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A RESONANT PULLEY ACTUATOR FOR SCANNING CAPSULE
ENDOSCOPY

SUMMARY

Endoscopy is a medical procedure that involves the use of an endoscope, a flexible
tube with a light and a camera attached to it, to visualize and examine the interior of
various organs and body cavities. The endoscope is inserted through a natural body
opening or a small incision and allows doctors to view the internal structures in real-
time. Capsule endoscopy is a minimally invasive diagnostic procedure used to
visualize the digestive tract, particularly the small intestine. It involves swallowing a
small, pill-sized capsule that contains a tiny camera, light source, and transmitter. As
the capsule travels through the digestive system, it captures high-quality images of the
intestinal lining. These images are wirelessly transmitted to a data recorder worn on a
belt around the patient's waist. We present a compact electromagnetically actuated 3D-
printed rotary actuator for use in Scanning Capsule Endoscopy. The actuator comprises
two cantilevers connected to a rotating body via nylon strings. External coils and the
magnets placed on the cantilevers create an electromagnetic force with which the
rotation can be initiated. Opposite coils are driven out-of-phase to enable resonant
actuation. An electrical circuit model and finite element simulation results of the
fundamental mode frequency are provided for the designed device. The design is
manufactured via fused deposition modeling using polylactic acid (PLA) and
thermoplastic polyurethane (TPU). Experimental results reveal a 98 © total scan angle
at 21 Hz resonance for the TPU actuator and a 19.7 © total scan angle at 237 Hz
resonance for the PLA actuator. Overall, the presented rotary actuator compares
favorably over 1) micromotor counterparts in terms of form factor (having a diameter
of 13 mm and a total height of 7 mm) and ii)) MEMS counterparts in terms of total scan
angle. Manufacturing cost and duration are yet other benefits of the presented device,
owing to 3D printing. With further development, the presented device can serve within
a disposable capsule endoscopy unit for clinical use.
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LAZER TARAMALI KAPSUL ENDOSKOP CIHAZI ICIN REZONANS
MAKARA EYLEYICi

OZET

Endoskopi, tibbi bir prosediirdiir ve endoskop adi verilen bir cihaz aracilifiyla i¢
organlarin gorsel muayenesini gerceklestirmeyi hedefler. Endoskop, kamera
donanimli esnek bir tiipten olusan bir cihazdir. Bu yontem, sindirim sistemi, solunum
sistemi, lirogenital sistem ve eklem bosluklar1 gibi farkli anatomik bolgelerde teshis
koyma, tedavi uygulama ve cerrahi miidahale icin degerli bir ara¢ olarak
kullanilmaktadir.

Ancak, endoskopi prosediirleri bazi zorluklarla karsilasabilir. Birincisi, invaziv
niteligidir. Endoskopun viicut i¢ine yerlestirilmesiyle birlikte hastada rahatsizlik ve
bazen hafif agr1 hissi meydana gelebilir. Bu nedenle, hastanin konforunu saglamak
amactyla genellikle sedasyon veya anestezi uygulanir. ikinci bir zorluk, endoskopun
hedeflenen bolgelere erisimi ve dogru pozisyonlandirilmasiyla ilgilidir. Bazi
durumlarda, dar gegisler, kivrimlar veya anatomik engeller nedeniyle endoskopun
ilerlemesi gili¢ olabilir. Bu durumlar, prosediir siiresini uzatabilir ve bazen
basarisizlikla sonuglanabilir.

Diger bir zorluk ise goriintii kalitesidir. Endoskobun ucundaki kamera, i¢ organlarin
net bir goriintiisiinii saglar; ancak, zaman zaman gorilintli kalitesi yetersiz olabilir.
Ozellikle kan, mukus veya diger sivilar gibi engelleyici faktorler varsa, goriintii netligi
azalabilir. Bu durum, dogru bir teshis koymayt veya ayrintili bir degerlendirme
yapmay1 zorlagtirabilir.

Endoskopi, cerrahi miidahalelerin gerceklestirilebilecegi bir alan1 da igcermektedir,
ancak bu durum da belirli zorluklar dogurabilmektedir. Cerrahi endoskopi, minimal
invazivlik ilkesine uygun olarak organlara ulasmay1 hedefler; fakat baz1 durumlarda,
karmagik cerrahi prosediirler gerektiginde daha fazla invazivlik gerekmektedir.

Kapsiil endoskopi, tibbi goriintiileme tekniklerinden biridir ve sindirim sistemi gibi i¢
organlarin gorsel muayenesini yapmay1 amagclar. Bu yontem, bir kapsiil seklindeki bir
cihazin yutulmasi yoluyla gergeklestirilir. Kapsiil, igerisinde bir kamera, 151k kaynag1
ve veri kaydedici bir sistem bulunduran bir endoskopik kapsiildiir. Hastanin sindirim
sistemi boyunca hareket ederken, kapsiil tarafindan elde edilen goriintiiler kaydedilir
ve daha sonra bir bilgisayarda incelenir.

Kapsiil endoskopi, 6zellikle geleneksel endoskopi yontemlerinin ulagamadigi veya zor
ulagilan bolgelerin degerlendirilmesi i¢in oldukc¢a degerli bir aragtir. Sindirim
sisteminin Ust kisimlari, ince bagirsaklar ve bazi durumlarda kalin bagirsak gibi
alanlar, geleneksel endoskoplarin  sinirlamalar1  nedeniyle tam  olarak
goriintiilenemeyebilir. Kapsiil endoskopi, bu bolgelerde ayrintilt bir inceleme yapma
imkan1 sunarak tanisal bilgilerin elde edilmesini saglar.

Kapsiil endoskopinin bir avantaji, minimal invazivlik ve hastanin konforudur.
Kapsiiliin yutulmasiyla birlikte hasta normal giinliik aktivitelerine devam edebilir,
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clinkli kapsiil kendiliginden ilerler ve digkiyla atilir. Bu, hastalar i¢in endoskopik
prosediirlerin geleneksel invazivlik ve rahatsizlik potansiyelini azaltir.

Ancak, kapsiil endoskopisinin bazi zorluklar1 vardir. Birincisi, kapsiiliin kontrol
edilebilirligi sinirhidir. Hastanin i¢ organlarinda hareket ederken tam olarak
yonlendirilemez ve hedeflenen bolgelere ulasma garantisi yoktur. Ayrica, kapsiil
endoskopisinin geleneksel endoskopilere kiyasla daha az goriintii kalitesi sagladig:
bilinmektedir. Kapsiiliin kiigiik boyutu, kamera lensinin ve 151k kaynaginin sinirh
kapasitesine yol agabilir, bu da baz1 durumlarda netlik ve ayrint1 eksikligine neden
olabilir.

Lazer taramali kapsiil endoskop cihazi, yenilik¢i bir goriintiileme teknolojisi
kullanarak i¢ organlarin detayl bir sekilde incelenmesini saglayan bir tibbi cihazdir.
Bu cihaz, i¢ organlarin yiizeylerini tarayan bir lazer 15181 kullanir ve geriye yansiyan
veya sagilan 151k sinyallerini algilamak i¢in bir algilama sistemi kullanir.

Cihazda ytiksek giiglii bir lazer kaynagi bulunur. Bu lazer kaynagi, i¢ organlarin
taranmast i¢in 151k demetlerinin iiretilmesini saglar. Algilama sistemi ise lazer taramasi
sonucunda geriye yansiyan veya sacilan 11k sinyallerini algilar. Bu sistemin amaci,
151k sinyallerini analiz etmek ve yliksek ¢oziintirliiklii goriintiiler elde etmek i¢in ¢esitli
filtreleme ve igleme tekniklerini kullanmaktir. Ayrica, cihazda bir veri kaydedici birim
bulunur. Bu birim, i¢ organlarin goriintiilerini kaydederek depolamak i¢in kullanilir.

Lazerin odaklanmasi ve hareketi icin ise lazer taramali kapsiil endoskop cihazinda 6zel
bir mercek sistemi ve motor ekipmanlar1 bulunur. Mercek sistemi, lazer 1ginini
odaklamak ve i¢ organlarin ylizeylerini hassas bir sekilde tarayabilmek icin kullanilir.
Motor sistemi ise kapsiil endoskopun 360 derece tarama yapmasina imkan saglar.

Lazer taramali kapsiil endoskop cihazi, bu ekipmanlar ve ek olarak lazerin
odaklanmas1 ve hareketi i¢in kullanilan mercek ve motor ekipmanlar1 aracilifiyla i¢
organlar1 ayrintili bir sekilde goriintiileyebilme kabiliyetine sahiptir. Bu teknoloji, tip
alaninda tanisal amaglar i¢in 6nemli bir aractir ve geleneksel endoskopi yontemlerinin
siirlamalarin1 agma potansiyeline sahiptir.

Elbette, kapsiil endoskopinin boyutlari, ireticiler i¢in bazi zorluklar dogurabilir.
Kapsiil endoskopinin kiiciik boyutlarda olmasi, alan agisindan bir kisitlama getirir ve
bu da tasarim ve iiretim siirecinde bazi zorluklar1 beraberinde getirir.

Ilk olarak, kapsiil endoskopunun kiigiik boyutlarda olmasi, igine sigdirilmas: gereken
tiim ekipmanlarin simirli bir alanda yer almasini gerektirir. Algilama sistemleri, veri
kaydedici birim, enerji kaynagi ve iletisim bilesenleri gibi farkli bilesenlerin
entegrasyonu, sinirli alan i¢inde uyumlu bir sekilde gergeklestirilmelidir. Bu,
iireticilerin tasarim siirecinde optimize edilmis ve kompakt bilesenler kullanmalarini
gerektirir.

Bu tezin konusu olan ¢aligmanin amaci kapsiil endoskopi’deki mikromotorun yerini
alacak, kapladigi hacim olarak mikromotordan daha kullanisli ve gii¢ tiiketimi
anlaminda da rakip olabilecek bir dongiisel eyleyici iiretmektir. Bu eyleyicinin
iiretiminde 3 boyutlu baski metodu kullanilmigtir.

3 boyutlu baski (3D baski), katman katman malzeme biriktirme prensibine dayanan
bir liretim teknolojisidir. Bu teknoloji, dijital bir modelin bilgisayar destekli tasarim
(CAD) yazilimi kullanilarak olusturulmasi ve daha sonra bir 3D yazici tarafindan
gercek diinya nesnesine donistiiriilmesini saglar. 3 boyutlu baski, tasarimcilarin
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karmasik geometrili ve 6zellestirilmis nesneleri hizli bir sekilde iiretmelerine olanak
tanirken, endiistride de genis bir kullanim alani bulmustur.

3 boyutlu baski, ¢esitli malzemelerin kullanilmasini saglar. Plastikler, metal alagimlari,
seramikler ve biyolojik materyaller gibi farkli malzeme tiirleri 3 boyutlu bask1 igin
kullanilabilir. Bu sayede, endiistriler arasinda prototipleme, iiretim parcalarinin
iiretilmesi, tibbi implantlar, 6zellestirilmis protezler ve sanatsal eserler gibi bir¢ok
uygulama alan1 bulunur.

3 boyutlu baskinin bazi avantajlar1 vardir. Oncelikle, karmasik geometrili nesnelerin
iiretilmesini kolaylastirir ve tasarimeilar i¢in daha fazla 6zgiirliik saglar. Ayrica, hizlh
prototipleme siirecini hizlandirir ve iiretim maliyetlerini azaltir. Bunun yani sira,
ozellestirilmis tiriinlerin tasarimi ve {iretimi i¢in biiyiik bir potansiyel sunar.

Verilen bilgiler 1s181nda bu ¢alismada; Tarama Kapsiilii Endoskopisinde kullanilmak
tizere kompakt elektromanyetik olarak hareket ettirilen 3D baskili bir doner eyleyici
sunulmaktadir. Eyleyici, karsilikli iki dirsekli yapinin naylon iplerlele donen bir
govdeye baglandig1 bir yapiya sahiptir. Harici bobinler ve dirsekli yapiya yerlestirilen
miknatislar, donme hareketini baslatan elektromanyetik bir kuvvet olusturur. Ters
kutuplu bobinler, rezonansli hareketi miimkiin kilmak i¢in farkli fazlarda siiriiliir.
Tasarlanan cihazin elektrik devre modeli ve temel mod frekansina iligskin sonlu eleman
simiilasyonu sonuglar1 sunulmaktadir. Tasarim, polilaktik asit (PLA) ve termoplastik
politiretan (TPU) kullanilarak birlesik depozisyon modelleme yontemiyle
iiretilmektedir. Deneysel sonuglar, TPU eyleyicisi i¢in 21 Hz rezonans frekansinda 98
°'lik toplam tarama ag1s1 ve PLA eyleyicisi i¢in 237 Hz rezonans frekansinda 19.7 °'lik
toplam tarama agis1 elde edildigini gostermektedir. Genel olarak, sunulan doner
eyleyici, 1) mikromotor benzerlerine gore form faktorii agisindan (13 mm ¢apinda ve
7 mm toplam yiikseklikte) ve ii)) MEMS benzerlerine gore toplam tarama agisi
acisindan avantajhidir. 3D baskinin sagladigi iiretim maliyeti ve siiresi, sunulan cihazin
diger faydalar1 arasindadir. Daha fazla gelistirme ile sunulan cihaz, klinik kullanim
icin tek kullanimlik bir kapsiil endoskopi iinitesi i¢ginde hizmet verebilir.
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1. INTRODUCTION

Advances in microelectronics and optoelectronics have played a key role in the
development of endoscopes, enabling the assessment of unhealthy tissue formation
within the gastrointestinal (GI) tract. To improve patient comfort and increase the
reach of the imaging procedure to the entire GI, wireless capsule endoscopes (WCE)
were developed [2]. Capsule endoscopes are equipped with CMOS / CCD camera(s)
to acquire images throughout the GI tract and an antenna unit to transfer the data to
the external unit. Yet the images are far from providing cellular resolution and only
observe the surface. Tethered capsule endoscopes (TCE) were developed, having
optical resolution and multiple depth imaging capabilities, using optical coherence
tomography (OCT). While the tether (including electrical and optical connections)
limits the ability to access the entire GI tract, these devices have found use in early
diagnosis of Esophageal Cancer and Barrett’s Esophagus [3,4]. TCEs typically employ
a micromotor for circumferential laser scanning. Yet, the power consumption of off-
the-shelf micromotors generally is above 50 mW. Moreover, micromotor height (not
including the rotating prism on its shaft) is above 10 mm, occupying more than 30%

of the available space within a capsule.

Figure 1.1 and Table 1.1 compare various types of circumferential scanning or rotary
mechanisms, including MEMS rotary actuators and micromotors (both academic
achievements and off-the-shelf components). The comparison is made based on power
consumption, frequency, the height of the rotational device, and rotation angle.
Performances of the two devices presented in this study are also marked on figures and

included in the table.
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Figure 1.1: All Performance comparisons of micromotors and rotary actuators [1]

We present a 3D-Printed rotary actuator to improve form factor and reduce power
consumption manufacturing cost, and time. Our design -illustrated in Fig. 1.2-
comprises two cantilevers connected to a rotary shaft via nylon strings. The movement
of the cantilevers, achieved with electromagnetic force between an external coil and
the magnet at the tip of the cantilever, leads to rotation of the shaft. A prism with a
reflective mirror is placed on the rotating body for circumferential scanning of the

incoming laser light on the target. The dimensions of the device are given in Table 1.2.

The presented rotary actuator has a reduced form factor (having a height of 7 mm,
apart from the assembled prism) in comparison to both off-the-shelf products and
studies in the literature. Moreover, the scan angle of the device is superior to the
MEMS rotary actuator counterparts. The use of 3D printing in the manufacturing of
our device makes it cost-effective, and particularly appealing as a disposable device.
The developed electrical circuit analogy, finite element simulations, experimental
demonstration of > 90 ° rotational scan, and design of an in capsule inductor to

facilitate actuation are other contributions of this study.



Table 1.1: Rotary actuator and micromotor comparison

Optical
Reference T Freq. scan Diameter Height Power
Brand/Model ype (Hz) angle (mm) (mm) (mW)
(degrees)
[5] Electromag. - 1.1 6 6 26
[6] Electromag. 47 47 10 100 60
[7] Electromag. - 20 - - -
[8] Electromag. 132 90 0.5 16 450
[9] Electromag. 1253 80 2 <1 -
[10] Electromag. 112 23 7 <1 31
[11] Electrostatic - 2.8 5 5 14
[12] Electrostatic - 1.5 1.2 <1 -
[13] Electrostatic 10 2.4 1 <1 -
[14] Electrostatic ~ 550 14 <1 -
[15] Electrostatic ~ 410 9 1 <1 -
[16] Electrostatic 300 5 4.3 <1 -
[17] Electrother. - 20 1.5 L.5 35
[18] Electrother. 10 40 4.5 L.5 360
[19] Electrother. - 4 <1 <1 2230
[20] Electrother. 300 10 <1 <1 10
[21] Micromotor 31 360 4 20 -
[22] Micromotor 42 360 - - -
[23] Micromotor 5 360 4 0.25 0.31
[24] Micromotor - 360 4 3.6 500
[25] Micromotor 9 360 55 13 -
[26] Micromotor 18 360 3 2.5 72
[27] Micromotor 616 360 22 15 -
[28] Micromotor  1.25 360 4 5 400
PO Ty Micromotor 100 360 10 15 152
Peloms IiTT Micromotor 108 360 14 20 570
Peloms PIFS" Micromotor 107 360 20 32 2340
Jinlong Mach.
Z7AL2A00000 Micromotor 111 360 4 10 53
1
Kinmore
oy Micromotor 100 360 8 12 150
05220
Kinmore
Rhare  Micromotor 88 360 16 27 450
13225
Faulaber  Micromotor 98 360 15 9 880




Figure 1.2: CAD drawing of the designed rotary actuator [1]

Table 1.2: Device dimensions [1]

Part Symbol  Dimension (mm)
Cantilever length le 10.5
Cantilever width We 1.5
Cantilever height he 0.5

Prism length / width b 4
Prism width Wp 4
Prism height hy 4

Magnet diameter dm 3

Magnet height le 1
Device width /4 6.5
Device diameter D 13

Device height h 85/7*

String length L 6.5
String radius ** Ts 0.05
Rotary arm length Iy 6.5
Rotating cylinder radius Feyl 1.75

* not shown in Fig 2

** with/without prism

In the upcoming sections, we share a circuit equivalent model of the device, finite-
element-simulation results, manufacturing, experimental setup, and results. Finally, a
discussion is provided on an in-capsule coil design and other aspects to elevate the

capabilities of this device for its transition to the clinic.



1.1 3-D Printing Technology

3D printing, also known as additive manufacturing, is a revolutionary technology that
allows for the creation of three-dimensional objects from a digital design file. Unlike
traditional manufacturing methods that involve subtracting or shaping materials, 3D
printing builds objects layer by layer, adding material to form the desired shape. This
process offers immense flexibility, enabling the production of complex and intricate
designs that may be difficult or impossible to achieve using conventional

manufacturing techniques.

Fused Deposition Modeling (FDM) is a type of 3D printing technique that operates by
melting and extruding a thermoplastic filament through a heated nozzle. (Fig. 1.3) The
nozzle moves in a precise pattern, depositing the molten material layer by layer,
ultimately creating a solid object. FDM 3D printers are widely used in various

industries and by hobbyists due to their affordability, ease of use, and versatility.

e =~

Nozzle/ ?_

Extruder |

Actuator

utput

! I Build Plate

Figure 1.3: Fused Deposition Modelling Illustration [29]

Actuators play a crucial role in converting input signals into physical motion or force.
FDM 3D printed actuators utilize the advantages of FDM technology to create custom-
designed actuators with specific functionalities. These actuators can be used in a wide

range of applications, including robotics, automation, medical devices, and more.

FDM 3D printed actuators offer several benefits. First, the ability to fabricate complex
geometries allows for the creation of intricate actuator designs tailored to specific
requirements. Second, FDM allows for the integration of multiple components into a

single printed part, reducing assembly time and complexity. Additionally, FDM



materials offer a range of mechanical properties, allowing the selection of materials

that suit the actuator's intended function.

By leveraging FDM 3D printing, engineers and designers can rapidly prototype and
iterate their actuator designs, saving time and costs associated with traditional
manufacturing methods. This technology opens up new possibilities for developing

innovative actuators with enhanced performance and customization options.!

' This chapter based on the journal paper “E. Tekin, A. C. Erten, M. B. Yelten and O. Ferhanoglu
(2023) A Resonant Pulley Rotary Actuator for Scanning Capsule Endoscopy, IEEE Photonics
Technology Letters, vol. 35, no. 16, pp. 891-894, doi: 10.1109/LPT.2023.3285273.”



2. PRELIMINARY WORK

2.1 Modeling

Both cantilevers are modeled using a series resistor — inductor — capacitance (RLC)
resonator. The inductor value in the electrical domain corresponds to the mass (m) of
the magnet that is attached to the tips of the cantilevers. The capacitance value in the

electrical domain corresponds to the reciprocal of the spring constant of the cantilever

(ke), such that [30]:

ke = B ekt (1)
where Ec is the Young’s modulus of the cantilever material (15 MPa for TPU [31], 3.5
GPa for PLA [32]). The cantilevers are then connected to a rotating body with nylon
strings. The string is modeled as a clamped-clamped beam, whose spring constant (ks)

can be calculated as [30]:

()
where Es is the Young’s modulus of nylon (2.7 GPa [33]). A displacement of 2nr by
both cantilevers results in a rotation angle of 2x radians of the rotating body, having a
radius of r. The transition between displacement and rotation is modeled with a
transformer having an r:1 turns ratio. Finally, the rotating body inertia (L) is simply

modeled based on the inertia of a combined rotating cylinder and rotating arm as:

1613

ks = E; 5 3)

where, mcy (143 mg) and m; (6 mg) are the masses of rotating body (including the
mass of the prism and rotating cylinder) and the rotating arm; respectively. The circuit
equivalent of the rotary actuator is illustrated in Figure 2.1, and the circuit element
values calculated based on the above equations are tabulated in Table 2.1. The
resistance values representing the losses are assigned to give a quality factor of Q=10.
Figure 2.2 shows the simulation results of the rotary actuator, where the resonance
frequencies were observed as 16 Hz and 265 Hz, respectively, for TPU and PLA

materials.



Table 2.1 : Element values for the circuit model [1]

Circuit element Symbol Mechanical equivalent Value
Capacitance (cantilever) C. k! ';)30;11:: glf,ég

Effective mass of cantilever

Inductance (cantilever) L. (= mass of magnet) 54 uH
Resistance (cantilever) R Damping 0.5 pe2

Capacitance (string) Cs k! 2.7F (nylon)

. Moment of inertia of 0.635 nH
Inductance (rotating body) L, rotating body
__._Cantilever String ____Cantilever
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Figure 2.2: Frequency response (normalized) observed by the proposed circuit
model for TPU- and PLA-based rotary actuators. [1]



2.2 Simulations

The fundamental vibration mode of the device was investigated using Finite-Element-
Analysis (FEA) with ANSYS software. (Fig. 2.3) Figure 2.4 illustrates the mode shape
and different instances of the mode. The fundamental mode frequency of 18 Hz for
TPU and 245 Hz using PLA was found using FEA. The simulation results validate our
circuit model. We have included a table in the results section, comparing the mode

frequency findings from our model, simulations, and experiments.

Mode #1 Mode

‘Mc’de :

Mode # Mode # Mode #6,

Figure 2.3: Device resonance modes [1]
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Figure 2.4: Different instances of the fundamental rotary mode (18 Hz for TPU and
245 Hz for PLA) of the proposed device. 2

2 This chapter based on the journal paper “E. Tekin, A. C. Erten, M. B. Yelten and O. Ferhanoglu
(2023) A Resonant Pulley Rotary Actuator for Scanning Capsule Endoscopy, IEEE Photonics
Technology Letters, vol. 35, no. 16, pp. 891-894, doi: 10.1109/LPT.2023.3285273.”






3. MANUFACTURING

The presented rotary actuator was 3D-printed in a modular fashion, using Fused
Deposition Modeling (FDM). (Fig. 3.1) Figure 3.2 illustrates the manufacturing and
integration steps. Initially, the cantilevers, rotating platform, and the prism are printed.
A gold-coated silicon mirror is attached to the prism, neodymium magnets are attached
(via epoxy) to the distal ends of the cantilevers, and the cantilevers are attached to the
rotating body via a nylon string. The entire platform is embedded in a 25 mm cylinder
for integration with conventional optomechanical holders. Yet the active part spans a

diameter of 13 mm that is compatible with capsule endoscope dimensions.

Figure 3.2: Manufacturing and assembly steps of the developed rotary actuator [1]3

3 This chapter based on the journal paper “E. Tekin, A. C. Erten, M. B. Yelten and O. Ferhanoglu (2023)
A Resonant Pulley Rotary Actuator for Scanning Capsule Endoscopy, IEEE Photonics Technology
Letters, vol. 35, no. 16, pp. 891-894, doi: 10.1109/LPT.2023.3285273.”
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4. EXPERIMENTAL SETUP

The manufactured scanners were characterized using the setup illustrated in Figure
4.1. Two external 100 mH coils were used for electromagnetic actuation, driven out-
of-phase to facilitate maximum rotation. A laser diode (Thorlabs CPS635F) was
directed towards the prism, and the scan angle was measured based on the length of
the scan line on the target screen and the distance to the target screen. The frequency
was swept to acquire the transfer function for both PLA and TPU rotary actuators.

Experimental results are given in Figure 4.2.

b)
I

Screen or target ‘

Detector
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Actuator

Figure 4.1: Experimental setup a) sketch b) laboratory demonstration. [1]
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Figure 4.2: Experimental results*

4 This chapter based on the journal paper “E. Tekin, A. C. Erten, M. B. Yelten and O. Ferhanoglu (2023)
A Resonant Pulley Rotary Actuator for Scanning Capsule Endoscopy, IEEE Photonics Technology
Letters, vol. 35, no. 16, pp. 891-894, doi: 10.1109/LPT.2023.3285273.”
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S. RESULTS

The experimental resonances were observed as 237 Hz for the PLA and 21 Hz for the
TPU devices, in line with our analytical model and the simulations, as shown in Figure
5.1, along with the resonance values inferred from analytical modeling. A total scan
angle of 98° was measured for the TPU rotary actuator and 20° for the PLA rotary
actuator. The maximum scan angle is observed when a total of 200 mW power is
delivered to the inductors for both TPU- and PLA-based de- vices. Based on the
acquired scan angles we predict a magnetic force of 0.3-20 mN to facilitate the reported
scan angles (via finite-element calculations and analytical calculations based on
Hooke’s Law) for TPU and PLA devices, respectively. The difference between force
values for TPU and PLA devices rise due to the fact that a larger distance between the

magnets and the external coils were set for TPU devices to prevent collapse.

Table 5.1 tabulates the fundamental frequencies found using the circuit model, FEM

simulation, and experiments, showcasing a good match between results.

90 ——PLA (Experiment) e PLA (Circuit Model) == PLA (FEM Simulation)
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Figure 5.1: Frequency response of the rotary actuator [1]
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Table 5.1: Fundamental mode frequency comparison of the developed circuit model,
FEM, and measurements

Circuit Model FEM Simulation Experiment
TPU-based Actuator 16 Hz 19 Hz 21 Hz
PLA-based Actuator 265 Hz 245 Hz 237 Hz

Next, we placed a United States Air Force (USAF) target and measured the cross
section from Group 2 Element 1 through observing the back reflected light with a
photodetector unit (Thorlabs PDA36A). (Fig. 5.2) Figure 5.3 illustrates the acquired
light intensity as a function of time, from Group 2, Element 1 of the USAF target, that

well-matches the opaque-transparent line pairs of the target itself.

Laser

Beam splitter

Lens

rotary
actuator

Figure 5.2: Imaging setup [1]
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Figure 5.3: Photodetector output [1]°

5 This chapter based on the journal paper “E. Tekin, A. C. Erten, M. B. Yelten and O. Ferhanoglu (2023)
A Resonant Pulley Rotary Actuator for Scanning Capsule Endoscopy, IEEE Photonics Technology
Letters, vol. 35, no. 16, pp. 891-894, doi: 10.1109/LPT.2023.3285273.”
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6. CONCLUSION

We presented a 3D-printed rotary actuator for scanning capsule endoscopy. The
electromagnetically actuated rotary device is composed of two out-of-phase driven
cantilevers connected to a rotating body. We developed electrical equivalent circuit
models and conducted finite element simulations, which are both in line with the
experimented modal frequencies of 21 Hz for TPU and 237 Hz for PLA scanner. We
obtained a total scan angle of 20° for the TPU and 98° for the PLA device. With the
use of a reflective pyramid on the rotating body and the integration of four photo-
detectors, one can achieve a full circumferential scan. Overall, the presented device
having a height of 7 mm, compares favorably over micromotors in terms of form factor
and is comparable in terms of power consumption. Furthermore, the rotary device is
favorable in terms of total optical scan angle over MEMS rotary devices. It is
noteworthy that 3D printing is an appealing technology for producing disposable

actuators for medical devices, in terms of cost and manufacturing speed.®

® This chapter based on the journal paper “E. Tekin, A. C. Erten, M. B. Yelten and O. Ferhanoglu (2023)
A Resonant Pulley Rotary Actuator for Scanning Capsule Endoscopy, IEEE Photonics Technology
Letters, vol. 35, no. 16, pp. 891-894, doi: 10.1109/LPT.2023.3285273.”
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7. FUTURE WORK

7.1 Horse-shoe Coil

The experiments involve the employment of external coils. In a clinical capsule
endoscope, one would have to embed the coils within the capsule. Below, we provide
a conformal coil design for use within the capsule. The designed coil is configured as

a horseshoe-shaped, semi-toroid form having a 13 mm diameter.
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Figure 7.1: Magnetic field and temperature simulations of the designed conformal
coil for use in the actuation of the presented rotary device. [1]

We assume a core permittivity of pr = 3000 core, a copper coil having 50 um diameter
with 7000 windings on the core having 0.5 mm cross-sectional diameter. Figure 7.1.a
illustrates simulation results for the designed coil in the ANSYS simulation
environment, where we observe an inductance of 100 mH, like the discrete inductor

used in the experiments. The generated maximum magnetic field is simulated as 27

19



mT for a coil rms current of 7 mA, which is once again comparable to the measured
magnetic field of 7 mTs for the experimented discrete inductors under the same

current.

7.2 Thermal Insulation

Moreover, the heat simulation results (Fig. 7.2.b) inside the capsule reveal a
temperature increase up to 43 °C at the surface for the given drive current. Note that
ceramic insulators were utilized in the heat simulations to isolate the heat load from
the surface of the capsule. Overall, based on the observed magnetic field levels, we
expect the designed coil to provide adequate force to reach the scan angles
experimentally observed using external coils. Note that a pyramid structure may be
utilized instead of a prism on the rotary actuator to quadruple the scan angle for fully
circumferential scanning. The use of multiple reflective surfaces, as in the pyramid,
would require various detectors to monitor the data arriving from each surface of the
pyramid (i.e., a pyramid with 4 surfaces and 4 photodiodes would be able to
accomplish a full circumferential scan of 360 © when the rotary actuator rotates by

90°).7

7 This chapter based on the journal paper “E. Tekin, A. C. Erten, M. B. Yelten and O. Ferhanoglu
(2023) A Resonant Pulley Rotary Actuator for Scanning Capsule Endoscopy, IEEE Photonics
Technology Letters, vol. 35, no. 16, pp. 891-894, doi: 10.1109/LPT.2023.3285273.”
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APPENDIX A: Early Cantilever Designs

Figure A.1: Early Cantilever Designs
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