. Coil C2 is positioned under the free end of B2. B1 and B2 have first mode

resonant frequencies at 11 Hz and 648 Hz respectively.

One scanning mode is realized by moving PM fiber in the Y direction by bending B2 about
the X-axis. For this, an AC current is applied to C2 to generate a magnetic field. Magnetic
domains of the ferromagnetic nickel are then aligned with the applied field and nickel is
magnetized. As a result, beam B2 is attracted toward the magnetic field and therefore the PM

fiber starts to move in the Y direction.

The second scanning mode is produced by translating the PM fiber and B2 in the X direction
when B1 is bent about the Z-axis. This is achieved by applying a current to C1 that creates
opposite magnetic poles on top and at bottom of the coil (Figure 4.3(b)). The magnetic poles
attract permanent magnets and create a moment that causes Bl to bend in the X direction.
Since B1 and B2 have much higher bending and twisting stiffness in all directions other than
the intended ones (i.e. X-axis for B1 and Y-axis for B2), very little imaging artifacts due to

cross-axis motion of the PM fiber in the two scanning mode is expected.
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The 2-axis fiber actuator along with lenses and wave plate were assembled in standard half-
inch lens tubes (17.8 mm outer diameter). A schematic diagram of the handheld imaging
system is shown in Figure 4.4(a). Figure 4.4(b) shows a photograph of fabricated fiber
scanner before inserting into lens tubes. Lenses and wave plate are positioned and secured in
place by retaining rings. An adjustable lens tube is used to align PM fiber with collimating
lens. The length of the scanning head is 57 mm. Figure 4.4(c) is a photograph of the hand-

held confocal system after final assembly.

(a) 5" lens tube Collimating lens  Objective lens

2-axis fiber scanner 1/4 wave plate

10 mm 10 mm

Figure 4.4 (a) Cross-sectional drawing of handheld confocal imaging system and photographs of

(b) 2-axis fiber raster scanner and (c) fully assembled system in lens tube.
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4.3 Optical Performance
4.3.1 Simulation

MTF of a confocal system represents the expected contrast and resolution at a given spatial
frequency [120]. Figure 4.5(a) and Figure 4.5(b) show on-axis and 120 pm off the optical
axis MTFs of our confocal system along with MTF curve for a perfect diffraction limited
lens generated by Zemax optical simulation software (Radiant Zemax, LLC). Each plot
includes curves for three field points. One field point is on the optical axis (0 um) and the
other two are set to = 2 um to simulate the MFD of the optical fiber. The vertical axis
represents the image contrast and the horizontal axis is the spatial frequency in cycles per
mm (or line pair per mm (Ip/mm)). Spatial resolution of the system is defined from the
spatial frequency where contrast is 10% of its maximum value. At 10% contrast, the on-axis
and off-axis spatial frequencies are about 8§15 and 770 lp/mm. This corresponds to on-axis

and off-axis resolutions of 0.61 um and 0.65 pm.

Performance of the system in the axial direction can be assessed by the depth of focus that is
two times the Rayleigh range. Figure 4.6 shows plot of beam profile when focused by the

objective lens, according to Eq. (4.1) [121]:

w(z) =w,, |1+ (LJ (4.1)

ZR

where wy is the beam waist radius, z is relative axial position and zy is the Rayleigh range that

can be calculated from the beam waist and wavelength (1) of the laser beam:
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7Z'WO2
Zp = (4.2)

In our system the beam waist is 0.78 pm and Rayleigh range is 2.46 um. This will give depth

of focus 0of 4.92 um.
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Figure 4.5 Plot of MTF for (a) center and (b) 120 pm off the optical axis.
T: Tangential, S: Sagittal.
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Figure 4.6 Plot of laser beam profile at the focal point of the objective lens.

4.3.2 Imaging Resolution

Lateral resolution for a Gaussian spot may be defined as its full width at half maximum
(FWHM) intensity signal. Experimentally, lateral resolution can be measured by translating a
sharp edge across a beam while recording the beam intensity at various lateral positions of

the sharp edge. FWHM lateral resolution can be calculated according to [122]:

Ripierar = 0.94(X 10—90) (4.3)

where Xjo.99 is the lateral movement of the sharp edge between the points at which the
intensity is 10% and 90% of its maximum value. The lateral resolution of our device was
characterized by scanning a high precision Ronchi ruling glass target with 50 Ip/mm. Figure
4.7(a) shows a photo of Ronchi ruling target, with line width of 10 um. Figure 4.7(b) shows
the intensity profile obtained by scanning across the lines of target. Figure 4.7(c) is zoomed-

in view of the intensity signals for scanning across the FOV.
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Figure 4.7 (a) Optical image of high precision Ronchi ruling target with 50 Ip/mm, (b) intensity
profile obtained by scanning across the lines of the target, (¢c) zoomed-in view of the intensity
profiles from scanning at the center, right and left of FOV, and (d) intensity profile from axial

scanning of a flat mirror for axial resolution measurement.
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The on-axis lateral resolution (at the center of scanning area) was determined to be 1.41 pm.
Resolution is lower at the edges of FOV. The overall average lateral resolution of the system
is 1.55 pm. Axial resolution can also be experimentally measured from an intensity signal
that is obtained from axial scanning of a flat mirror (Figure 4.7(d)). Full width at half
maximum of the intensity graph defines the axial resolution. For our system this value was

8.45 um.

4.4 Imaging Experiments

Raster scanning of the laser beam has been achieved by actuating B2 at its first mode
resonant frequency of 648 Hz and B1 at lower frequency of 2 to 3 Hz. Driving signal to coil
C2 was a sinusoidal current with root mean square (RMS) value of about 50 mA and DC bias
of 80 mA. B1 was actuated by applying a 60 mA AC current with no DC bias to coil C1. The
intensity signal from the PMT was collected by the DAQ card and converted to images by
MATLAB. Number of pixels in the X direction of the reconstructed image was limited by the
frequency ratio of fast and slow scanning directions. Number of pixels in the Y direction was
also limited by the speed of the DAQ card used in our system. Imaging was performed on
both sides of the slow-axis and as a result, frame rate of the scanner is double the slow-axis

frequency.

To show the functionality of our system, we conducted imaging experiments on a fruit fly
wing and a fixed human colon tissue sample. For human tissue experiment, approval has
been obtained from the University of British Columbia Research Ethics Board (H10-01363).
During imaging experiments, the probe was held stationary and the specimens were

positioned at the working distance of scanner (2.92 mm from the surface of the objective
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lens) using a manual micro-stage. Figure 4.8(a) and Figure 4.8(b) compare images obtained

from the fly wing’s posterior margin using our confocal scanner and an optical microscope.

Figure 4.8 (a) Confocal image of posterior margin of a fruit fly wing compared to (b) a photo of
same region obtained by an optical microscope; (c) confocal image and (d) optical microscopic
photo of wing’s costal margin. Confocal images are obtained at speed of 6 frames per second.

Image size is 120 pm by 240 pm with 108 by 192 pixels. Scale bars are 20 pm.

In both images small hairs that cover the wing (stealth arrows) and longer hairs along the
edge of the wing (open arrows) are visible. Figure 4.8(c) and Figure 4.8(d) are confocal and

optical images from the fly wing’s costal margin showing longitudinal veins and branches
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(stealth arrows) and hairs grown on the veins (open arrows). Figure 4.9(a) and Figure 4.9(b)
compare a confocal image and an H&E histology image of a healthy human colon tissue
sample. The confocal image shows a good cellular level resolution and contrast. The two
images may not come from the same location inside the sample, but showing similar, typical
morphology structures of normal human colon mucosa. For example, in normal tissue crypt
lumens are shown as larger circular areas (open arrow) and goblet cells are seen as low-

scattering smaller areas (stealth arrows).

Figure 4.9 (a) Confocal image of an excised normal human colon tissue preserved in a 10%
neutral buffered formalin compared to the (b) H&E image of the same tissue sample after
standard histology processing. Confocal image is obtained at the speed of 4 frames per second.
Image size is 200 pm by 240 pm with 162 and 192 pixels in each direction. Imaging depth is
approximately 10-15 pm. Scale bars are 20 pm.
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4.5 Summary and Discussion

Table 4-1 summarizes characteristics of some piezoelectric and electromagnetic fiber optic
scanners. Electromagnetic actuators require low driving voltages but may consume relatively
high electrical power due to requirements for large driving currents. Power consumption in
our scanner was estimated to be 168 mW when driving both scanning axes. Disadvantages of
magnetic actuators are relatively low force output and significant drop in magnetic forces
after miniaturization, which brings challenges in achieving large displacements [123].
Piezoelectric fiber scanners are fabricated by attaching an optical fiber on a cantilever
bimorph or tubular piezoelectric actuators. These types of fiber optic actuators can be faster
and provide higher scanning rates, but their scanning area is typically limited by smaller
displacement of piezoelectric actuation. Operating voltage for these actuators is typically
high; however, electrical power consumption is usually lower than electromagnetic actuators

due to small driving currents.

The most favorable two dimensional laser scanning pattern is raster; however, generating this
pattern in miniaturized scanners is a challenge [124]. Alternatives to the raster are spiral and
Lissajous scanning patterns, in which actuation in both axes are performed at mechanical
resonant frequencies. Spiral scanners can potentially take full advantage of available clear
aperture of lens system, but their sampling density is much lower in the peripheral regions of
FOV. The main advantage of Lissajous scanning pattern is that it can be generated using
narrow-band actuation signals without exciting unwanted dynamics of the scanner [125]. But
Lissajous patterns may have non-uniform sampling distances and tend to oversample on the

edges of the FOV, which could potentially reduce dynamic range of imaging signal.
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In our current system, confocal images are produced from both scanning sides of the slow
axis and only one side of the fast axis. Images with higher pixel resolution can be constructed
by using both scanning sides of fast axis; however, artifacts due to zig-zag motion of fiber
may be induced to the image that reduces lateral resolution. While imaging on only one side
of fast axis, an image artifact in a form of wavy patterns was observed in the preliminary
imaging experiments. The cause of this image artifact was investigated and correction

methods were proposed (see Appendix B for details).
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Actuatl.on Actuator shape Scanning Mechalflcal Actuator dimension Scanning Dl.'lVlIlg Driving Reference
mechanism pattern Scanning rate signal power
Piezo tube Line |~25mm | Lotllength: ~15.7mm 14kHz | 60V | ~4mW [110]
Diameter: 1.5 mm
. . . Total length: 76 mm Not
Cantilever bimorph Line ~2 mm Width: 6.4 mm <100 Hz 300V specified [111]
~ . . Total length: 6.3 mm
§ Piezo tube Spiral + 0.4 mm Diameter: 045 mm 11 kHz 40V 5.5 mW [109]
o
?_3;, Two cantilever Raster 0.65by 1.0 | Total Length: 26 mm ~ 1.1 kHz Total }"8‘[215 [106]
& bimorphs mm Width/thickness: 1 mm & 4 Hz ~250V mW
. 0.19 by 0.19 | Total length: 283 mm ~ 879 Hz Total Not
Square piezo tube Raster mm Width: ~ 3.5 mm & 3 Hz ~175V specified [112]
. . S 1.0 by 0.8 | Total length: ~ 75 mm ~383 Hz Not
Cantilever bimorph | Lissajous | ) Width/thickness: 2.2 by 0.7 mm | & 236 Hz | >V | specified | 108
Ferromagnetic . N Fiber length: 52 mm N Not
coating on fiber Line 0.89 mm Coating length: ~ 5-7 mm 28 Hz 0.26 A specified [113]
' . Fiber length: 50 mm Not
Iron bead on fiber Line ~4 mm Iron bead diameter 1 mm ~30 Hz 0.12 A specified [32]
s
a . . ~3.46 mm Length: 40 mm Not
% Stainless steel tube Spiral (resonant) Diameter: 0.5 mm 131 Hz 035A specified [117]
8
® . . . , Not
= Iron bead on fiber Spiral ~3 mm Fiber length: 50 mm ~29 Hz ~02A specified [33]
=2
Magnet mounted ~0.5by 0.5 | Total fiber length: 24 mm N Not Not
on fiber Raster mm Magnet length: 2 mm 850 Hz specified | specified [118]
Fiber on Raster ~0.4by 0.6 | Total length: 22 mm ~ 648 Hz Total Total Our
ferromagnetic beam mm Width/thickness: 4.5 by 2.5 mm & 3 Hz ~0.19A | ~168 mW system

Table 4-1 Summary of selected piezoelectric and electromagnetic fiber optic scanners
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4.6 Concluding Remarks

A hand-held magnetically actuated fiber optic raster scanner for two-dimensional confocal
imaging of biological samples has been demonstrated. The scanner is assembled in standard
half-inch lens tubes and has rigid length of 57 mm. Scanning speed of device is 6 frames per
second with optical resolutions of 8.45 pum and 1.55 pm in the axial and transverse
directions. Imaging capability of the system was demonstrated by imaging a fly wing and a
human colon tissue sample. The device described in this chapter has several advantages that
makes it attractive for further development. Raster scanning pattern of the device provides
large scanning area with more uniform sampling compared to spiral and Lissajous scanning
patterns. The scanner is driven by electromagnetic forces only, hence provides large scanning
range and requires low driving voltages that are desired in clinical applications. Optical
configuration and mechanical design of the scanning head provides easy optical alignment
and replacement of components. The confocal scanner design can be combined with an out-
of-plane lens actuator for three-dimensional imaging. The hand-held device described in this
chapter was primarily developed to facilitate non-invasive clinical diagnosis and evaluation
of diseases such as skin and oral cancers; however, this device may be further miniaturized to

form a catheter for endoscopic applications.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORKS

5.1 Summary

This thesis included chapters on optical imaging technologies, MEMS fabrication processes,
electromagnetic actuators for lens and optical fiber scanners and development of reflectance
confocal imaging devices for thickness measurement and real-time optical sectioning

imaging of samples.

In Chapter 1, an overview of common optical microscopy techniques used in biomedical
imaging applications was provided. Then, a brief introduction on MEMS fabrication
technologies followed by a review of various MEMS actuators developed for optical imaging
applications were described. Among optical microscopy techniques, miniaturization of OCT
systems is the easiest because only one dimension of laser beam scanning is required. In
addition, OCT has the largest imaging depth of about 2 mm. However, its spatial resolution is
generally lower (about 10-15 um) compared to other techniques and also its image contrast is

limited due to the speckle effect. MPM has the highest image resolution (<1 um) with
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penetration depth of about 1 mm. A drawback of MPM systems is requirements for
demanding optics and high cost laser sources that results in expensive system development.
Confocal microscopy has similar resolution to that of MPM but smaller imaging depth (~ 0.2
mm). However, this limited imaging depth is good enough for certain application such as
detection of early epithelial cancers. Confocal microscopy is performed in RCM and FCM
modes. FCM images offer higher SNR, but require fluorescence contrast agents to be
administrated to the tissue. RCM uses native tissue signals and provides larger penetration
depth compared to FCM; which lead us to select RCM method for developing our imaging
system. To miniaturize an RCM system, MEMS fabrication technology can be used. This
includes, bulk and surface micromachining of Si substrate and deposited layers, and laser
micromachining of thin films. All the above techniques were used in fabrication of lens and
fiber optic scanners in our systems. Actuation of an optical fiber or a lens can be achieved by
electrostatic, piezoelectric, electrothermal or electromagnetic actuation mechanisms. In
general, electrostatic actuators have disadvantage of non-linearity and limited actuation range
due to snap-in phenomena. Electrothermal actuators are limited by thermal fatigue due to
continuous thermal cycling, and piezoelectric actuators require high driving voltages.
Electromagnetic actuators typically provide large scanning range and require low driving
voltages which make them suitable for clinical applications, and as a result, we use this

actuation technique for developing our lens and fiber scanners.

In Chapter 2, we demonstrate fabrication of a lens actuator using MEMS technology. The
lens actuator was fabricated using electroplating technique on a Si substrate. The actuator

was couples with an optical fiber to develop a catheter for endoscopic applications. The
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catheter has outer diameter of 4.75 mm and rigid length of 30 mm. The catheter was used to
measure thicknesses of mouse cornea and mouse skin layers, which are useful for studying
diseases such as glaucoma and skin cancer. Measured values were close to thickness
determined from histology images of cornea and skin tissue. The system was characterized
by measuring thicknesses of polymer layers deposited on Si wafers. Five different layers of a
negative PR (SU-8) were spin-coated on Si wafers and thicknesses of layers were measured
by the confocal system. Results were compared to the thickness values obtained by Wyko
optical profiler. Statistical analysis shows uncertainty of measurement of about 11.86 pm

with the selected lens and fiber.

In Chapter 3, we used laser micromachining to cut thin nickel foils and form cantilever
beams for actuating an optical fiber. The selected laser wavelength was green (532 nm) with
energy of 3 mJ. We couple the fiber scanner with a lens actuator to form a 2D imaging
system. The fiber scans the tissue in transverse direction while the lens moves in the axial
direction. This results in an imaging plane that is perpendicular to the surface of sample
(vertical section images). Vertical section images are analogous to histology images and for
certain diseases are more useful in diagnosis compared to horizontal section images. The
system demonstrated in this chapter is the first magnetically driven confocal scanner that is
capable of providing direct and real-time vertical section images of samples. The system was
tested by imaging across vertical sections of a polymer channel deposited on a Si wafer and

also by imaging cells of an onion epidermal peel layer.

In Chapter 4, we developed another 2D scanner for confocal imaging of biological samples.

This scanner obtains horizontal section images of sample and provides two main advantages
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compared to other systems. One is that the laser scanning pattern over the sample is a raster
pattern. This is favorable because raster scanning offers more uniform sampling and easier
image reconstruction compared to other scanning patterns such as spiral and Lissajous. The
second advantage is that the scanner is driven by electromagnetic fields only and requires
low driving voltages. The scanner is assembled in standard half-inch lens tubes and has
length of 57 mm. Optical characterization of the scanner showed resolutions of 1.55 pm and
8.45 um in lateral and axial directions respectively. We used the system to obtain confocal
images of a fruit fly wing and a human colon tissue sample. An image artifact in the form of
a wavy pattern was observed in the system. The causes of this image artifact were

investigated and correction methods were introduced in appendix B of this thesis.

5.2 Future Work

The work presented in this thesis was a proof-of-principle demonstration of vertical and
horizontal optical sectioning imaging of samples in raster scanning patterns using
electromagnetic actuation mechanism. The ultimate goal of this research is to develop hand-
held systems and endoscopic catheters for in vivo imaging of biological tissues. The scanners
described in this thesis are developed using off-the-shelf optical components. Large size and
mass of these components make miniaturization a challenge and significantly reduces
scanning speed of the system. For instance a small custom-made or a polymer lens can be
much lighter and allows faster scanning and imaging frame rate. Higher imaging frame rate
is desired because it will help to eliminate signal artifacts that are due to external vibrations
and involuntary motion of patients. The packaging of the proposed confocal scanners is also

important for its use in real applications, particularly for endoscopic imaging of internal
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organs. In the design of the device packaging, precise positioning of the scanner with respect

to the tissue to control imaging depth needs to be achieved.

Another interesting addition to the current system could be to couple this with a Raman
spectroscopy system in order to form a handheld device with dual complementary
capabilities: cellular-level resolved confocal imaging combined with accurate and precise
Raman spectroscopy of specific subsurface microstructures of tissue in vivo. The resulting
system will help facilitating precise non-invasive assessment of tissue morphology and
biochemistry as well as non-invasive clinical diagnosis and evaluation of diseases such as

skin cancer.
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APPENDICES

APPENDIX A: LENS ACTUATOR FABRICATION

A.1 Photolithography Steps

Fabrication of nickel flexure for lens actuation involves three masking steps as described in
the following sections.

A.1.1 First Masking Step: Patterning of SiO;

The substrate used for fabrication is a double side polished Si wafer with a 2 um thick SiO,
layer thermally grown on both sides. After nickel electroplating, the flexure must be released
by etching the Si. The first masking step is used to remove the SiO, to define Si etching area.
First, wafer cleaning and hexamethyldisilazane (HDMS) priming was performed to promote
photoresist adhesion to the wafer. These standard steps are done according to the guidelines
provided in any photolithography process document. Then, a thin layer (~5 um) of SPR 220-
7 PR was spin-coated on one side of the Si (spinning at 3000 RPM for 40 s). The PR was
baked on a hotplate at 115 °C for 90 s, allowed to cool, transferred to a mask aligner, and
exposed to UV light for 90 s. Exposure was done by a 405 nm UV light (USHIO 250W Hg
lamp). The photoresist was then developed in a Megaposit MF-24A developer solution that
etches away the exposed area of the SPR 220-7 positive photoresist. The mask used in this
step is a dark-field photo mask as illustrated in Figure 0.1. The portions of SPR 220-7 that
are underneath the transparent parts of the mask are exposed to the UV light and are etched

away when placed in the developer solution.
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+ +

Figure 0.1 First photo mask for etching SiO,. Cross marks are used as alignment marks.

The other side of Si wafer was covered by a PVC tape with synthetic acrylic adhesive bonded
to one side. Exposed SiO, was etched in a 7:1 buffered oxide etch (BOE) solution. After

etching, PVC tape was peeled and SPR was removed by acetone.

A.1.2 Second Masking Step: Patterning of Electrodes

An electrode area is required for electroplating process. This was created by the second
masking process followed by a lift-off process. First 10 um thick SPR 220-7 PR was spin-
coated on the Si wafer (same side as the first masking step). Spinning speed was 1500 RPM
for 50 s to uniformly coat the wafer with PR, followed by a 3000 RPM for 1 s for removing
the excess PR from the edge of the wafer. This will help to form a better contact between the
PR and the mask during the exposure. PR was then baked at 115 °C for 90 s and transferred
to the mask aligner. Second mask was aligned with the features on the wafer from the first
masking step using alignment marks. PR was exposed to the UV light for about 180 s and
developed for 3 min. Figure 0.2 shows design of the mask used in this step. The two parallel
lines on the sides of each feature act as wires to provide electrical connection for

electroplating.
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0

Figure 0.2 Dark-field photo mask used for defining the electrode area and fabricating PR mold

for electroplating step.

Then, the wafer was transferred to an electron beam evaporator (Evaporator 2000) for
deposition of 50 nm chromium (Cr) and 150 nm gold (Au). After deposition, an ultrasonic
lift-off was performed in acetone to remove the PR and excess/unwanted Cr/Au. After the
second masking process, a pattern of gold similar to the design of the second mask is formed

on the Si wafer.

A.1.3 Third Masking Step: Fabrication of Mold for Electroplating

A mold for electroplating nickel is fabricated on the Si substrate using a thick layer of SPR
220-7 PR. The advantage of using this PR is the ease of removing after electroplating
process. To fabricate the mold, first the Si wafer is primed using HMDS. Next, the PR was
spin-coated onto the substrate at 150 RPM for 90 s followed by a 3500 RPM spin for 1.5 s to
remove the extra PR that was formed around the edge of the substrate. To minimize
shrinkage of the high aspect ratio PR, soft baking is started at 40 °C and the temperature is
gradually increased to 115 °C in 10 minutes. Finally, using the third mask, the PR is exposed
to the UV light for 420 s and is developed for 12 min. Using the described process, molds
with thicknesses up to 32 um in a single process can be fabricated. The third mask used in

our fabrication has the exact same design and the second mask shown in Figure 0.2.
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A.2  Electroplating Process

The nickel was deposited on the Si substrate from a nickel electroplating solution consisting
of nickel sulfate (170 g/1), nickel chloride (25 g/1) and boric acid (15 g/l) (CASWELL Inc.).
Thickness and quality of electroplated layer depends on several parameters including the
plating solution composition, temperature, electrodes area and distance, and current density.
Our plating was done at room temperature (22 °C) with a current density of 3 mA/cm? and at
electrode distance of 2 cm. Figure 0.3 shows the nickel thickness as a function of

electroplating time.
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Figure 0.3 The thickness of electroplated nickel as a function of deposition time.

During the electroplating process, hydrogen bubbles may be formed on the cathode surface
that cause pitting in the electroplated film. To avoid this issue, sodium lauryl sulfate was
added to the solution as a wetting agent. Figure 0.4 shows pitting in the electroplated nickel

before addition of wetting agent.
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Figure 0.4 electroplated nickel flexure on Si wafer with pitting.

A ~20 pm thick layer of nickel was electroplated on the Si wafer. Figure 0.5 is the thickness
profile of nickel flexure measured by Wyko optical profiler. Measurement shows a ~4 um
variation in the thickness of flexure across the entire plated area. This non-uniformity is
caused by several factors including geometric factors and non-uniform current densities. This
small thickness variation does not have a significant effect on the performance of

electromagnetic lens actuators.
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Figure 0.5 thickness profile of electroplated nickel measured by Wyko optical profiler.

Figure 0.6 shows a portion of electroplated nickel flexure on a Si substrate. The small holes
in the flexure are etch-holes and are used for reducing the time required for etching the Si

underneath the flexure. Etching was done in a 20 wt% KOH at 85 °C and finally a lens was
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fixed into the lens holder using a UV-curable adhesive. Figure 0.7 shows photos of four

designs of electroplated lens actuators.

Figure 0.6 (a) Photo and (b) 3D illustration of electroplated nickel flexure obtained by Wyko

optical profiler.
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Figure 0.7 Photos of four fabricated nickel flexures for lens actuation showing (a) cantilever

beams, (b) torsional beams, (¢) rectangular folded beams, and (d) circular folded beams;
suspending a nickel platform and a lens in an electromagnetic field. Lenses have diameter of

1.5 mm.
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APPENDIX B: CORRECTION OF IMAGE DISTORTION

A3 Introduction

Images obtained from optical scanners may be distorted due to a variety of factors, including
optical distortion, detector distortion, instability of the specimen, and motion artifacts of the
laser beam scanning system. Mechanical motion artifacts of actuators may be due to
asymmetry in mechanical stiffness of the structure or unevenness of driving forces. Chen et
al. in 2010 [126] showed distortion correction of confocal images obtained using
galvanometric scanning mirrors. The distortion was in the form of a line shift that originated
from asymmetry in the movement of a galvanometric mirror in backward and forward
scanning directions. Smithwick et al. [127] developed a fiber optic actuator using a piezo-
electric tube to generate spiral scanning patterns of a laser beam. Image distortions due to the
dynamics of the system were corrected by implementing a controller that forced the scanner
to follow a desired scan pattern. Images from optical systems that use micromirrors
developed by MEMS technology may also be distorted due to nonlinearities of the scanner
dynamics. Various linearization methods have been developed by researchers to improve

image distortions of these system [58][128].

The scanner described in Chapter 4 of this thesis moves an optical fiber in a raster scanning
pattern. The system was successfully used for confocal imaging of samples; however, we
observed an unwanted distortion in a form of a wavy pattern in the fast scanning axis of the
confocal images. We had also observed similar image artifacts in our earlier work that was
described in Chapter 3. Initially, we partially improved the image artifacts by post-processing

of image data using tools such as ImageJ and MATLAB; however, for clinical applications it
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Appendix B: Correction of Image Distortion

is advantageous to obtain artifact-free images in real-time. After careful analysis of our setup
we have concluded that image distortions in our systems are due to motion artifacts of
actuators, originating from magnetic driving forces. In this appendix we discuss the cause for

this distortion and describe the method implemented to overcome the issue.

A.4  Experimental Results and Discussion

The natural frequency corresponding to the first fundamental vibration mode of beam B2 in
our scanner is 648 Hz. We measured this value using the Fast Fourier Transform (FFT) of

impulse response of the beam as shown in Figure 0.1.
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Figure 0.1 FFT of impulse response of B2.

To drive our scanner, initially C2 was driven by a periodic current with a frequency of
324 Hz, half the resonant frequency of B2 and no DC bias. Based on Eq. 2.8, this driving
current should result in a magnetic force matching the resonant frequency of B2. However,
during system characterizations, it was observed that the peak amplitudes of B2 actuations

measured by an LDV were not equal. Figure 0.2 shows the amplitude of the driving current

114



Appendix B: Correction of Image Distortion

at frequency of 324 Hz to Coil-2 (Figure 0.2 (a)), measured displacement of B2 and its
zoomed-in view (Figure 0.2 (b) and (c)), and FFT response of B2 (Figure 0.2 (d)). This

response indicates that actuation of beam at 648 Hz is modulated by another signal at the

frequency of driving current (324 Hz).
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Figure 0.2 Experimental measurement of (a) driving signal at 324 Hz with no DC bias applied
to coil C2, (b) beam B2 displacement measured by LDV (displacement frequency is 648 Hz),
(c) zoomed-in view of the beam displacement signal, and (d) FFT of response with driving

current at 324 Hz frequency and no DC bias.

An effect of this modulated peak amplitude was more visible when the scanner was used for
confocal imaging (Figure 0.3). In the confocal images every other line was shifted up in the

fast-scan axis, Y, by a few pixels which resulted in an unwanted wavy pattern in the image.
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(a) (b)

Figure 0.3 Confocal images of deposited chrome patterns on a glass substrate before correction
(a) two parallel lines; each has a width of 8.8 pm, and (b) number six. The driving current

frequency is 324 Hz in the fast scan axis.

We figured out that the motion artifact in the actuation of B2 and hence the optical fiber can
be explained by the fact that C2 has an iron core that retains a static magnetic field when the
current is removed. In our system, this residual DC magnetic field was about 0.2 mT, while
the AC driving magnetic field is around 12 mT, measured using a Hall Effect Gaussmeter
(SYPRIS Industrial Partner). Effects of this residual DC magnetic field in the coil can be

modeled as a residual DC current, i, in the following equation:
I=i, +i(t)=i, +i,sin(w,t) (B.1)

where w; is frequency of driving current, ¢ is time and i, is the current amplitude. By
replacing this equation in the magnetic force equation (Eq. (2.8)), the magnetic force

becomes:

AN’ . N
=— luo2g2 (.2 +2i i,sinewt+ %(l —cos2m,t)) (B.2)

mag

It is observed that the magnetic force has two periodic components with different

frequencies, one at the frequency of applied current @, and the other at 2 @,. As a result,
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while the force component with frequency 2 @, actuates the beam at its resonant frequency, a
component of magnetic force at frequency @, equal to the driving current also acts on the

beam and causes the observed disturbance and motion artifacts.

The described motion artifacts can be corrected using one of two methods. First, the effect of
residual magnetic field can be eliminated by manually adding a DC bias to the driving
current while measuring the actuation amplitudes of the beam, until peak amplitudes of
actuations are equal. The bias signal has to be carefully selected so that the residual magnetic
field of the coil is completely canceled out. It should be noted that, depending on the
amplitude of the driving signal, the value of the required DC bias may slightly change every
time the scanner is operated and the current is stopped.

Another way to correct this motion artifact is to match the frequency w; of driving current
with resonant frequency of the beam (648 Hz). In this way, the component of magnetic force
with frequency w; actuates the beam at its resonant frequency, while the second component
of the force with frequency 2w; (1296 Hz) is well above the resonant frequency and
effectively negligible, resulting in an artifact-free motion of the beam. Figure 0.4 shows the
driving current (Figure 0.4 (a)), measured actuation response of beam and its zoomed-in view
(Figure 0.4 (b) and (c)), and FFT response of the beam (Figure 0.4 (d)) when a driving
current of 648 Hz is applied. Figure 0.5 shows a distortion-free confocal images obtained by

the raster fiber scanner.
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Figure 0.4 Experimental measurement of (a) driving signal with a DC bias applied to coil C2,
(b) optical fiber displacement measured by LDV, (¢) zoomed-in view of fiber displacement

signal, and (d) FFT of response with driving current at 648 Hz frequency and no DC bias.

Figure 0.5 Confocal images of deposited chrome patterns on a glass substrate after correction
(a) two parallel lines; each has width of 8.8 pm, and (b) number six. The driving current

frequency is 648 Hz in the fast scan axis.
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A.5  Conclusion

Imaging artifacts in the form of a wavy pattern were observed in a magnetic fiber actuator
used for raster scanning of samples for confocal imaging. The image distortion was due to
magnetic memory of the electromagnetic coil used to apply magnetic forces on the beam.
The motion error can be corrected by operating the coil at a frequency matching the resonant
frequency of the beam, or adding a DC bias current. Using this method, artifact-free confocal
images of chrome patterns on a glass substrate were demonstrated. This method may also be

used by other scanners with magnetic type actuators.
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