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Optical and Micromechanical Design and Characterization of a Laser Scanning

Capsule Endoscope Unit

SUMMARY

In this study we proposed the utilization of laser scanning in wireless capsule
endoscopy to provide high-resolution imaging at multiple depth sections throughout
the gastrointestinal tract. The proposed device, provides a confocal imaging, consist
of a laser and a photo detector, a 3D printed focus adjusting actuator, a micro-motor
for circumferential scanning, and batteries for energy source. It also involves a
conformal antenna to transmit the acquired data to an external receiver unit and an
integrated circuit to administer the entire operation. In this thesis, -held in Electro-
Optical Devices Laboratory- of ITU, we illustrate the design, manufacturing, and
characterization of the focus adjusting actuator. The actuator has a spiral flexure,
carrying a lens and two magnets at its center to undergo focusing through
electromagnetic actuation. The interplay between the spiral flexure length and the lens
size is investigated for optimal performance. An external coil is utilized to drive the
lens actuator with a low power (~ 5mW) to acquire data from targets placed at multiple
depths. Discussion on the integrated circuit and antenna design is also provided. With
further development, the proposed device can be adapted for the clinical environment.
At the end of the study, we could get data from different targets placed at different
distances from the lens, representing tissues at different depths. The frequency
response of the focus adjusting actuator was scanned and the first mode of the actuator
was found experimentally and by simulations. The coil was driven with an exterinal
function generator, and at the resonance frequency ~23Hz, 100 um displacement was
achieved by only 1 mW power, which is considerably low. Moreover, the spot size at
the focus was analyzed and calculated. This project is supported by TUBITAK (The
Scientific and Technological Research Council of Turkey) grant No:119E224, and the
study was submitted to Sensors and Actuators A Journal, in May 2021.
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Lazer Taramali Kapsiil Endoskop Unitesinin Optik ve Mikromekanik Tasarimi

ve Karakterizasyonu
OZET

Endoskopik prosediirler, sagliksiz doku olusumlarini (polipler, iilserler, tiimorler vb.)
Teshis etmeyi amaglamaktadir. Endoskopi yapilacak hasta islemden bir veya birkag
giin Once baslayarak diyete girer. Ayrica, prosediir hasta i¢in olduk¢a rahatsiz edici
oldugundan rahatsizligi azaltmak igin bir sakinlestirici verilir. Konvansiyonel
endoskopi, kanser dncesi dokularin erken teshisinde hayat kurtarici olsa da, tabii ki
hasta i¢in oldukga rahatsiz edici bir islemdir. Ayrica 6zofagustan endoskopik bir islem
sadece duodenuma, anal kaviteden yapilan bir islem ise ince bagirsaga kadar ulasabilir.
Bu nedenle tiim gastrointestinal (GI) sistemin tek endoskopik prosediirle
goriintiilenmesi miimkiin degildir. Konvansiyonel endoskopinin hastaya getirdigi
rahatsizlik, tim GI yoluna ulasmadaki sinirlamalan ile birlikte, kapsiil veya hap
endoskoplarinin hizli gelisimini kolaylastirdi. Dahasi, prosediir bir hap yutmak kadar
rahattir, bu nedenle sakinlestirici gerekmez. Hasta konforundaki avantajlari ve
goriintiilenebilen kanal uzunlugu ile kapsiil endoskoplarin yakin gelecekte
yayginlagsmasi beklenmektedir. Cogu kapsiil endoskop, CMOS / CCD kameralar igerir
ve katedilen yol boyunca goriintiiler ¢eker. Goriintiiler bir anten araciligiyla disariya
yayilir. Bununla birlikte, kameralarla yakalanan goriintiiler yalnizca yiizeyle ilgili
smirlt bilgi saglar ve hiicresel diizeyde patolojik bilgilerin ¢ikarilamayacag diisiik
¢Oziiniirliige sahiptir. Coziiniirliigii ve dokunun c¢oklu derinliklerini goriintiilemeyi
tyilestirme c¢abasiyla, MIT ve Mass General Hospital Arastirmacilart tarafindan,
dokunun ¢oklu derinliklerinde optik ¢oziiniirliigli ve goriintii kalitesini iyilestirmek
icin goriintliileme yontemi olarak optik koherens tomografiyi (OCT) kullanan bagl
kapsiil endoskoplar1 gelistirilmistir. Yine de, GI yolunun disindaki herhangi bir
elektriksel veya optik baglanti, erisilebilirlik agisindan geleneksel endoskopinin
dezavantajlarin1 miras alir.

Bu calisma, gastrointestinal sistem boyunca sinirsiz erigim ile yiiksek ¢6ziiniirliiklii ve
cok katmanli goriintiilemeye yonelik kablosuz bir kapsiil endoskopu onermektedir.
Onerilen cihaz, lazer taramali konfokal goriintiileme kullanir. Isik gondermek ve
almak i¢in optik bilesenlerden (lazer, fotodiyot, yansitici prizma, odaklama lensi) ve
doku iizerindeki 1s11 taramak i¢in aktiiatdrlerden (3D baskili lens aktiiatdr ve mikro
motor) olusur. Dahasi, kapsiilii calistirmak ve sistemin farkli boliimlerinde operasyonu
yiiriitmek i¢in elektronik bilesenlerden (piller, entegre devre bloklar1) yararlanilir. Son
olarak, elde edilen verileri alici birimine iletmek i¢in uygun bir anten, kapsiiliin disina
yerlestirilir. Fotodiyotun mikrometrik (~ 100 um x 100 um) boyutu odak dis1 15181
reddetmek i¢in bir igne deligi gorevi gordiigiinden, konfokal goriintiileme islemi
saglanir.

3D baski teknolojisi, hizli iiretim kapasitesi (6zellikle gelistirme asamasinda), orta
ozellik boyutu ve diisilk maliyeti sayesinde aktiiator gelistirmeye ¢ekici bir alternatif
haline geldi. 3D yazicilar, robotikte, optik fiberlerin ve aktiiatorlerin imalatinda parga
ve bilesenlerin basilmasinda yer aldi. Yiiksek maliyetli ve hacimli makinelere bagh
kalmadan, 3D yazicilar opto-tibbi goriintiileme sistemlerinde kullanilmak iizere
dinamik yapilar olusturmak icin cekici bir ara¢ haline geliyor. Ozellikle
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mikrosistemlerde ve mikroakiskanlarda, 3D yazicilar biiyiik bir rol oynar. Daha 6nce
de belirtildigi gibi, diisiik maliyet ve hizli liretim nedeniyle pargalar veya bazen tiim
modeller 3D olarak yazdirilir. Segici Lazer Sinterleme (SLS) ve Streolitografi (SLA)
gibi farkli 3B baski1 teknolojisi tiirleri vardir, s1vi regineden sert nesneler olusturmak
i¢in lazer 151n1 gibi radyasyon kaynaklarini kullanir. Bu yontemler, yiiksek ¢oziintirliik
ve temiz yiizey kalitesi gibi avantajlarla one ¢ikiyor. Oysa, Fused-Deposition
Modeling (FDM), daha az karmasik baski yontemi ve daha ucuz cihaz parcalar
nedeniyle piyasada en ¢ok bulunan 3D baski makinesidir. Bu cihaz 1sitma prensibine
gore caligir. Bir polimer filament, ABS (akrilonitril biitadien stiren) veya PLA
(polilaktik asit), (200-220 °C) derecelik noziile sivi halde verilir ve XY diizleminde
hareket eden tablaya dokiildiikten sonra katilasir. Cihazin hafiza katina yiiklenen
geometri sekli iizerinde basim gergeklesir.

Bu tezde, lazer taramali kablosuz kapsiil endoskop, gastrointestinal sistem boyunca
farkli derinliklerden yiiksek ¢oziiniirliiklii goriintiileme saglamak i¢in kullanilmasini
onerdik. Onerilen cihaz, bir lazer ve bir fotodetektorii, bir 3D baskili odak ayarlama
aktiiatorii, gevresel tarama i¢in bir mikro motor ve enerji kaynagi icin pillerden olusan
bir konfokal goriintiileme saglar. Ayrica, elde edilen verileri harici bir alict birimine
iletmek i¢in uyumlu bir anten ve tiim operasyonu yonetmek icin bir entegre devre
icerir. ITU Elektro-Optik Cihazlar Laboratuvari'nda gerceklestirilen bu tezde, odak
ayarlama aktliatoriiniin tasarimini, iiretimini ve karakterizasyonunu gosteriyoruz.
Aktiiator, elektromanyetik eyleme yoluyla odaklanmak i¢in merkezinde bir mercek ve
iki miknatis tagiyan spiral bir sekile sahiptir. Optimum performans igin spiral uzunlugu
ile lens boyutu arasindaki etkilesim arastirilir. Birden fazla derinlige -farkh
mesafelere- yerlestirilmis hedeflerden veri elde etmek i¢in lens aktiiatoriinii diisiik bir
giicle (~ SmW) calistirmak icin harici bir bobin kullanilir. Entegre devre ve anten
tasarimu ile ilgili tartisma da saglanmaktadir. Daha fazla gelistirme ile, 6nerilen cihaz
klinik ortama uyarlanabilir. Calismanin sonunda, mercege farkli mesafelerde
yerlestirilmis, farkli derinliklerdeki dokular1 temsil eden farkli hedeflerden veri
alabildik. Odak ayarlama aktiiatoriiniin frekans tepkisi tarand1 ve aktiiatoriin ilk modu
deneysel olarak ve simiilasyonlarla bulundu. Bobin, harici bir fonksiyon iireteci ile
calistirildi. Rrezonans frekansinda (~23Hz'de) ¢alistirarark, 100 um yer degistirme
elde edildi. Bu yer degistirme miktar1 oldukca diisiik olan yalnizca 1 mW giicle
sagland1. Ayrica odak boyutu analiz edildi ve hesaplandi. Bu proje, TUBITAK
(Tirkiye Bilimsel ve Teknolojik Arastirma Kurumu) hibe No: 119E224 tarafindan
desteklenmekte olup, ¢alisma Mayis 2021'de Sensors and Actuators A dergisi'ne
sunulmustur.

Bu tezde ti¢ farkli deney seti yaptik. ilki, 3D baskilt aktiiatoriin mekanik davraniginin
test edilmesiyle ilgiliydi. Onerilen 3 aktiiatdr tasarrmimin (360, 540 ve 720 derece)
rezonans frekansini belirlemeyi hedefledik ve bunu harici bobini bir fonksiyon
jeneratdriiyle siirerek ve aktiiatoriin yer degistirmesini dlgmek icin uygulanan voltaj
miktarini degistirerek yaptik.

Ikinci deney grubu, deneylerde kullanilan lazer 1s13mmin  odak noktasinin
karakterizasyonunu igeriyordu. Amag, spot boyutunu hesaplamak ve ayrica eyleme
sirasindaki spot degisikliklerini gérmekti. Ayrica bu deneyler sirasinda istenen yer
degistirme i¢in gereken gii¢ miktar1 da belirlenmistir.
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Son olarak ve en 6nemli deney seti, farkli derinliklerde yerlestirilmis hedeflerden veri
almak hakkindaydi. Mercekten farkli konum ve mesafelere yerlestirilmis farkli
hedeflerden ayn1 anda veri elde etmeyi amagladik. i) hedefler lensten esit uzaklikta, ii)
hedefler esit uzaklikta ancak aktiiator ACIK, iii) hedefler farkli mesafelerdeydi ve
aktiiator ACIK durumdayd gibi deneyler yaptik. Bu veriler ve sonuglar bu tez boyunca
gosterilecek ve sunulacaktir.
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1. INTRODUCTION

Conventional endoscopic procedures, aim to diagnose unhealthy tissue formations
(polyps, ulcers, tumors, etc.). Patient to undergo endoscopy goes through a diet starting
one or more days before the procedure. Furthermore, the procedure is quiet
uncomfortable for the patient, so a sedative is given to mitigate the discomfort. Though
conventional endoscopy is a life saver in early detection of pre-cancerous tissues,
obviously it is also comfortless for the patient. Moreover an endoscopic procedure
through the esophagus can only reach till duodenum, while a procedure through the
anal cavity can access till the small bowel [1]. Thus imaging the entire gastrointestinal
(GI) tract with single endoscopic procedure is not feasible. The discomfort that
conventional endoscopy brings to the patient, along with its limitations in reaching the
entire Gl tract facilitated the rapid development of capsule or pill endoscopes.
Moreover, the procedure is as comfortable as swallowing a pill, thus no sedatives are
required. With its advantages in patient comfort and the length of tract that can be
imaged, capsule endoscopes are expected to become wide spread in near future [2].
Most capsule endoscopes embark CMOS / CCD cameras and shoot images along the
path traveled. The images are propagated outside via an antenna. However, images
that are captured with cameras provide limited information only regarding the surface,
and possess low resolution from which cellular level pathological information cannot
be deduced [3,4]. In an effort to improve resolution and image multiple tissue depths,
tethered capsule endoscopes have been developed by MIT and Mass General Hospital
Researchers utilizing optical coherence tomography (OCT) as the imaging modality to
improve optical resolution and image quality at multiple tissue depths [5]. Yet, any
electrical or optical connection out of the GI tract inherits disadvantages of

conventional endoscopy in terms of accessibility.



1.1 3-D Printing Technology

3D printing technology has become an appealing alternative to develop actuators,
owing to its rapid manufacturing capability (particularly at development stage),
moderate feature size, and low cost. 3D printers took place in printing parts and
components in soft robotics, [6], in fabrication of optical fibers [7], and actuators [8].
Without relying on high cost and bulky machinery, 3D printers are becoming an
appealing tool to build dynamic structures for use in opto-medical imaging systems.
In microsystems and microfluidics especially, 3D printers play a huge role [9]. As
mentioned before, due to the low cost and the fast manufacturing, parts or sometimes
the whole models are 3D printed [10]. There are different types of 3D printing
technology such as the Selective Laser Sintering (SLS), and Streolithography (SLA),
use radiation sources such as laser beam to create rigid objects from liquid resin [11].
These methods stand out for advantages like high resolution, and clean surface finish
[12]. Whereas, Fused-Deposition Modelling (FDM) is the most commercially
available 3D printing machine, due to its less complex printing method and cheaper
device parts [13]. This device works by heating principle. A polymer filament, ABS
(acrylonitrile butadiene styrene) or PLA (polylactic acid) is delivered to the nozzle
(200 — 220 °C) in a liquid form and solidifies onces it is poured on the table which in
turns, moves in the XY plane depending on the geometry shape inserted to the memory
of the device [14]. Figure 1.1 below shows the 3D printing device (Ender Pro 3)
presented in our laboratory that made it possible to print the parts of the capsule

illustrated in this thesis.



Figure 1.1 : a) the FDM machine presented in our EDL LAB. b)&c) some
mechanical parts printed by the device in a) with different sizes for different
functions.

1.2 Purpose of Thesis

This study proposes a wireless capsule endoscope towards high resolution and multi-
layered imaging with unlimited access throughout the gastrointestinal tract. The
proposed device, illustrated in Figure 1.2 employs laser-scanned confocal imaging. It
consists of optical components (laser, photodiode, reflective prism, focusing lens) to
send and receive light, as well as actuators (3D-printed lens actuator and micro-motor)
to scan the beam on the tissue. Moreover, electronics components (batteries, integrated
circuit blocks) are leveraged to power up the capsule and conduct the operation across
different parts of the system. Lastly, a conformal antenna to transmit the acquired data
to the receiver unit is placed outside the capsule. The confocal imaging operation is
ensured, as the micrometric (~ 100 pm x 100 um) size of the photodiode acts as a

pinhole to reject the out-of-focus light.



actuator g
batteries

transmit-receive
optoelectronics

coil around pillars

Figure 1.2 : The wireless laser scanning capsule endoscope; sketch during operation
within the small intestine and internal architecture. The device comprises a rotating
prism, a focus adjustment actuator, batteries, and two electronic boards (one
embarking the laser and the photodiode and the other containing a transimpedance
amplifier, oscillator, filter, power amplifier, and other related circuit blocks)



2. DESIGN AND FABRICATION OF THE ACTUATO

2.1 Design

The circular cross-section of the capsule led us to design the lens actuator in the form
of a spiral flexure fixed to the capsule wall. The distal end of the spiral flexure is
connected to a rim, in which the focusing lens is placed. The rim is also dedicated to
attaching magnets to enable electromagnetic actuation via an external coil. The flexure
has a square cross-section with 0.4 mm edge length, according to the capabilities of
the in-house fused-deposition-modeling (FDM) device having a polylactic acid (PLA)
filament. Figure 2.1.1 illustrates the geometry of three different variations of the
actuator; a one-side flexure, two-side flexure, and multi-layered flexure. The overall
actuator dimension spans a Dact = 11.4 mm diameter to fit within a 12.5 mm diameter

capsule.

b)

Figure 2.1.1 : Focus adjusting lens actuator designs a) one-side fixed b) two-sides
fixed ¢) multi-layered.

We investigated the role of the flexure length on both the spring constant and the
optical resolution. A longer flexure results in a compliant structure that requires less

power for actuation. Conversely, using a long flexure leaves a smaller area for the lens,



thereby degrading the optical resolution. Overall, the interplay between the power
budget of the capsule and the desired optical resolution enforces a selection on the
flexure length. We note that the finite-element simulated (using the COMSOL
software) stiffness values for various flexure length shows a similar trend with the
analytical stiffness (k) formulation for a spiral beam [15];

EWH?3

T 1)

k «

where E is Young’s Modulus of the flexure material, and L is the total length of the

flexure. W is the width and H is the height of the flexure cross section

Dactuator

Figure 2.1.2 : The presented spiral actuator. a) CAD drawing. b) 3D printed with
two magnets glued and a focusing lens (Thorlabs 354171, NA: 0.3) inserted in the

middle.

Table 2.1: Dimensions of the presented actuator.
Part Notation  Dimension
LenS Dl_ens 47 mm
Actuator Dactuator 11.4 mm
Diameter
Width of the W 0.4 mm
flexure
Angle of the 0 540 °
Spiral

The full-width half-maximum (FWHM) lateral (dxy) and axial (3;) optical resolution
are calculated using [16] :

~ )



8 = i @)

where 1 is the wavelength of the light source and NA is the numerical aperture of the
lens. Note that the NA of the lens is determined by its radius (Riens) and the focused
distance, dissee = 17 mm. The focused distance is the distance between the actuator
lens and the small intestine surface, calculated based on the sum of the average small
intestine radius of 12.5 mm [17] and the lens-to-reflective prism distance of 5 mm.
Overall, the lens NA for the Archimedean spiral actuator can be written as a function

of the total flexure angle (&) as:

Riens  Ract — 4W — 2.5W.6;/360 o)

NA = 4)

dtissue dtissue
where W = 0.4 mm is the width of the flexure. Figure 2.1.3 illustrates the stiffness vs.
optical resolution for a one-side fixed actuator design having different total flexure
angles based on formulations presented in (2) and (4). A similar analysis could be
carried out for a two-sides-fixed actuator and a multi-layered design without loss of
generality. It is worth noting that despite offering a near-perfect out-of-plane motion
(without tilts), the spring constant is significantly higher for the two-sides-fixed

actuator, which would require much higher power for actuation.
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Figure 2.1.3 : Stiffness and lateral optical resolution as a function of spiral flexure
angle for a one-side fixed actuator design.



Also, multi-layered actuator designs require a higher volume of support structure that
may be challenging to eliminate, particularly for FDM. Yet, for other 3D printing
technologies (i.e., Polyjet technology), support structures are deposited using a
different material that can be etched out. Overall, based on space constraints and in-
house manufacturing capabilities, we continued our testing efforts with a single-
layered and 1.5 turns (540 °) spiral flexure. This leads to a theoretical lateral resolution
of 2.9 um (based on Figure 2.1.3) and an axial resolution of 50 um (based on Eq. 3)
for a source of A = 630 nm. Calculated optical resolution values, while being larger
than those of a typical bench-top laser-scanning microscope, still offer sub-cellular
imaging capability at various small intestinal layers (mucosa, submucosa, and various

muscle layers).

2.2 Fabrication

In this study, we have used FDM in printing the designed actuators. In all three
dimensions, we were able to fabricate the features of 300 um. Nevertheless, a
significant increase in the yield of manufactured devices was observed when the

feature size was increased to 400 um.

Other parts of the capsule were also implemented to characterize the mechanical and
optical components in the proposed system, as illustrated in Figure 2.2. The capsule
was printed in a modular fashion. One module was the actuator itself. The second
module was printed to locate the laser, and the third module was allocated for the
scanner motor. The overall capsule device spanned a length of 30 mm and a radius of
12.5 mm, complying with the off-the-shelf pill endoscopes. Two neodymium magnets
(1 mm height, 1 mm diameter) were attached on the rim, while an aspherical lens
(Thorlabs 354171, NA: 0.3) was press-fit into the center portion of the actuator. A 200-
turn copper coil, with 0.2 mm wire diameter, was wrapped around the laser casing to
enable electromagnetic actuation of the actuator. A 3D-printed prism (with 4 mm edge
length) was inserted into the motor shaft, on which a gold-coated silicon piece was

attached for light reflection.



rotating lens e laser &
prism actuator detector

Figure 2.2 : Capsule tested in this study. Inset shows the 3D printed and lens-
magnet- integrated spiral focus adjustment actuator. Besides the actuator, the capsule
embarks a prism-attached motor, a laser diode, a coil wrapped around the laser diode
case, and an acquisition fiber (inside the laser casing) to detect light reflecting off the

target.

This study focuses on the mechanical and optical aspects of the proposed capsule
endoscope architecture. Thus, neither microelectronic chips nor the antenna was
involved at this stage. Consequently, the capsule is still wired where the coil is driven
by an external function generator that also operates the laser and the motor. Finally,
the reflected light from the target is captured via a multi-mode fiber connected to an
external photodetector unit). Yet, the proposed architecture involves the
microelectronics components (circuit blocks to drive the laser, actuator, motor, and
sense & amplify the acquired light), whose presence will allow the device to be wire-

free in future studies.

Original equipment manufacturer (OEM) laser diode and the motor were integrated
within the capsule, costing only < $3. Moreover, the usage of FDM, the most
inexpensive 3D printing methodology, paves the way for manufacturing each capsule
ata significantly reduced cost (specifically for mass production, where integrated

circuit cost is also lowered to a great extent).






3. SCAN PATTERN

The motor radially scans the laser on the tissue surface while the lens actuator alters
the radius of the scan to address multiple tissue layers. The transverse optical
magnification (Mr) is defined as the ratio of the image distance (di: distance between
the focus and the lens) to the object distance (do: distance between the lens and the
laser). Conversely, the longitudinal magnification (M.) of an optical system is linked

to the square of the transverse magnification as [18]:

1 = g = (%) ®)

The longitudinal magnification of our capsule system is M. = 16. As the extinction
length (including scattering and absorption effects) of the small intestine tissue for red
and NIR wavelengths is about 1 mm [19], one needs to displace the lens by ~ + 100
um to address three extinction lengths , based on Eq. 5. The actuator can be excited at
its resonance frequency (fa) to decrease its power consumption. The combination of
the motor scanning and resonant lens actuation leads to the following mathematical

formulation for the scan pattern:

x(t) = d;sin(2rf,t) R, sin(2mfi,t), (6)
y(t) = d;sin(2rf,t) R; cos(2mfint), (7
z(t) = vt (8)

Here, x(t), y(t), and z(t) are the location of the laser spot as a function of time in three
dimensions. The motor rotates at the frequency of fn, creating a circular scan around
the tissue with a radius of Rt, modeled by a sinusoidal function in the lateral (X, y) plane
with a 90° phase difference. The radius of the circular scan is also a time-varying

function with dy amplitude due to the lens actuator operating at its resonance.

11



Moreover, the peristaltic motion causes the capsule to move at an average speed of ve.
Figure 3.1 illustrates the scan pattern in three dimensions, for Rt =25 mm, d;= 1.5 mm
(to address a total of 3 extinction lengths), fa = 25 Hz (based on simulated values), fm

= 125 Hz (based on experimented motor speed), and ve = 0.23 mm/sec [20].
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Figure 3.1 : Scan pattern in 3D; a) oblique view b) close-up view of the rectangular
region in a) showcasing different tissue planes at multiple depths being addressed.
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4. EXPERIMENTAL SETUP AND EXPERIMENTS

4.1 Mechanical Behavior of the Actuator

4.1.1 AC experiment

A function generator was used to drive the coil as shown in figure 4.1.1. In this way

much more actuation is achieved with very low power consumption.

Figure 4.1.1 : The experiment setup for the frequency response of the actuators.

In this experiment, the three types of actuators illustated in figure 2.1.1 are used one
after another. Their first mode resonance frequency is found, and their frequency

response is plotted as a function of the displacement.

4.1.2 Modal analysis

The fundamental mode shapes of 1, 1.5, and 2-turn spiral actuators were found using
COMSOL software, revealing a frequency within 27 + 2 Hz range. While the number
of turns significantly affects the spring constant, the mass of the lens embedded in each
design mitigates the change in resonance frequency. Hence, an actuator with more
turns is compliant and spares a smaller volume for the lens. On the contrary, an actuator
with a short spiral flexure will be stiff yet reserving a larger space for the lens. As the

device frequency depends on the stiffness to mass ratio, all actuators possess a similar

13



fundamental frequency. Figure 4.1.2 shows the first mode frequency of all three types

of actuator.

Figure 4.1.2 : Modal analysis of a)2, b)1.5, and c)1-turn one-end-fixed spiral
actuators. The actuators show29 Hz, 27 Hz, 25 Hz fundamental mode frequency,

respectively.

4.2 Focal Spot Characterization

The second setup shown in figure 4.2 was built to observe and characterize the focal

spot of the laser light used in the capsule.

Figure 4.2 : Experiment setup for focal spot characterization

In this set of experiment, we aimed at monitoring the focal spot in terms of changing
in size while actuation is on. The actuator was actuating at resonance frequency and
the camera was placed 25mm away from the lens at first, then it was readjusted

+2,5mm to address the focus in each of the three points as shown in figure 5.3.
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4.3 Multi-depth Experiment

Figure 4.3 illustrates the experimental setup, a laser coupled into a single-mode fiber
entering the capsule for laser delivery and detection (using the Thorlabs PDA36
photodetector) from the target, two mirrors at different positions (one above and the
other below the capsule, whose distances were varied throughout the experiments)

with respect to the capsule. The mirrors represented the target tissue.

Figure 4.3 : Experimental setup, comprising a single-mode fiber for laser delivery

and detection (photodetector: PD unit). A beam-splitter (BS) to separate delivered

light and collected light. An objective lens (OBJ) is utilized for fiber coupling, and
two mirrors (M1 and M2) were placed at two target locations.
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5. RESULTS

We have measured the frequency response for 1, 1.5, and 2-turn spiral actuators using
the presented setup in figure 4.1.1. A comparison of simulated —figure 4.1.2- and
experimented resonance frequencies is shown in figure 5.1 and Table 5.1 We observe
an error of < 13.3 % for all three devices between simulated and experimented mode
frequencies and mainly attribute it to the slight difference of lens dimensions utilized

in the experiments and simulations.

Table 5.1 : Comparison of simulated and experimented fundamental mode
frequencies for 1, 1.5, and 2 turn spiral actuators. The error between simulated and
experimented values is also depicted in the rightmost column.

First mode frequency First mode frequency  Error
(Simulation) (Experiment)
1-turn (360°) spiral 25.1 Hz 27.6 Hz 10 %
actuator
1.5-turn (540°) 26.8 Hz 23.7 Hz 11.5%
spiral actuator
2-turn (720°) spiral 29.2 Hz 33.7Hz 13.3%

actuator
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Figure 5.1 : Measured mechanical frequency response of 1, 1.5, and 2 turn spiral
actuators. Insets illustrate fundamental mode shapes for each device.

Using the same setup in figure 4.1.1 the actuator displacement was observed with the
side camera as a function of applied power to the coil (figure 5.2). We note that a 100-
um actuator displacement was observed for an applied power of ~1 mW, which
corresponds to 1.6 mm of focal shift at the target when the longitudinal magnification
(ML= 16) is considered. The capability of adjusting the focus for the 1.6 mm range
ensures addressing all of the Mucosa, Muscularis Mucosae, Submucosa, Circular, and

longitudinal muscle layers of the small intestine.

0 5 10 15 20 25 30 35
Power(mW)

Figure 5.2 : Testing the tuning capability of the 540° actuator. The displacement of
the actuator vs. power required for actuation
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The CMOS camera (CAM) in figure 4.2 was placed at the target plane, at a 25 mm
distance from the lens, to observe the focal spot as a function of time. The actuator
drive voltage was then readjusted to obtain a focal shift of +2.5 mm (5 mW power
was supplied to the coil). The camera was initially placed at 25 mm (middle frame in
Figure 5.3), where the laser was focused when the actuator is at its rest position (t =
0). The focus shifts to 22.5 mm and 27.5 mm, respectively, at a quarter-period before
and after the rest position. Thus, the laser spots appear larger at the CMOS camera.
Figure 5.4 illustrates the spot profile, which shows a 12 pum FWHM (full-width half-
maximum) diameter. The observed spot profile is near 4x larger than the analytically
calculated spot diameter. This is attributed to a combination of i) using an in-capsule
laser diode having a large M? value and an elliptic beam profile and to ii) the utilized
lens having a 22% smaller clear aperture as opposed to its outer diameter, and iii) the
focused spot being further away from the lens (at 25 mm) rather than that planned for
use in small intestine (focal spot at 17 mm away from the lens). In the upcoming
experiments that required signal acquisition from the target, the laser diode was
coupled into a single-mode fiber for both laser delivery into the capsule and data

acquisition from the target.

r:-T/4

Figure 5.3 : focal spot as observed at different times (at t=0 the spot is in focus at f)
and for the upper and lower raw frames, the camera is adjusted +2,5 mm to capture
the focus.
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Figure 5.4 : spot profile of the diode laser at focus point.
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Finally, we focused on the data acquisition from the two mirrors placed across each
other (180 degrees apart) shown in figure 4.3. Initially, the mirrors were placed
equidistant (25 mm away) from the capsule. As expected, two spikes were observed
for each motor period (T), at t= T/4 and 3T/4, respectively, as illustrated in figure 5.5.a.
Next, the actuator was turned on (driven at 5T, likewise shown in figure 3.1 while the
mirror positions were retained. Both spikes arriving from each mirror were modulated
to be in-phase, such that they appear and disappear in the same motor periods (figure
5.5. b). Finally, we move one of the mirrors by 5 mm such that they are no more
equidistant. For the updated mirror positions, spikes coming from each mirror are
modulated to be out-of-phase. Consequently, the signal from only one of the mirrors
is observed at each motor period (either from Mz or My).

N
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0 Ti4 Ti2 3T/ T 0 Ti4 TfZ JTM T
Time Time

Figure 5.5 : Data acquisition from the target for ten motor periods, comprising two
mirrors placed across each other a) Motor ON, actuator OFF, mirrors are equidistant
b) Motor ON, actuator ON, mirrors are equidistant ¢c) Motor ON, actuator ON,
mirrors are at different distances to the lens.
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6. OTHER CAPSULE SUBSYSTEMS

Throughout the manuscript, we have focused on the optical and mechanical aspects of
the capsule. In this section, we give a summary of the interconnections between
optical, micromechanical, electronic, and antenna subsystems. A system-level block
diagram of the wireless laser scanning capsule endoscope is shown in Figure 6.1.
Accordingly, the integrated electronics subsystem is responsible for i) driving the laser
[21] and the coil; ii) converting the photodiode current output to voltage via a
transimpedance amplifier (TIA), iii) quantizing it with an analog-to-digital converter
and subsequently modulating it at an ISM frequency (433 MHz) by employing an
injection-locked ring oscillator and its collateral circuits [22], iii) filtering signals
outside the required bandwidth through impedance matching between blocks, and iv)
power amplification of the signal so that it can be radiated with high efficiency from
the transmitter antenna. The receiving on-body unit will be equipped with a receiver
antenna and circuit modules, including a low-noise amplifier (LNA), mixer, filters,
and analog/digital signal processing blocks. Furthermore, a single feed- dual
meandered loop transmitter antenna was designed and implemented at 433 MHz to
establish circular polarization [23]. We were able to show a wide circular polarization
bandwidth (50%) and also beamwidth (showcasing circular polarization, i.e., an axial
ratio of < 6dB, over a 246° azimuthal angle), offering data transmission throughout a

wide variety of capsule orientations and tissue compositions.
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Mechanics
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Figure 6.1 : Block diagram of the wireless laser scanning capsule endoscope.
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7. CONCLUSION

In this thesis, we have presented laser-scanning wireless capsule endoscope
architecture. We have thoroughly discussed the design, manufacturing, and testing
results of a 3D-printed focus adjustment actuator. The developed actuator was
embedded within a capsule unit, where different target acquisition scenarios (motor
ON actuator OFF, motor ON actuator ON single layer readout, motor ON actuator ON
multiple-layer readout) were implemented. Finally, we discuss ongoing work on
integrated electronic and antenna subsystems towards achieving the laser scanning
capsule prototype. With further development, the proposed device can provide multi-
layered sub-cellular resolution images of difficult-to-access sites (i.e., the small
intestine) within the gastrointestinal tract.
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