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ABSTRACT

DEVELOPMENT OF A COMPUTER CONTROLLED
FABRICATION SYSTEM FOR INTERVENTIONAL
MAGNETIC RESONANCE IMAGING DEVICE
PRODUCTION

Magnetic Resonance Imaging (MRI) is a promising candidate against X-Ray
fluoroscopy for interventional cardiovascular procedures due to its ionizing radiation
free mechanism and superior soft tissue contrast. However, Interventional MRI field
lacks of dedicated clinical grade MRI safe and visible devices. Aim of this thesis study
is to design and develop a Computer Numerical Control (CNC) based 4-axis conduc-
tive ink dispenser system for developing low profile "active" interventional devices for
cardiovascular procedures under MRI. The proposed 4 axis CNC controlled dispenser
system allows to form three dimensional receiver antenna configurations automatically
onto non-planar catheter shaft surfaces. The developed system decreases the process
time and increases the repeatability significantly compared to alternative lithography
based techniques also used for low profile active device development. The validation
and calibration test results showed that the motion control system works within tol-
erance of 3.1um and the dispenser unit works with more than %90 accuracy during
several trials. As a part of this thesis study, a resonator marker on a 6 Fr catheter shaft
was designed and formed based on former Electromagnetic (EM) simulation results.
The resonator marker is basically an L.C tank circuit incorporating a solenoid coil and
a capacitor. It is used to visualize the distal tip of a 6Fr catheter under 1.5T MR
systems. The impedance and resonant frequency of resonant marker were measured
with a vector network analyzer and necessary modifications were made via copper elec-
troplating until the resonant marker is tuned to 63.66 MHz. The visibility and RF
induced heating tests were performed successfully for prototype marker device under

MRI.
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OZET

GIRISIMSEL MANYETIK REZONANS GORUNTULEME
CIHAZLARININ URETIMI ICIN BILGISAYAR
KONTROLLU URETIM SISTEMININ GELISTiRILMESI

Iyonlagan radyasyondan bagimsiz calisma prensibi ve iistiin yumusak doku
goriintiileme yetenegi ile Manyetik Rezonans Goriintiilleme (MRG) girisimsel kalp ve
damar operasyonlar icin X-Ray floroskopi kargisinda oldukca giiglii bir aday haline
gelmektedir. Ancak, MRG alaninda halen klinik seviyede giivenli ve goriintiilenebilir
cihazlara ihtiyac duyulmaktadir. Bu tez kapsaminda, MRG ile girigsimsel kalp ve damar
sistemi operasyonlar1 gerceklestirmek icin kullanilan diigiik profile sahip aktif kateter
cihazlarimin iiretiminde kullanilacak bilgisayar kontrollii bir iiretim sisteminin tasarimi
ve geligtirilmesi amaglanmigtir. Bu amag¢ dogrultusun-da, bilgisayar kontrollii 6zel bir
pompa iinitesi tasarlanarak tasarlanan karmasik, {ic boyutlu yapilarin direkt olarak
dogrusal olmayan yiizeyler iizerine olugturulmasina imkan verilmistir. Geligtirilen sis-
temin diigiik profile sahip aktif cihaz geligtirilmesinde kullanilan litografi bazh diger
iiretim metotlarina gore iiretim zamanini kayda deger sekilde diisiirdiigii, tekrarlan-
abilirligi ise ayni sekilde arttirdigi goriilmiigtiir. Yapilan testler ve Ol¢iimleme sonu-
cunda hareket kontrol sisteminin 3.1um hassasiyet, dispanser iinitesinin de %90’1n iiz-
erinde dogruluk ile cahigtiklari kamitlanmigtir. Caligmalar kapsaminda, 6nceden elde
edilen benzetim sonuclar1 dikkate alinarak, 6Fr kateter safti icin bir rezonans isaret
cihaz: tasarimi ve uygulamasi yapilmigtir. Tasarlanan isaret cihazi basit olarak bir LC
tank devresi olup bir sarmal bobin ve bir kondansatérden olugmakta ve 6Fr kateterin
u¢ kisminin 1.5T MR sistemleri ile goriintiilenmesi i¢in kullanilmaktadir. Olugturulan
bu yapmin diren¢ ve indiiktans olc¢iimleri bir ag ¢oziimleyici cihazi ile alinarak gerekli
iyilegtirmeler bakir elektro-kaplama yontemi ile yapilmig ve cihaz frekans1 63.66 MHz’e
ayarlanmigtir. Uretilen bu cihaz MRG altinda goriintiileme ve giivenlik testlerine tabi

tutularak, testler bagari ile sonuclandirilmigtir.
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1. INTRODUCTION

The current treatment option for congenital cardiac diseases for pediatric pa-
tients is cardiac surgery that has high mortality and morbidity rates. The interventional
procedures under conventional fluoroscopy are not feasible due to the late cancer risk
of the ionizing radiation. At this point Magnetic Resonance Imaging (MRI) becomes

a promising alternative with its ionizing radiation free imaging mechanism.

Children with congenital heart diseases generally require multiple catheteriza-
tions in order to evaluate their physiological parameters and for treatment purposes
that might help to avoid or delay open-heart surgery. When these catheterizations
are conducted under X-Ray fluoroscopy, each operation is an offset by the risk for me-
chanical complications and possible cumulative long term consequences from X-Ray
exposure. Children are especially susceptible to radiation injury, and pediatric inter-
ventions often are protracted, contributing further to the risk of chromosomal damage

and malignancy [10, 20].

The use of MRI technique as an imaging modality in interventional pediatric
congenital cardiac diseases treatment is a recent concept. Therefore, the requirement
for advance and convenient tools are valid, and several research studies are being car-
ried out to improve the existing devices for imaging. Different structures such as micro
solenoids or saddle coils have been studied as tracking devices for similar applications
[30, 31]. Although there are multiple fabrication methods for developing MRI compati-

ble devices, none of them completely meets the low profile and MR safety requirements.

This thesis study focuses on a novel computer controlled microstructure fabri-
cation platform that uses conductive ink to form micro-patterns (especially micro-coils
and other resonator components) over interventional catheter shafts, and aims to in-
dicate its advantages and feasibility for interventional MRI (iMRI) device production,

especially proper catheter devices for MRI of interventional congenital cardiac diseases.



2. BACKGROUND

Imaging of human body and internal organs with accurate and non-invasive
methods has a great importance for medical diagnosis, treatment and follow-up. The
principles of Nuclear Magnetic Resonance were implemented to be used for body imag-
ing in early 1970’s. In 1972, Paul Laterbur described how the addition of the gradient
magnets to the static magnetic field made it possible to form two-dimensional images
[1]. The idea was detecting the sources of gradients by analyzing the characteristics
of the emitted radio waves. With this method, it became possible to construct two-
dimensional images of structures that could not be visualized with other methods so
far. In 1974, Peter Mansfield introduced a new method for the first three-dimensional
imaging application. Mansfield developed the utilization of gradients in the magnetic
field, and explained how the signals could be analyzed mathematically, which made it
possible to develop a useful imaging technique [2]. Thus, Magnetic Resonance Imaging

(MRI) was introduced.

Since the introduction of MRI, as a result of ongoing research studies, MRI has
been transformed into a suitable tool for physiological imaging and medical treatment.
Beside all the advantages that MRI brought to medical studies, the interventional
imaging with MRI in congenital cardiac diseases of pediatric patients is stated out
as one of the most merging fields [3]-[6]. Fluoroscopy is one of the essential imaging
techniques that is used for the interventions in congenital cardiac diseases. However,
the existence of ionizing radiation causes high cancer risk for young pediatric patients
[7]. At this point, MRI is a promising alternative to fluoroscopy with its multi plane

imaging ability without ionizing radiation risk.

The custom design interventional devices are needed to use MRI as an imag-
ing tool for interventional congenital cardiac interventions. One of the most essential
intravascular devices for cardiac interventional procedures is a guiding catheter. The

distal tip of a guiding catheter should be visible during interventional procedure under



MRI to perform a safe procedure.

2.1 Catheterization and Imaging in Congenital Cardiac Dis-

eases

The human heart completes its development between eighth and tenth weeks
after conception and any congenital abnormalities are already occurred [8]. Numerous
factors, including genetic and environmental ones, such as parasites, viruses, exposure
to certain medications, metabolic disorders (like uncontrolled diabetes), excessive al-

cohol consumption and drugs can cause the malformation of the hearth in this period

[9].

Forms of congenital heart diseases include ventricular septal defects and atrial
septal defects that infant have an opening in the atrioventricular septum, pulmonic and
aortic stenosis that the pulmonic or aortic valves are narrower than normal, coarctation
(narrowing) of the aorta that the aorta is pinched or narrowed after it leaves the heart,
and holes in the inner, separating walls of the heart that allow blood to leak or flow
directly from one chamber or artery into another rather than flowing in the proper
sequence through the valves |8,9]. In the past, all these congenital defects were treated
through surgical operations by physicians. However, interventional approaches for
adults have been preferred against surgical procedures recently due to the reduction of

operation time, patient discomfort, hospitalization time, and procedure related risks

120].

The interventional procedures are performed by inserting a small diameter in-
travascular catheter (a small diameter flexible tube) over a guidewire into a vein or
an artery and then steering it to the target cardiac chambers and/or blood vessels
with the guidance of a medical imaging system (i.e. fluoroscopy, MRI, ultrasound etc.)
that shows the position of the catheter relative to the background anatomy during the

procedure. However, each interventional imaging modality has its own advantages and



disadvantages in terms of dedicated device design, visualization of both device and

anatomy at the same time and potential side effects.

2.1.1 Interventional Imaging with Fluoroscopy

Fluoroscopy is an imaging technique that exploits ionizing radiation to generate
real-time images of the interior of an object, of human body at this point. During
the procedure, a radiopaque contrast agent - X-Ray dye - (barium solution) is injected
through the patient’s vessel while the body is under frequent X-ray exposures in order

to enhance the visibility and tracking of intravascular devices.

Despite the fact that X-Ray fluoroscopy is widely used as an imaging technique
for the minimally invasive procedures, it has a drawback as poor soft tissue contrast
and requires assumptions on device position and orientation based on anatomic land-
marks and physician’s experiences which may be inaccurate. X-ray exposes patient and
operator to ionizing radiation that increases with procedure complexity, and significant
career musculoskeletal injury to operators forced to wear protective lead aprons. X-ray
fluoroscopy simply provides luminographic data without insight into the vessel wall
structure and underlying plaque morphology. These data, however, are believed to be
crucial for determining the origin of intimal proliferation and thus for the outcome of

vascular interventions [10-13].

Moreover, X-ray exposures used for fluoroscopy consist of ionizing radiation
that has enough energy to potentially cause DNA damage and may increase a person’s
lifetime risk of developing cancer. Based on the researches, it is known that even though
the exposure to the radiation for a short period of time may increase the potential of
having cancer in following life time [14]. Although radiation exposure for a single
procedure might be low, since the pediatric patients need further examinations later
on to evaluate their conditions, the cumulative dose of radiation they are exposed can

cause higher risks.



Most importantly, children are considerably more sensitive to the carcinogenic
effects of ionizing radiation than adults, and children have a longer life expectancy
resulting in a larger window of opportunity for expressing radiation damage [7]. In
addition, fluoroscopy can result in relatively high radiation doses, especially for inter-
ventional procedures which require fluoroscopy be administered for a long period of
time. A study showed that pediatric cardiac catheterization can induce, both acutely
and in the long term, increased chromosomal DNA damage in circulating lymphocytes,
which represents an intermediate endpoint of cancer. Chromosomal damage was evi-
dent in the peripheral blood of children exposed to catheterization-related radiation.

I15].

2.1.2 Interventional Imaging with MRI

Over the last decade, significant developments in magnetic resonance imaging
technology, its superior soft tissue contrast against fluoroscopy and potential for com-
plete multi planar soft tissue imaging and immediate functional assessment during car-
diac interventions make MRI an extremely promising candidate to replace fluoroscopy.
Image-guided catheter intervention on real-time imaging [3]-[7] and patient-handling
[16] capabilities have been demonstrated. Nevertheless, clinical-grade interventional
catheter devices for use during MRI, such as catheters and guidewires, remain the
most significant obstacle to wider clinical translation because of MR compatible ma-
terial problems and RF safety concerns. Current non-clinical implementations tend to
offer reduced visibility under MR or excessive size which is not convenient for pediatric

interventions and reduced mechanical performance [17].

Till now, there is no known harm of MRI [18] when used within well-defined
technical constraints and precautions [19]. MRI provides superior soft tissue contrast
for therapeutic use in cardiovascular procedures as well as it is eliminating the ion-
izing radiation exposure on both patient and operator [20|. MRI also provides multi
slice imaging and allows physiological measurements such as temperature, perfusion,

blood flow and motion. The feasibility of endovascular interventional procedures such



as renal artery stenosis treatment [21], abdominal aortic aneurysm treatment [22| re-
canalization of carotid chronic total occlusion [23], atrial septal puncture [24] and
trans-catheter aortic valve implantation [25] and electrophysiology mapping for atrial
fibrillation treatment [26,28] have been successfully tested on animal models under

MRI

2.2 Catheter Devices for Interventional MRI

X-Ray fluoroscopy is based on a technology that uses ionizing radiation to gen-
erate images, which increases lifelong cancer development risk and has a possibility to
cause DNA damage. Also, due to its poor soft tissue contrast, it is not easy to observe
cardiovascular tissue and blood leakage well during the operation which is crucial for
cardiovascular procedure quality. However, since to create contrast under X-Ray is rel-
atively easier and to fabricate suitable interventional devices for X-Ray fluoroscopy is
not a complex task, X-Ray fluoroscopy has been the most common interventional imag-
ing technique so far. On the other hand, with its ionizing radiation free mechanism,
superior soft tissue contrast and its growing abilities thanks to developing technol-
ogy, MRI is being a strong interventional imaging alternative. However due to safety
and compatibility problems, suitable interventional devices for MRI are still needed.
When the positive and negative contributions of imaging techniques are taken into
account, MRI excels as the most convenient technique for imaging of pediatric cardio-
vascular interventions thanks to its ionizing radiation free working principle. However,
MRI has been used for diagnostic purpose in clinical settings so far due to lack of
safe and conspicuous interventional devices. Image-guided catheter intervention using
MR remains tantalizing. Cardiovascular catheter devices used under X-ray guidance
are visible based on their simple attenuation of incident X-ray photons, regardless of
configuration or orientation. Comparable devices for operation under MR are more
complex. They must be safe for use in the high magnetic field and must not distort the
homogenous main (Bg) magnetic field, which in turn distorts imaging of surrounding
anatomy. They must preserve the mechanical properties expected by the interven-

tional operator accustomed to X-ray operation. Finally, they must be conspicuous,



from the tip throughout the length inserted in the body, for safe procedure conduct
during especially complicated procedures [29]|. Engineering safe and conspicuous MRI
catheters are especially challenging because of the combination of electrical and me-
chanical requirements and profile constraints. Interventional cardiovascular devices in
MRI typically classified by the visualization techniques called as passive, semi-active

(inductively coupled) and active.

2.2.1 Passive Devices

Passive catheters are attractive in their simplicity, but suffer from low contrast-
to-noise ratios and non-specificity of image appearance. Passive devices are visible be-
cause of their intrinsic material properties during cardiac magnetic resonance imaging
(CMRI). Material magnetic susceptibility, or how it responds to a magnetic field, can
cause inhomogeneity in the main magnetic field that results in signal losses (negative
contrast or dark spots) on images. Positive contrast (bright spots) can be generated
by the use of paramagnetic T1 shortening contrast agents |20]. The ferromagnetic |30],
paramagnetic [31] or other approaches include filling catheter balloons with CO2 (See
Fig. 2.1) [32, 39] or more novel contrast agent materials such as 19F (Fluorine) [33] are
used to improve device visibility. Off-resonance imaging techniques [34, 35| improve
the specificity of the device-related signal but usually sacrifice visibility of surrounding
anatomy. Recently, nonmetallic conspicuous guidewires have been developed that con-
sist of small metal (susceptibility) markers, mimic the mechanical properties of metallic

X-ray guidewires |36, 37].

Passive devices avoid many of the radiofrequency (RF) safety concerns and
often are constructed easily. It is possible that the passive design preserve all desired
mechanical properties while RF heating is not greater than 10C [38]. However, they
remain difficult to discern from background tissue in vivo, especially within curved
vascular structures [20]. Beside that the appearance of the susceptibility artifact is
influenced by deflection and by orientation. For example, when the tip is deflected

perpendicular to the main magnetic field, the artifact is large and blurry and may



difficult for the operator to visualize the exact location of the catheter tip [38].

Figure 2.1 A series of Cartesian images (128x128) showing the CO2 filled balloon catheter (arrow)
being manipulated in the flow phantom [39].

2.2.2 Inductively Coupled (Semi Active) Devices

Semi active devices consist of basic circuit elements such as capacitor and in-
ductor to form inductively coupled resonant markers [21]. Wireless inductive coupled
devices (i.e. catheters) act as local RF signal amplifier [14] whose signal could be cou-
pled to outside surface coils. Therefore, these resonant markers do not require long
transmission lines (connecting electrical cables) to connect the receiver marker directly
to the MR scanner. but may be more visible than passive devices. There are several
inductively coupled marker designs such as single loop, Gianturco, helix, tilted helix

and solenoid [21].

In RF transmit mode of a MRI sequence, the detuning of RF resonators (passive
decoupling) helps to limit RF energy deposition in the catheter resonators and enhance
the RF safety of the interventional MRI devices. [40]. However, the device visualization

of inductively coupled devices is limited to the distal tip of the catheters that contains



markers [41, 42]. Further optical tuning [43, 44| or signal separation [45] techniques

may be required to clearly distinguish these devices from background imaging.

Figure 2.2 In vivo images acquired with two balloon expandable stents implanted into the right
renal artery and the splenic artery of a pig. (a) The large FOV True FISP localizer image shows
both implanted stents with high signal (arrows). (b) Image acquired during one breath-hold with a
True FISP sequence. (c) Further reduction of the FOV to 140*140 mm, maintaining all other imaging
parameters enabled full assessment of the stent lumen [14].

2.2.3 Active Devices

Active devices incorporate small coils or antennae connected to the MR scanner
on separate channels through long transmission lines for device tracking or profiling
purpose [46]. The device tracking requires special cardiovascular MR, sequences to
locate the tracking coil in 3D space with the computer-synthesized device position
overlaid onto image which can be seen in Figure 2.3. Clinical-grade active guidewires
and catheters are nearing clinical reality [47|, but thorough performance and safety

evaluation remains an important step [21].

Since long, metallic components have the potential for heating during MRI
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radiofrequency (RF) excitation [52], MRI compatible materials and instruments have

to be used during construction of dedicated interventional MRI devices.

Clinical grade active endovascular catheters and guidewires are nearing clini-
cal reality [48], but before moving on clinical trials, the radiofrequency (RF) induced
heating risk over long conductor components of the devices needs to be addressed.
The pulsed electromagnetic RF field (B1) may induce currents over long conductors
in intravascular devices and cause heating especially near the device tips [49] due to

resistive losses.

Several methods have been developed to limit or minimize the active device heat-
ing, including detuning the devices during radio frequency transmission (two channels),
the use of RF chokes [50] or transformers [51] in transmission lines to modify the elec-
trical length under MRI. However, although their promising improvements in terms
of RF induced heating problem, none of these techniques can offer an active device
design that can have clinically acceptable mechanical performance such as pushability,

torqueability, flexibility, and kink resistance [52].

Figure 2.3 Interventional CMR Devices [5]. Three representative approaches to catheters designed to
be tracked using cardiovascular magnetic resonance (CMR). (A) Passive non braided balloon catheter
filled with CO2 in a right atrium. (B) Active tracking catheter in the right heart. (C) Two-channel
active guidewire in the aorta approaching the left heart [21].



11

2.3 Catheter Device Design for Interventional MRI and Poten-
tial Manufacturing Methods

Catheter device design for interventional MRI differs from device design for X-
ray fluoroscopy, regarding to MRI’s ionizing radiation free mechanism. As mentioned
in previous sections, X-Ray fluoroscopy works on images obtained via ionizing radi-
ation. So that, catheter device design for X-ray fluoroscopy is based on material’s
contrast properties as long as the material is biocompatible and it meets mechanical
requirements for the operation. On the other hand, for MRI catheter device design,
other factors have to be taken into account. MRI uses strong magnetic fields and radio
frequency (RF) power to generate anatomical images. Thus, MRI compatible catheter
devices have to interact with at least one of these two components while preserving
magnetic and electromagnetic safety. Therefore, MRI catheter devices requires RF
coils so that device designs include RF receiver coil designs. Miniature RF coils have
a variety of applications in MRI and magnetic resonance spectroscopy (MRS). They
are increasingly used in human and animal studies. They have been used as markers
to locate interventional tools like catheters, needles and endoscopes throughout the
body, and also to obtain images from localized regions of tissue, aiming at micron-scale

resolution [61].

Regarding MRI applications, coils are generally evaluated using remarkable pa-
rameters like BO homogeneity [53], B1 uniformity |54|, RF power efficiency |55], and
SNR of their sensitive volume [56, 57]. Numerous strategies over the years have been
investigated to increase sensitivity of the MRI experiment. One of the oldest strate-
gies is to introduce successively stronger magnetic fields, as the sensitivity depends on
the magnetic field. This solution, unfortunately, requires large, heavy and expensive
hardware - that can limit versatility and portability- for highly sensitive MR studies.
Fortunately the sensitivity also depends on the magnitude of the RF field per unit
current, which has prompted parametric studies of both typical and atypical RF coil
designs used in magnetic resonance. These studies have led to the development of so-

called micro coils (typically, coils with outer diameters less than 2 mm) for enhancing
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MR sensitivity [58].

The first micro coils were produced via hand winding solenoid coils with small
gauge copper wire, though in recent years a number of alternate fabrication meth-
ods have been introduced, including lithographic production. Recently, NMR spec-
troscopists have borrowed from telecommunication and electronic circuit fabrication
to miniaturize the RF coils and their corresponding sample volumes. For example,
techniques for planar MR microcoil fabrication have been used extensively, using fabri-
cation techniques of microelectronic and micro mechanical devices, such as lithography,
electroplating, molding [59-63] and wrapping flexible circuit sheet [72] which is not con-
venient for small diameter features. However, these coils typically have magnetic field
inhomogeneity and susceptibility effects, and are not always optimally shaped to max-
imize the filling factor. The results are less than optimal signal-to-noise ratio (SNR)

of the MR measurement [58].

The use of solenoids over other coil geometries is the typical approach for allevi-
ating some of these problems and achieving optimal sensitivity. Recent methods have
been reported for producing three dimensional shapes such as micro solenoids or even
saddle coil forms, including focused ion beam sputtering and thermal evaporation|64,
65], micro contact printing using elastomeric stamps |66, 67|, three dimensional (3D)

laser photolithography [68] and Inkjet printing onto non-planar substrates [71].

2.3.1 Inkjet Printing Directly onto a Flexible Surface

Inkjet printing technique has been used in the field of biology to deposit cells,
and in the field of electronics to print polymers with semi-conducting properties. Re-
cently, it is introduced as a technique for producing conductive features with desired

patterns (micro coils) on planar and non-planar surfaces.

For MRI catheter device production, silver tracks are printed onto flexible

polyamide (Kapton) substrate. Then this polyamide substrate with printed conductive
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pattern on it is used either directly for planar device designs or as wrapped around
a curved surface for non-planar device designs. Silver as a material requires 962 °C
to get into molten state. With today’s technology, print heads which are stable at
this temperature can’t be produced. So, instead of using molten silver, printable inks
that are stable for printing at room temperatures and includes solid silver particles are
used. After printing process, silver ink is sintered at around 300 °C to get rid of non-
conductive ingredients and reach a certain conductivity. By repeating this printing and
sintering processes, thickness of the conductive pattern and so that the conductivity is
increased. The most important advantage of this method according to lithography is

that it eliminates intermediate mask stages [71].

2.3.2 3D Laser Photolithography

3D laser photolithography is used for applying photolithography technique to
non-planar substrates. In this technique, initially a glass capillary or other non-planar
substrate such as catheter wall, is coated with a copper seed layer by sputtering or
thermal evaporation method. Coated seed layer is then electroplated with an elec-
trophoretic photoresist. Generally a computer controlled 3D laser pointer system is
used to expose laser beam and form micro-coil pattern on the photoresist. The ex-
posed photoresist is chemically removed to obtain the copper seed layer. Since the first
seed layer is around 200 nm thickness, obtained seed layer is again copper electroplated
to increase thickness. Finally, with a chemical process, the remaining photoresist and
coinciding seed layer are removed and only micro-coil itself is formed on the non-planar
substrate. This technique is highly repeatable and versatile allowing the fabrication of

complex geometries [68, 69].
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Figure 2.4 Computer controlled 3D laser pointer system. [69].

2.3.3 Optical Soft-Lithography on Non-planar Surfaces

Conventional photolithography method has some difficulties caused by rigid pla-
nar photomask contacting with the substrate at a single point, thus only small area of
the features on the exposed region can be transferred onto the surface. To overcome
this difficulty; soft-lithography method is introduced which transfers patterns effec-
tively even onto very small surface irregularities via conformal contact by integrating

usage of soft-photomask to the conventional process.

Optical soft-lithography is divided into two main processes as fabrication of a
flexible photomask and transferring micro patterns onto small radius curved surfaces.
For the first process, a PDMS thin film type photomask is fabricated. Surface of the
silicon wafer is modified with alkylsilane SAM to increase the hydrophobic property
(to enhance releasing). Then, desired patterns of micro metal features are formed on

the substrate by photolithography. Again, each metal feature is selectively coated with



15

alkanethiol self-assembled monolayers (SAM) for hydrophilic surface property (to cre-
ate adhesive surface). PDMS mixture is spin-coated on the whole substrate. Finally, by
separating PDMS film from the substrate (including the metal features), flexible pho-
tomask is obtained. To transfer the desired pattern on the curved surfaces, first, curved
surface is completely coated with photoresist and then the flexible photomask, includ-
ing metal features, is wrapped around the curved substrate to make conformal contact.
The substrate covered with film photomask is exposed to UV light and photomask is
peeled off the surface. After conventional photolithographic chemical processes, desired
micro patterns are formed on the curved surface [70].

(a)

Fabrication of flexible photomask (Process 1)
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Figure 2.5 The schematic of optical soft-lithography. (a) Pattern transfer process for fabricating
micro-metal patterns on the PDMS film surface. (b) Optical lithography on a curved surface using a
flexible film type of a photomask [70].

2.3.4 Sputtering and Thermal Evaporation

In both sputtering and thermal evaporation methods, a high vacuum thin film

deposition chamber is used to increase the mean free pathway of deposited electrons

from targets as much as possible.
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For sputtering, sample to be coated is cleaned with acetone and isopropyl alcohol
first and then rinsed with deionized water to clean the surface. This procedure is
called wet chemical treatment. Then treated sample is dried with nitrogen to prevent
oxidization, masked to limit coating area and positioned in the vacuum chamber (equal
distance to all metal deposition sources is preferred). The metal targets to be deposited
onto sample are bombarded with electron beams to initiate electron beam evaporation
in an order. First Chromium is coated as an adhesive layer which enhances adhesion
between sample surface and seed layer. Then Gold or Copper is coated as a seed layer.
Then the coated sample is removed from vacuum chamber and the masks are peeled.
To form the desired pattern on the coated sample, sample is positioned for rotation
within the focused ion beam (FIB) system. High keV Ga ions are emitted to remove

Cr/Au or Cr/Cu layer in order to define desired geometry (microcoil) on the sample

[64].
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Figure 2.6 The sequence of steps used in the fabrication of the microcoil [64].

For thermal evaporation, wet treatment and nitrogen drying is applied as in

sputtering. Then sample is masked with vacuum compatible materials for desired
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geometry and positioned in the thermal evaporation vacuum chamber. In thermal
evaporation, instead of bombarding targets with electron beams, targets are heated
with high electric current and with the help of high vacuum environment target elec-
trons are deposited by evaporation and coated onto sample. Again the chromium is
first coated as the adhesive layer and then the gold or copper is coated as seed layer.
Deposition rate is set regarding to targeted surface tension. After coating process,
sample is removed from vacuum chamber and mask is peeled. Since the underside of
the mask is not exposed to the electron deposition, desired coil geometry is formed on

the sample.

Figure 2.7 . (a) Mask used for coil geometry. (b) Cr/Au Coil geometry formed on 6Fr catheter wall
by thermal evaporation.

2.3.5 Elastomeric Stamps by Usage of Micro-contact Printing

Micro-contact printing (uCP) is used for generating patterns with high spatial
resolutions on planar and curved surfaces. Elastomeric stamps which are formed by
means of photolithography or uCP (for high precision applications), are used to deliver
ink to desired locations on the substrate. The ink is used to prevent selected areas

from material removal.

First, substrate (catheter itself for interventional MRI) is coated with silver or
a demanded material as seed layer. Then, an elastomeric stamp is printed as a pattern
of straight or tilted lines according to desired coil geometry. Then, seed layer coated
sample is rolled on the printed stamp to transfer the ink on the stamp onto cylindrical

substrate. Start position of the sample on the stamp determines the aim of coil turns
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according to geometrical relationship. Then by means of chemical etching processes,
unmasked (without ink on) seed layer portions are removed from surface. Although
the obtained feature is sufficient as a coil geometry, it does not fulfill the electrical
requirements. To overcome this insufficiency, formed coil pattern is finally copper or
gold electroplated to increase the conductive path thickness and so that to reduce

resistivity [65, 66].
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Figure 2.8 (a) Scheme for fabricating 3-D helical microcoils using microcontact printing. (b)
Procedure for fabricating supported and free-standing microcoils, micro-inductors, and micro-
electromagnets using micro-contact printing and electroplating [65].
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3. OBJECTIVE

Active and semi-active imaging devices are needed to conduct interventional
diagnostic and treatment procedures with MRI. Among the constraints mentioned in
previous chapters, the main challenge for developing pediatric "active" devices is to
achieve MRI visibility in low profile devices (with diameter less than 2 mm) under
MRI. Passive visualization techniques cannot provide reliable device visualization in
pediatric applications due to much smaller anatomical structures obscured by the sus-
ceptibility artifact of the markers. Therefore, active visualization method is more
attractive. However, the active and semi-active (inductively coupled) device designs
include conductive wires and analog circuit elements to form embedded RF receiver
antennas. These analog components increase the overall device profile and therefore it
is almost impossible to design clinical grade pediatric active devices using conventional

techniques and existing commercially available circuit components.

There have been some reports of microfabrication on cylindrical substrates such
as using laser ablation |74, mask lithography [75, 76|, maskless lithography (73, 77, 78|,
wrapping flexible circuit sheet [84] or pattern transfer by elastomeric stamps. Wrapping
flexible sheet is unsuitable for the tube with small diameters thanks to its difficulty
of sustaining flexible circuit’s structural integrity, possibility of misalignment of both
end, final adhesion of circuit sheet to catheter wall and discontinuity of conductivity
problems. Mask lithography is unsuitable for performing multilayer patterning since
the method often causes axial and circumferential misalignment between photomask
and patterns. Laser ablation and maskless lithography methods could form micro-
patterns and microstructures with straightforward alignment. However, laser ablation
is unsuitable for forming multilayer structures since it is difficult to control depth of
ablation. Also, since lithography method uses chemical etchants to remove portions
of seed layer and photo resistive material, residual chemical etchants must seriously
be taken into account and final isolation must be done perfectly. Since any remaining

chemical etchant particle would damage biocompatibility, lithography is not fairly suit-
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able for developing interventional devices, although it is the major fabrication modality
for electronic and electro mechanic device fabrication. Pattern transfer by elastomeric
stamps is a good candidate for radially repetitive patterns on cylindrical substrates,
however they cannot be used for non-repeating and complex designs and it is not suit-
able for non-cylindrical substrates. All these methods mentioned so far, except inkjet
printing and elastomeric stamp technique, need relatively long vacuum times for seed
layer coating. For multilayer device designs, this causes really long overall process times
(2-3 days for some applications) and any fault at these fabrication steps can cause all

procedure to fail.

The main objective of this study is to design and form a prototype of a computer
controlled four axis motion control system including a smart dispenser unit,and to
use conductive ink as seed layer material over planar and/or non-planar surfaces, for
developing proper catheter devices for interventional procedures with MRI. Achieving
this goal with expected influence requires combination of broader perspectives and
methodologies. Performing fabrications with high vacuum times and with existence of
non-biocompatible materials can cause time and effort loss in case of a fault during
procedures. Also, special additional preparations such as masks with desired pattern
geometries are needed for these fabrication methods mentioned above. This thesis
study aims to introduce a reliable fabrication platform for multilayer and 3D patterning
over planar and non-planar substrates, by eliminating the need for using mask layers,
long procedure times including vacuum steps for seed layer generation, usage of non-
biocompatible materials and usage of difficult to control ablation methods and finally
to allow direct formation of desired complex patterns over substrates by reducing the

number of fabrication steps so that to significantly reduce the production time.

During the thesis study, once completing the final system design and manu-
facturing, the accuracy of the motion control system and overall repeatability will be
tested systematically. After the validation of the overall system is confirmed, straight
and tilted helix coils, first and second layers of a capacitor are planned to be fabricated
as the resonator parts for catheter devices and their characterizations are planned to

be evaluated via vector network analyzer.
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As a product of this fabrication system, a distal tip resonant marker for 6Fr iMRI
catheter is planned to be designed in the simulation environment and to be prototyped
with the developed fabrication platform. Finite element method (FEM) based former
simulation results which were confirmed with physical measurements, are planned to
be used in order to eliminate the time and effort loss for device design. Finally, all the

resonant marker device measurements and MRI tests are planned to be performed.

3.1 Thesis Outline

In Chapter 1, 2 and 3 the imaging methods for interventions of congenital cardiac
diseases are discussed. The advantages and disadvantages of fluoroscopy and MRI are
investigated in this perspective. The ionizing radiation free mechanism of MRI brings
a considerable advantage to reduce down the risk of cancer for patients. The MRI
catheter device types, and their working principles are presented. At this point the
objectives of this thesis study and overall project are revealed as bringing out a proper
method to design and fabricate convenient tools for the interventions of congenital

cardiac diseases with MRI.

In chapter 4, design and manufacturing steps of the fabrication system are
described. Suitable actuators are chosen for moving parts and rotary to linear motion
conversion is briefly explained. Mechanical constraints are discussed for design purposes
and convenient mechanical and electrical components are chosen. Overall design of
the system and dispenser unit is depicted. The computer control method, related
software and the need for computer aided manufacturing software for fabrication are
mentioned. Measurements of the mechanical and electronic system are carried out.
Calibration of the whole system is done according to measurement results. Control
software configuration is modified for calibration purposes. Once the calibration is
confirmed, different coil, capacitor and stent geometries are formed on non-planar
substrates. Consistency of the formed patterns are compared with the designs. Once
confirming the reliability and repeatability of the fabrication system, a novel distal

tip resonant marker for MRI is designed and fabricated. First, dimensional design



22

of the circuit components is done regarding to simulation results then this design is
implemented on a 6Fr catheter. Various process steps are carried out in order to meet
inductance and conductivity requirements of the coil and capacitor, for 63.66 MHz.
Resonance frequency of marker is tuned to 63.66 MHz within the liquid phantom.
This well-tuned sample is tested under MRI for visibility and safety purposes.

In chapter 5, all mechanical measurement results are discussed. Error margins
of motion system and dispenser unit were indicated. Calibrated system test results
are mentioned. During fabrication steps of resonant marker, inductance and resistivity
measurements are done with vector network analyzer and dimensional measurements
are performed under well calibrated microscope. When the final prototype is fabricated,
resonance frequency of resonant marker is measured both in the air and in a liquid
phantom environment. Results of the MRI tests are shown as MRI images and heating

graphics.

In chapter 6, the document is concluded with a brief summary of the achieved
work within the thesis study. The precision of the system and its ability of complex
geometry fabrication are discussed. Advantages brought by this new fabrication system
against conventional fabrication methods are described and deficiencies of the system
are pointed. As the conclusion, modifications planned for the developed system and to
design and fabricate a new resonant marker which incorporates tilted helical coils, are

mentioned as the future work.
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4. METHODS

4.1 iMRI Device Fabrication System Design and Manufactur-

ing

With the Computer Controlled iMRI Device Fabrication System (CCDFS), de-
veloping MRI receiver antenna patterns directly onto both planar and/or non-planar
substrates via a computer controlled motion control mechanism and by using commer-
cially available conductive ink, is aimed. Since the dispensed ink amount needs to be
regulated during the operation, a computer controlled custom dispenser unit system is

also planned to be designed.

The motion control system design incorporates three linear axes as X, Y and Z
Cartesian coordinate axes. For planar substrates, while X and Y axes carry out the 2D
movement horizontally, Z axis provides the vertical movement so that 3D movement
is realized. For non-planar substrates, the sample needs to be rotated perpendicularly
to the dispenser unit (mounted on 7 axis). Therefore, a rotary axis is added to the
system as 4th axis. Furthermore, a linearly moving mechanical pump mechanism is

designed to regulate the conductive ink dose.

All these moving axes and dispenser unit are required to be computer controlled.
So that a controller interface card is included to the system to control the electrical

motors of each axis via an open source CNC control software.

Final fabrication system design incorporates system components as three linear
motion axes, a rotary axis, a conductive ink dispenser, and a control system that

controls the electrical unit.
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4.1.1 Linear Motion Axis.

Linear motion task can be carried out via different components such as hydraulic,
pneumatic and electrical actuators. Hydraulic actuators require a hydraulic pump unit
and special hydraulic liquids that are generally not biocompatible. Also, acceleration
and deceleration of these actuators are not enough for high resolution systems, instead,
they are preferred for slow but high torque/force requiring systems. Pneumatic actua-
tors also need an additional air compressor unit as power supply. Also because of the
compressibility of the air, bulky and expensive control valves are required to control
the pneumatic actuators with desired precision. On the other hand, electrical actua-
tors do not need any additional bulky unit. They use a current and voltage regulator
as their driver and since they are used with mechanical parts, control of the moving
parts with required precision mostly depends on the accuracy of the mechanical com-
ponents rather than the electrical control system. Therefore, electrical motors are used

as actuators.

There are two common ways for obtaining linear motion with electrical actu-
ators. The first is to use directly linear motors or linear actuators and the second is
to use a regular rotary electrical motor and to convert this rotary motion to linear
motion via mechanical interfaces. Linear motors are big in size when it is compared
with the rotary motors and they are generally used in big machines because of their
sizes and precisions. Also on the financial basis, they are more expensive relative to
rotary motors. When all the advantages and disadvantages are taken into account,

electrical rotary motors are used within linear motion axis design.

There are also several mechanisms to convert the rotary motion to linear motion.
The most common ones are chain and belt mechanisms, toothed racks and pinion
gears or power (trapezoidal/ball) screw mechanisms [79]. The size and precision of the
moving parts have a great importance in terms of processing micro antenna patterns
on low diameter catheter tube with small dimensions. For this reason, ball screw
was preferred instead of trapezoidal screw because the friction force between balls and

bedding is much less for ball screw and the mechanical gap between components is
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almost zero.

Figure 4.1 Ball-bearing screw assembly with a portion of the nut cut away to show construction
[80].

4.1.1.1 Power Screw. Instead of calculating the desired power (ball) screw di-

mensions and trying to fabricate it, a suitable commercially available product was
chosen and its dimensions and mechanical properties were tested with physical loads
of the system. From THK product catalog, SBN 1605-05 single thread stainless steel
ball screw was chosen. Its mean screw shaft diameter is 16 mm, outer shaft diameter
with balls is 20 mm, its lead is 5 mm and friction coefficient between balls, screw shaft

and nuts is 0.05 [82].

(a) (b) (©)

Figure 4.2 (a) Portion of a power screw with load indications (b) Force diagram, lifting the load (c)
Force diagram, lowering the load [81].

The torque required for moving parts with selected power screw can be calcu-

lated by following equations.
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Fdy, 1 +7fd,\  Ffd,

Tpr = 4.1

B= (ﬂdm—fl)Jr > (4.1)
Fd,, ;7 fd, — 1\ Ffd.

= ( )+ 5 (4.2)

wdy + f1

Equation 4.1 is used for the torque calculation for lifting the load and Eq. 4.2
is used for torque calculation required for lowering the load. Where, F is used for load,
dm stands for mean diameter and f is the friction coefficient between screw shaft, balls

and nuts, dc is the outer screw shaft diameter with balls [81].

The only components exposed to thrust loads within the final fabrication system
design are conductive ink dispenser and 7 axis screw shafts. X and Y axes are exposed
mainly to axial loads. Support bars on both sides of the screw shaft are used to
eliminate the axial load exposure on X and Y axes. Same support bars are also used
for Z axis and dispenser unit for both support and alignment purposes so that Z axis
design and its load is taken as the main constraint and screw shaft calculations were

done for 7 axis.

7 axis mainly carries the dispenser unit of which weight is approximately 5 kg.
Potential future modifications and safety factors were also taken into account therefore

all the calculations were done for 15 kg as load of 7 axis.

When all the dimensional values of THK brand power screw is placed into Eq.

4.1 and Eq. 4.2 (f=f, assumed),

_0.15%16 /5+7%0.05%16 0.15%0.05%20
Tr = D) <7r*16—0.05*5) + 2

Tr=1.507 Nm
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_0.15%16 / %0.05%16—5 0.15%0.05%20
1r = 2 (7r>x<16+0.05*5) + 2

Tr=0.690 Nm

Required torque for lifting the load is calculated as 1.507 Nm. and required

torque for lowering the load is calculated as 0.69 Nm.

Commercially available 2.2 Nm bipolar step motors (NEMA, Virginia, USA)
were chosen to supply the required torque of 1.507 Nm.

4.1.1.2 Coupling and Bearing Elements. The electrical motor and the power
screw need to be coupled via mechanical elements and screw shaft has to be supported
with a bearing element at both end. Various coupling and bearing types are valid for
this purpose [79]. For coupling purpose, most suitable coupling type was chosen as
flexible, beam coupling due to its superior axial misalignment allowance, its common
usage in servo control field and its reaction against impact forces [79] which would be
common in our system. As the bearing element, standard rolling element ball bearings
were used and commercially available SKF 634-Z ball bearing was chosen due to its
inner ring diameter of 16 mm (which is the mean diameter of our power screw) and
its estimated life time (with 30000 rpm under 100N axial load, life time expectancy is
30000 hours) [83]. Since only Z axis and dispenser unit mechanism are exposed mainly
to thrust load and this thrust load value (50N approximately) is in the range of selected
bearing element’s specifications, any other thrust load bearing element was not needed

and same type of bearing was used for all axes.
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Figure 4.3 (a) Flexible beam coupling. (b) Rolling element ball bearing.

Electrical motors were chosen as step motors and they are driven with mi-
cro stepping method in this study and this method provides minimum movement of
0.003125mm (3.125 pm) for 5 mm power screw lead. Since this resolution is in the
scope of our target applications, mechanical units are directly driven without using
any reduction system or transfer element. Final mechanism design for converting ro-
tary motion to linear motion is depicted in figure 4.4. A power screw with 5mm lead is
connected to an electrical step motor via a flexible beam coupling element. Both the
shaft of step motor and the distal end of the screw shaft are supported with a rolling
element ball bearing. Motion conversion is realized via nuts of the power screw. A
moving carrier is connected to nuts and it is supported by two round support bars at
both side. Support bars mainly handle the alignment task for vertical axes, but for
horizontal axes they also support the load and eliminate the axial loading of power
screw so that prevent it from bending. Friction between moving carrier and the bars

is minimized by lubrication.
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Figure 4.4 (a) Linear motion mechanism with moving carrier is mounted. (b) Components of
mechanism from different perspectives.

X, Y and Z axes were designed by using the same linear motion mechanism.
To provide 3D movement, Z axis is planned to be mounted on X axis and Y axis is
planned to be the base moving axis, other two axes are planned to be mounted on Y
axis.

Z axis’ movement range was decided to be 250mm and final Z axis design is

depicted in figure 4.5.

Figure 4.5 Final Z axis design with moving carrier is mounted.
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With the same design, X axis’ movement range was decided to be 500mm and

final X axis design is depicted in figure 4.6.

Figure 4.6 Final X axis design, without moving carrier is mounted.

Since 7 axis requires to move on X axis, Z axis’ base plate was mounted on X

axis’ moving carrier and assembly of two axes is depicted in figure 4.7.

Figure 4.7 7 axis is assembled onto X axis’ moving carrier.

Finally as the base linear motion axis, Y axis’ movement range was decided to
be 600 mm. So that, accessible work space of the designed motion platform would be
a cube with dimensions of 600mm X 500mm X 250mm. Final Y axis design with its

moving carrier is mounted, is depicted in figure 4.8.



31

Figure 4.8 Z axis is assembled onto X axis’ moving carrier.

7 axis was directly assembled to X axis’ moving carrier. However, additional
side plates are used mounted over Y axis’ moving carrier with the dimension of 250mm
(movement range of Z axis) to provide enough space for Z axis in order to use its whole

movement range. Final design of three axes is depicted in figure 4.9.

Figure 4.9 All three axes are assembled with usage of side plates over Y axis.
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4.1.2 Rotary Axis

Substrate itself or the print head needs to be rotated in order to process over
non-planar surfaces. In final design, print head is mounted directly on the Z axis
and since the samples to be processed are small catheter tubes, it was decided to
rotate samples. Thanks to the advantages of micro stepping technique, rotary motion
mechanism was connected directly to electrical motor. A miniature lathe chuck is used
to hold and fix the samples to be printed. Final rotary axis design is depicted in figure
4.10.

Figure 4.10 Final rotary axis design.

Rotary axis needs to be accessible by Z axis, so that it was mounted between
base axis Y and Z axis. A sheet plate with grooves on it was used on machine body
over Y axis to allow a mounting plate and to enable longitudinal adjustments. Final
design, including all three axes and their placements over machine body is depicted in

figure 4.11.
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Figure 4.11 Rotary axis and sheet plate are mounted onto machine body.

4.1.3 Conductive Ink Dispenser

In the industry and literature there are several methods and equipment like
pneumatic, hydraulic or mechanical dispensers and etc. for liquid dispensing. The
most popular technique is to use a pneumatic pump. However, usage of this technique
and equipment requires an additional air compressor. Also because of air’s disadvantage
of compressibility, small doses are very difficult to obtain and control [84]. In this thesis
study, controlling the dispensing rate in amounts as small as possible was aimed. Since,
electrical motors and motion conversation systems are used at the rest of the system,
for also dispensing unit, same components were used to design a mechanical air-free

dispensing unit.

A linear motion system was modified and syringe barrels with desired volumes
as liquid containers were used to achieve this goal. Again, a power screw with 5mm
lead was used and driven directly by an electrical motor. The minimum theoretical
liquid dispensing rate was calculated as 0.15x1073 cc per pulse with the usage of a
commercially available 3cc syringe barrel (Fishman Corp. Boston, USA) with 60mm
stroke and 3.1 pm linear motion resolution. A pair of springs were mounted between
back plate of dispenser unit and 7 axis’ moving carrier to keep the clearance constant
between distal tip of syringe nozzle and sample shaft. Since this distance can change

due to uneven substrate surface, these springs apply a gentle force downwards to keep
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the nozzle always touching substrate. A linear motion mechanism similar to Z axis
was modified as depicted in figure 4.12 in order to use disposable commercial syringe

barrels and their pistons.

Figure 4.12 Air-free, mechanical dispensing unit mechanism, with 3cc syringe barrel.

In this design, syringe barrel is fixed at the base plate’s extension. On the other
hand plunger of the syringe is fixed on the moving carrier but plunged into syringe
barrel. So that, by the movement of moving carrier, plunger’s piston mechanism works

in syringe barrel and dispensing with the controlled amount of liquid is realized.

This dispenser unit design mounted on the Z axis and used as printing head. In
figure 4.13 and figure 4.14 final assembly of all mechanical parts and dispenser unit is

depicted.
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Figure 4.13 Complete assembly of all mechanical parts and dispenser unit on Z axis.

|;m-

Ml

Figure 4.14 (a) Top view (b) Front view and (c) left view of the system.

Complete design of the mechanical system and the dispenser unit was produced
via a local machine builder adhering to specified technical drawings. Mechanical con-
nection elements and power screws were chosen among commercially available products
as described in design section. Manufactured form of designed system and dispenser

unit is shown in figure 4.15 and 4.16.
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Figure 4.15 Final motion control system with mounted dispenser unit.

Figure 4.16 (a) Front and (b) left view of the system.

Manufactured dispenser system is also shown in figure 4.17 with a commercially
available 2cc volume and 80mm stroke length medical syringe used for test purposes.

Alignment of the sample within the system is depicted in figure 4.18.
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Figure 4.17 Manufactured form of smart dispenser unit.

Figure 4.18 Dispenser and syringe positions in operation.
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4.1.4 Control and Electrical System

It was decided to use rotary electrical motors as actuators in order to move
designed mechanical system. Then, voltage and current controller units were needed
as motor drivers to control these electrical motors. Since it is required to control the
movement of the system via a computer, a human-machine interface software is needed.
Finally, an interface circuit between control software and motor drivers is needed to
allow that software to communicate with motor drivers so that to control the movement

physically.

Electrical motors are mainly separated into two groups as alternative current
(AC) and direct current (DC) electrical motors. AC motors are generally used in
industrial applications require high power and torque capacities. On the other hand,
DC motors are used in applications that require relatively lower power and torque. DC
motors are also separated into several groups as brushless DC motors, stepper motors
and servo motors, etc. Conventional DC motors and brushless DC motors are very
suitable for the applications in which only speed control is needed and no rapid change
in speed is required. However, for position control which is our concern in this thesis
study, acceleration and deceleration of the motor has a great importance in order to
control the position via the control of the speed in a period of time. For this purpose
there are two suitable alternatives as stepper motors and servo motors. Servo motors
has a great position control ability due to their optimal physical design and they are
the most common motor types in motion control applications. However, they require
complicated current and voltage control circuits and a reliable feedback mechanism to
control their position precisely. On the other hand, stepper motor technology can be
placed between servo motors and conventional DC motors for position control purposes.
Stepper motors realize their rotational movements with constant angles. So that, they
require less complicated voltage and current control units relative to servo motors.
Also at the financial basis, servo motors and their driver units are extremely expensive
according to stepper motors [85]. When all the advantages and disadvantages are
considered, bipolar step motors with permanent magnets were decided to be used.

Since the maximum required torque in designed system was calculated as 1.507 Nm, to
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stay at the safe side, a commercially available step motor with 2.2 Nm torque (Nema,

Virginia, USA) is decided to be used (Figure 4.19).

Figure 4.19 A commercially available 2.2 Nm step motor.

In a standard motion control application, motors work against loads like lifting
something, machining metal blocks, winding and releasing strings or metal bars, etc.
So, motor control units require a special feedback mechanism which is called encoder
in order to know the actual position of the motor so that to handle motion control
accurately. Via this feedback, set position of motor is changed according to error
between actual and reference position of the motor. This method is called closed-
loop control. However, in our application, motors work only against frictional forces
between mechanical components which are negligible. So that, it was decided not to

use encoders and to control motors with open-loop control.

Step motors are controlled with several control techniques as full step, half step
and micro stepping. With full step control method, with each control pulse, motor
rotates for its basic rotation angle. For the motors used in this study, basic rotation
angle is 1.8° so that the required amount of pulses for a complete 360° turn is 200
pulses. In full step control mode, just one phase at a time or two phases at the same
time can be energized depending on the control technique. Maximum torque is obtained
in this mode. With half step control method, energization of windings is alternated

and required number of pulses for a full turn rotation is doubled so that the resolution
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of rotation is increased. On the other hand, because of alternating the current on
phases motor torque is decreased roughly %15 according to full step control. With
micro stepping control method, both the direction and amplitude of current flow in
each winding is controlled. Current is proportioned in the windings according to sine
and cosine function. With this method, basic step angle of a step motor can be divided

to 256 and the resolution of the motor can be increased up to 256 times [85].

In this thesis study, power screws with 5mm lead were used for linear motion
and this bmm distance is covered when the motor completes its full turn rotation.
Maximum allowable error was decided as 4um for designed system. Since chosen step
motor’s basic step angle is 1.8° it requires 200 pulses for a full turn with full step mode
which enables minimum linear movement of 25pum. Micro stepping method is planned
to be used and each step is divided into 8 sub steps to obtain desired motion resolution,
so that 1600 steps in total were obtained for a full turn rotation. This method allows

3.125pum resolution which is in permissible range.

A commercially available stepper motor controller with the ability of micro
stepping up to 16 sub steps (M542, Leadshine Tech, Shenzen, China) was decided to
be used for all axes and dispenser unit (figure 4.20) in order to control motors with

micro stepping method with 8 sub steps.

Figure 4.20 Step motor control unit.
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A special programming language called G-Code programming is commonly used
for motion control systems. This language uses special codes that starts with the letter
of G or M and continues with numbers. With these codes, motion of the axes and status
of input and output ports can be controlled. For the motion control industry, G-Code
programming is considered as the master programming language and it is used in almost
all computer numeric control (CNC) machines. There are also other less common
and generally custom programming languages like graphical programming or pulse
counting, etc. However, nowadays with the help of developed computer and software
technology, a special software is used for complex manufacturing tasks within motion
control systems and these software are called computer aided manufacturing (CAM)
post generators. CAM post generators generates motion control programs according to
a desired design that is drawn in a computer aided design (CAD) software environment

and CAM software generate these codes in G-Code programming language.

In this thesis study, processing complex geometries that is very difficult to pro-
gram manually and to use a CAM software to generate the required program code are
also aimed. So that, it was decided to use a software that can read the G-Codes and
converts them into logical signs for electronic control units. When the complexity of
writing an interface software for this purpose is taken into account, it can be considered
as an independent thesis study. For this reason, a commercially available, and free to
use up to limited rows of code, software (MACH3, Newfangled Solutions, ME, USA)
was decided to be used (Figure 4.21).
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Figure 4.21 MACH3 CNC Control Software Interface.

MACHS3 software normally uses parallel port of the computer to communicate
with external environment thanks to ease of its control and easy design of convenient
breakout boards. However, with nowadays technology and hardware configuration of
the computers, parallel ports are so rare and very difficult to find on new computers.
Also since parallel port’s pin number is limited, controllable device number is limited
when it is used. For these reasons, an interface card that communicates with computer
so that with MACHS3 via universal serial bus (USB) port was decided to be used. By
this way, to be able to use various number of input/output signals (for emergency
switch, homing and limit sensors, etc.) besides controlling motor control units, is also
aimed. For all these purposes, a USB interface card with the capabilities of controlling
5 step motor drivers and 8 Input / 8 Output signals (Leadshine, Shenzen, China) was
decided to be used (Figure 4.22).



43

Figure 4.22 USB MACHS3 Interface card with 16 bit digital I/O.

4.1.4.1 Control of Dispenser Unit. Again commercially available micro step-

ping step motor driver is used in order to control the stepper motor of dispenser unit.
Due to the difficulty of finding a parallel port, dispenser unit is controlled via two
ways. First, for the computers that have no parallel port, motor driver is connected
to MACHS interface card as Hth axis. Then by programming this 5th axis in software,
pump mechanism is controlled simultaneously while other axes are moving. Second,
for the computers with parallel port, motor driver of dispenser unit is connected to
parallel port of the computer via a simple breakout board just to ensure parallel port’s
electrical safety. Then with a custom software, dispenser unit is controlled with desired

parameters via parallel port (Figure 4.23).

By using this custom software, dispenser unit can be controlled either in auto-
matic mode or in manual mode. In manual mode, pump mechanism is moved upward
or downward with the specified step sizes of 0.001, 0.01 or 0.1 cc. In automatic mode,
flow rate can be set to a constant value for a period of time, or the total amount to be
dispensed in a period of time can be set. The viscosity of dispensed liquid is important
to calculate the maximum allowable velocity of dispenser mechanism. So that, this
software does not exceed the velocity limit regarding to entered viscosity even if it is

set to a higher value. Finally, at the end of dispensing process, plunger is retracted
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Figure 4.23 Custom Dispenser Unit Control Software Interface.

for specified steps to prevent the residual amount of liquid in the syringe nozzle from

dropping.

For now, due to lack of our programming skills about USB port control, this
software works with parallel port only. However, since this dispenser unit is required
to perform standalone also, to communicate with this software via USB port so that
with the MACHS3 interface card, and to control dispenser motor driver as a separate

channel is planned as a future work.

Finally, control unit of the system and electronic design includes a computer that
runs the G-Code editor and dispenser controller software, then a USB interface card for
the communication between computer and motor drivers, four motor drivers for four
motion axes and another motor driver for dispenser unit’s motor, a simple breakout
board for parallel port’s electrical safety and a DC power supply for electronic units.

The schematic diagram of the system is depicted in figure 4.24.
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Figure 4.24 Schematic diagram of control and electronic system.
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Electrical system components in an electrical cabinet are shown in figure 4.25.

Figure 4.25 Electrical cabinet of motion control system.
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4.2 The System Calibration and Test

Within all the linear motion axes of designed fabrication system, power screws
with 5 mm lead screw pitch were used. These power screws are driven by electrical step
motors that are controlled in micro stepping mode and complete their one turn rotation
with 1600 steps. This means the distance of 5 mm can be divided into 1600 steps and
with one step 3.125 pm can be traversed. This minimum obtainable movement of
3.125 pum is the theoretical linear motion resolution of designed system and to obtain
it physically was aimed. Same is valid for rotary axis and by dividing rotation of 360°

into 1600 steps, to obtain minimum rotation of 0,225° is aimed.

Theoretically, for 1600 pulses, linear axes are planned to move 5mm and rotary
axis is planned to rotate 360°. However, because of mechanical faults like gaps due
to misassembled parts or faults in mechanical parts’ dimensions, these values might
change in manufactured form of the system and they need to be calibrated. For this
purpose, at the beginning MACHS3 software was configured to be 1600 pulses for 5mm
traverse of linear axes and 1600 pulses for 360° rotation of rotary axis. Then these
configuration was planned to be compared with physical measurements. According to
physical measurements and the error margin, number of pulses for each axis is planned
to be modified on MACHS3 side and the fault is corrected so that the calibration is

planned to be carried out.

Axes were moved for integer distance values as 1, 3, 5 and 10 millimeters. Then
physical distances that are traversed by the axes were measured in order to test if
the motors complete their one turn rotation with 1600 pulses. These calibration tests
are done by using existing conductive ink dispenser and the tiniest syringe nozzle we
have with diameter of 32G. With this setup, straight lines are drawn around catheter
wall in specified intervals. By taking drawn line width into account, distance between
beginnings of two lines were measured under a well calibrated microscope (HIROX
KH-8700, NJ, USA). This procedure was repeated for three times for each interval
value. According to measurements, so that to error, number of pulses were modified.

In this chapter, calibration steps for X axis are explained and same steps are repeated
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for all axes.

According to measurements, mean error margin at 5mm distance is calculated
as 100.625 pum for X axis after 3 trials. Pulse number of X axis required for 5 mm
movement was modified to 1635 pulses to compensate this error. Same measurements
and correction were done for Y and Z axes also and the modified pulse numbers are
1642 for Y axis due to 120.75 pm mean error, 1623 for Z axis because of 66.125 um

mean error and rotary axis was left with 1600 pulses.

Once the calibration is done and confirmed, there is also another measurement
called backlash is needed to be performed and corrected for this kind of systems.
Backlash is a clearance or a lost motion caused by gaps between mechanical parts and
occurs when the axis performs reverse traverses consequently. Due to this gap between
mechanical parts, when the axis tries to move to reverse direction after one direction,
first, this gap is filled then the movement occurs, so that a portion of the movement is
lost. For systems like this fabrication system design, this gap has to be measured and

control unit has to be configured to compensate this loss while reverse traverses.

A straight line is drawn on the catheter wall in order to measure backlash of
axes, then axis is moved to one direction for 5mm then axis is moved to reverse direction
for 10mm in order to pass the first line. By measuring the distance between the two

lines at both ends backlash was measured.

Since, backlash would be same for all amount of distances, control software
was configured to compensate backlash of 145 pym for X axis, 137 pm for Y axis and
12pm for 7 axis. After this configuration, same test was carried out and distance was
measured. After that all the mechanical faults were compensated and the calibration of
the system was confirmed, several geometries such as straight helix coil, tilted helix coil,
capacitor layers and stent patterns which are the focus components for iMRI devices,

were formed over catheter wall.
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4.2.1 Dispenser Unit Calibration

During this thesis study, a commercially available silver based conductive ink
(AG-610, Conductive Compounds, NH, USA) is used. Specified amounts of ink were
dispensed by controlling the volume and since the density of the ink is known, weight
of the dispensed liquid is weighted with a precision scale (Precisa XB 220-A, Dietikon,
Switzerland) with the precision of 0.0001 g in order to test the accuracy of dispenser

unit.

Since the dispenser unit is driven by a linear motion mechanism, at first this
mechanism is needed to be calibrated. By marking the position of the moving carrier
of dispenser unit, before and after moving it for 5 mm on mechanism body and by mea-
suring the distance between two marks so that the actual movement, motion error was
measured as 37.3 pm. According to this error margin, dispenser unit’s required pulse
number for 5mm movement was modified to 1613. After this modification, calibration

of linear motion mechanism was confirmed.

Once the calibration is confirmed, dispenser unit was tested with dispensing
volumes of 0.1, 0.01 and 0.001cc. During this test, first, syringe nozzle was approached
to a petri dish, then specified volume was dispensed, after that the drop occurs at the
tip of nozzle, nozzle was touched to petri dish and it was traversed for 20mm to transfer
all the dispensed liquid to petri dish surface to prevent residual liquid from remaining
at the nozzle tip because of adhesion. Then petri dishes were weighted by subtracting

the tare.

Density of the silver based conductive ink is declared as 1147 g/L by the manu-
facturer company [86]. So that, it is expected to be weighted 0.1147g for 0.1 cc, 0.0114g
for 0.01cc and 0.0011 g for 0.001cec.

Dispensed volumes were controlled by custom smart dispenser control software.

Dosing tests were repeated for three times and dispensed volumes were measured.
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Measurement results showed that for volumes of 0.1cc and 0.01lcc, dispenser
works with the accuracy more than %90, however for very small volumes such as
0.001cc, dispenser accuracy drops to 60 per cent. When this fault was investigated, it
was understood that, since the ejected amount is so little, a portion of the liquid cannot
be ejected from the nozzle and remains in the ejection channel. Dispensing process for
0.001cc was repeated for 20 times to obtain 0.02cc ejection to test this small amount
of ejection. At the end of 20th ejection cycle, rest of the process was carried out and

the weight was measured as 0.0207g which is more than %90 accurate.

Finally, it was measured that dispenser unit works with more than %90 accuracy.

4.3 A Novel Distal Tip MRI Catheter Marker Design and Fab-

rication

The need for conspicuous and MR safe interventional devices especially for pe-

diatric interventions is mentioned in previous chapters.

Fabrication of such devices with conventional fabrication methods and existing
rigid analog circuit components is not feasible due to MR safety and profile constraints.
A novel marker device for 6 Fr catheters was designed and fabricated by using the
fabrication platform which was designed and manufactured within the scope of this
thesis study in order to overcome this problem. This marker device was planned to
be an encapsulated resonator tank circuit and mounted to tip of any MR compatible

catheter structure.

Marker device was designed to work with 1.5T MR systems of which larmour
frequency is 63.8 MHz. This device incorporates a micro-coil as RF antenna and
a capacitor component to resonate at the larmour frequency. Since this device is
planned to be used within pediatric applications and the vessel structures of pediatric

patients are narrower than adult patients, final form of the design needs to be a low
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profile flexible structure to be steered and traversed within the vessels. Resonator
components were fabricated as flexible thin film layers over catheter wall and formed
by usage of conductive ink to meet these requirements. Parylene-C was coated between
two capacitor layers as dielectric material to create a capacitor component. Thickness
of the conductive ink layers was increased by copper electroplating in order to overcome
resistance and skin effect problems. Finally, final form of the device was coated with a

parylene layer for insulation purposes to ensure both device safety and biocompatibility.

Former EM simulation results were used to eliminate time and effort loss at
design step. Then simulated design results were compared with physical measurements
of fabricated device with a vector network analyzer (ZVB 4, Rhode and Schwarz,
Munich, Germany). When the consistency of the device was confirmed, the prototype

device was tested in a phantom with MRI system for imaging and heating purposes.

Figure 4.26 Electrical diagram of LC resonant circuit.

4.3.1 Circuit Design and Simulation

Straight and tilted helical coils are generally used as micro-coils for semi-active
MRI device designs. According to Faraday’s law, as helical coil creates magnetic field
in space, it is also possible to create current within a coil by introducing a changing

magnetic field around it.
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In MRI applications the existing RF magnetic field generates current within the
coil structure, as coil’s magnetic field directionality matches with the direction of the
RF field. Therefore, straight helical coils can provide imaging on one plane, due to
their directionality which is on longitudinal axis within the scanner bore. On the other
hand, tilted helical coils can provide imaging on more than one planar surface thanks
to their ability to cover two directions partially at a time, however their peak efficiency

is reached when the magnetic field is perpendicular to their tilting axis.

In this thesis study, straight helical coil geometry is planned to be used within

marker device design.

4.3.1.1 Design and Simulation of Straight Helical Coil. Equations 4.3, 4.4

and 4.5 show the general mathematical expression of straight helixes in cartesian coor-
dinate system. R is the radius of the curvature of the helix, h is the separation between
turns, and 6 is the angle in radians which defines the turn number when divided by

2m. Coil geometries used for design is generated adhering to these equations.

x(0) = rcos(6) (4.3)
y(0) = rsin(0) (4.4)
z(6) = ho (4.5)

Several coils with different number of turns and lengths were simulated within

COMSOL Multiphysics and HFSS simulation programs.

Inductance calculations of virtual coils were done by adding Single Turn Coil
(STC) definition to preset physics with a boundary feed and ground port. One other

study was run during simulations to calculate the resonance frequency directly with-
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out observing the plots or searching the effects of resonance. Electromagnetic wave
propagation and resonant behavior were simulated to compute electromagnetic field
distributions, transmissions, reflection, impedance, Q-factors, S-parameters, and power
dissipation. Multiple physical effects can be coupled together and consequently affect
all included physics during the simulation of an electromagnetic device or structure.
For this study, eigenvalue solutions were generated to calculate the resonance frequency

of device directly.

Simulated coil geometries were fabricated by hand with reasonable dimensions
by using commercially available 100um thick isolated copper wires over 3D printed

plastic cores In order to confirm simulations’ reliability.

The plot in Figure 4.27 includes the data points which are the results of the
simulations and measurements of 5 and 10 mm diameter straight and tilted helical coils
with 2 mm pitch having changing turn numbers. 24 different designs were simulated,
and their inductance values were derived. It is clear that there is a linear relation in
between number of turns and inductance value. This dependency were drawn by using

linear interpolation approach.
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Figure 4.27 Inductance results of simulations and measurements.
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Although there are many mathematical models for helical coil inductance cal-
culations, almost all of them are custom models and use custom correction coefficients
to calculate the inductance value. So that, since the simulation consistency and reli-
ability are confirmed, simulation set-up was used to calculate required coil dimension
for target inductance value. According to recent studies, an optimal inductance value
is determined due to electrical length of coil, resistivity, visibility, etc. This optimal in-
ductance value is determined as 120-130 nH [56]-[69]. When the simulation was run for
a straight coil geometry with 2mm inner diameter (outer diameter of a 6Fr catheter),
5mm length and 125nH inductance, number of turns was calculated as 12.87. However,

number of turns was decided to be 13 in order to use an integer value.

4.3.1.2 Capacitor Design. A capacitance is needed to be integrated to circuit

in order to build a resonator. Equation 4.6 is used to calculate this value.

1

“= Ienpp

(4.6)

f is the larmour frequency of 1.5T MR systems which is 63.66 MHz and L is

determined as 125nH. By using these values capacitor value is calculated as 50 pF.

Coaxial capacitor design was used as the capacitor geometry, capacitance value

of coaxial capacitor is calculated via Equation 4.7.

(4.7)

€ is the permittivity of dielectric constant which equals to €¢-€ paryiene- €0 equals
to 8,854*107!% and € pyryiene €quals to 2.95. b is the radius of capacitor’s second layer
and a is the radius of capacitor was taken roughly 1,003mm (after parylene coating).

Length of the capacitor is calculated roughly as 1mm for desired 50 pF of capacitance



o4

(when 1=1 mm, c is calculated as 54pF).

After all the dimensions of circuit components are calculated, coil and capacitor
were placed on the catheter wall side by side connected to each other. For connection
between first and second layer of the circuit, an additional ring layer with the length of
3 mm was placed to the empty side of the coil. First layer design of the marker device

is depicted in figure 4.28.

Capacitor
Fist layer

Contact
Layer

Figure 4.28 First layer of marker device design.

After first layer formation, a parylene layer was coated with the thickness of
3pm and second layer of the resonant circuit was formed on that parylene layer. On
that second layer a final parylene layer was coated as an insulation layer. These fabri-

cation steps and the final form of marker device are depicted in figure 4.29.
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Figure 4.29 (a) Parylene coating on first layer, (b) second layer on parylene layer, (c) isolated final
form of marker device.

Designed marker device so that the LC resonant circuit was simulated in HFSS
simulation software. Figure 4.30 shows S11 plot of designed circuit. Due to simulation
results, resonance frequency of circuit is calculated as 62.74 MHz. This frequency shift
from 63.66 Mhz is caused by that roughly 1 mm is used for capacitor length instead of
exact value. It was considered acceptable and design was planned to be left like this for
flexibility. It is planned to trim the excessive portion of the capacitor within network

analyzer measurements and tune the resonant circuit exactly to 63.66 MHz.
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Figure 4.30 S11 plot of resonant circuit.

Figure 4.31 shows the simulated magnetic field around resonant circuit when it

is used as a signal source.

4. BEEE e +EE1
. 7E0Be+BE1
S000c+Ea1

Z500e+@31
200Re+EE1
TEOO e +ER 1
SO00e+EEL
25eae+EEl1
a00ae+E81
FoOAe+EE1
SHAR &+EE 1
2EQ0e-+EE1

£ ErRDN IR, 0l

"

H Field[4_per_m

1. BE00 G331
7. 5000 e+B0E
5. ANA E+ERE

Figure 4.31 Magnetic field around the catheter.



o7

4.3.2 Distal Tip Marker Device Fabrication

Depicted device design in figure 4.29 with coil and capacitor patterns were
formed on a 6Fr catheter wall by using conductive ink. Thickness of the formed layer

was measured to check if it meets the electrical characteristic requirements.

4.3.3 Printed Component Characterizations

Electrical characteristics of printed coil in terms of resistivity and inductance val-
ues were measured via vector network analyzer. One port measurement was performed
during this laboratory study. First, network analyzer was calibrated for specifically

designed probes.

4.3.3.1 Network analyzer calibration. One port measurement was carried out

using the vector network analyzer in order to investigate the physical and electrical
characteristics of the printed coil successfully. At the beginning of each study, the port
has to be calibrated by using special probes. For this purpose, 3 different calibration
probes were prepared using coaxial cables, and electrical components. One end of each
of 3 coaxial cable parts with a length of 20 cm were bound to BNC connectors. The
other end of the first of them was left unconnected to create an open circuit calibration
probe. The inner conductor and outer conductor layer parts of the second coaxial cable
were soldered together at its respective and to create a short circuit calibration probe.
A 5092 surface mount resistor with 0805 package were soldered between the conducting
layers of the third probe to prepare the third and last calibration probe, which is the

match probe.

As the calibration is done successfully, smith chart generated by network an-
alyzer was used to determine electrical characteristics of the printed coil. Coil was
connected to a measurement probe same as the open circuit calibration probe with one

end is connected to inner conductor of the probe and the other end is to outer con-
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ductor layer of the probe. Measurement probe was connected to S11 port of network

analyzer.

Thickness of printed layer needs to be increased regarding to two major prob-

lems. First one is the high resistance of printed coil and the second one is skin effect.

According to skin effect, high frequency alternating current has a tendency to
be distributed within a conductor as the current density is largest near the surface area
of the conductor and decreases through the deeper parts. As the frequency increases,
alternating current flows mainly at the near-surface parts (skin) of the conductor, be-
tween edges of the conductor and a certain level called skin depth [88]. Skin depth can
be calculated with the Equation 4.8.

5= m (4.8)

Where 0 is the skin depth, p is the resistivity of the conductor, f is the frequency

in Hertz and p is the absolute magnetic permeability of the conductor

Skin depth for 63.66 MHz is calculated as 8.171um for copper conductors and

7.944um for silver conductors.

Thickness of the printed layer was increased by means of copper electroplating

in order to overcome both resistivity and skin effect problems.

4.3.3.2 Seed layer Copper Electroplating. . Conductor layer thickness was

increased to 15um by copper electroplating the silver based conductive ink layer both
to ensure that the thickness of coil conductor surpass the required skin depth and to
decrease resistivity of conductor paths to a reasonable level. Even though the higher
thickness means the lower resistivity so that the higher quality factor for the coil, as

the thickness increases, flexibility of conductor decreases and it becomes more fragile.
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Circuit path thickness was limited to 15um in order to preserve the flexibility for

structural integrity during steering.

Copper electroplating was applied for 8 minutes with 30mA current density to
obtain this thickness. Resistivity of coil was also decreased to a reasonable level after

copper electroplating.

Figure 4.32 Copper electroplating setup.

4.3.3.3 Parylene Coating. A dielectric material is needed to be coated between

two conductor plates in order to build a capacitor component. Parylene-C was used
both as dielectric material and as final insulator within this thesis study. 3pum is
targeted as dielectric material thickness and all capacitance calculations and capacitor
designs were made according to this value. After several experiments, it was discovered
that 2.4 grams of Parylene-C material is needed for coating of 3um parylene layer. Final
parylene coating thickness was measured with stylus profiler (Dektak XT, Bruker, MA,
USA).

Second layer of the resonant circuit was printed onto parylene layer as depicted
in figure 4.29.b. Copper electroplating was applied to the second layer in order to

decrease second layer’s resistivity and to provide enough skin depth.
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4.3.3.4 Resonance Frequency Measurement. Before that the marker device

is tested under MRI, it needs to be well tuned to larmour frequency. For that purpose,
resonance frequency of final prototype was first measured in the air and then it was
measured in a liquid phantom environment to mimic the human body. Final tuning of

the resonance frequency was carried out in liquid phantom.

Since the final prototype is parylene coated and encapsulated, it is unable to
measure its resonance frequency via physical contact. So that, it was measured by
using a non-contact sniffer probe. Sample resonant circuit was placed to the center of
this coil and a span of frequency is transmitted from sniffer probe. A power loss at the
resonance frequency of measured circuit is expected due to inductive coupling between
resonant circuit and transmitter. By observing this power loss, resonance frequency of

sample resonator was measured.

a ’8:- i _' b |

Figure 4.33 Non-contact measurement of resonant circuit (a) in the air, (b) in liquid phantom.

4.3.4 MRI Tests of Marker Device

Once the resonant marker device fabrication was done successfully and its con-
sistency and tuning to 63.66 MHz in phantom environment were confirmed with labo-

ratory studies, it was tested with MRI for visibility and RF induced heating purposes.
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For that Purpose, 1.5T Siemens Espree (Siemens AG, Erlangen, Germany) MR,
scanner system allocated by Acibadem Hospital (Tstanbul, Turkey) was used. The

visibility and MR safety performance of the resonant marker device was tested with a
water filled phantom using SSFP and GRE sequences (16 interleaves, TE/TR =1.7/3.4
ms, flip = 5°, FOV = 300 mm, matrix = 192 x 192, slice thickness = 6 mm).

Figure 4.34 MR setup for visibility and safety performance tests.
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5. RESULTS

5.1 System Calibration and test results

Mechanical accuracy tests were carried out to calibrate mechanical and dispenser
system. Same tests were carried out after that the configuration of the controller was

modified.

5.1.1 Measurements before Calibration

In figure 5.1, a test sample is shown (a) with 10 straight lines around a catheter

wall with 1 mm distance between the lines.

Figure 5.1 (a) 10 Straight lines with 1mm gap, (b) distance between two lines, (c) distance between
eight lines.

The distance between two lines (b) was measured as 972 ym (figure 5.1) and
the distance between first and eighth lines (¢) was measured as 6818 pm (figure 5.1)
for the first sample.

This measurement was repeated with 3 different samples and the results were

measured as 972, 969 and 977 pm. The error was measured as 27.33 F 3.3 pm.
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In figure 5.2, a test sample is shown (a) with 5 straight lines around a catheter

wall with 3 mm distance between the lines.

Figure 5.2 (a) Straight lines with 3 mm gap (b) distance between two lines, (c) distance between 4
lines.

The distance between two lines (b) was measured as 2967 pm (figure 5.2) and
the distance between first and fifth lines (¢) was measured as 11720 ym (figure 5.2) for
the first sample.

This measurement was repeated with 3 different samples and the results were

measured as 2967, 2955 and 2971 um. The error was measured as 35.66 F 6.8 pm.

In figure 5.3, a test sample is shown with (a) 3 straight lines around a catheter

wall with 5 mm distance between the lines.

Figure 5.3 (a) Straight lines with 5 mm gap, (b) distance between two lines.
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The distance between two lines (b) was measured as 4917 pm (figure 5.3) for

the first sample.

This measurement was repeated with 3 different samples and the results were

measured as 4917, 4901 and 4924 pm. The error was measured as 86 F 9.62 um.

In figure 5.4, a test sample is shown (a) with 2 straight lines around a catheter

wall with 10 mm distance between the lines.

Figure 5.4 (a) Straight lines with 10 mm gap, (b) distance between two lines.

The distance between two lines (b) was measured as 9751 pm (figure 5.4) for

the first sample.

This measurement was repeated with 3 different samples and the results were

measured as 9751, 9714 and 9768 pm. The error was measured as 255.6 F 22.5 pum.

Rotary axis’ calibration was also tested by drawing a straight line horizontally
on the catheter wall and then tube is rotated for 360°. Then same horizontal straight
line is drawn again. By measuring the distance between two lines, error margin was
measured. Since the two lines overlapped during tests, pulse number is not modified

for rotary axis. Since, there is no transmission mechanism at rotary axis and the chuck
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is directly connected to electrical motor, no gap exist between parts so that this result

was expected.

5.1.2 Measurements after calibration

Same tests and measurements were done for 1, 3, 5 and 10 mm distances in

order to confirm calibration.

In figure 5.5, a test sample is shown with straight lines around a catheter wall

with 1 mm distance between the lines.

Figure 5.5 Distance between two lines after 1mm test.

After the calibration, result of 1 mm test was measured as 1002 um for the first

sample (figure 5.5).

This measurement was repeated with 3 different samples and the results were

measured as 1002, 1002 and 1001pm. The error was measured as 1.66 F 0.4 pm.

In figure 5.6, a test sample is shown with straight lines around a catheter wall

with 3 mm distance between the lines.
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Figure 5.6 Distance between two lines after 3mm test.

After the calibration, result of 3 mm test was measured as 3001 pm for the first

sample (figure 5.6).

This measurement was repeated with 3 different samples and the results were

measured as 3001, 3003 and 3001pm. The error was measured as 1.66 F 0.9 pm.

In figure 5.7, a test sample is shown with straight lines around a catheter wall

with 5 mm distance between the lines.

Figure 5.7 Distance between two lines after 5mm test.
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After the calibration, result of 5 mm test was measured as 5002 pm for the first

sample (figure 5.7).

This measurement was repeated with 3 different samples and the results were

measured as 5002, 5001 and 5003um. The error was measured as 2 F 0.8 pm.

In figure 5.8, a test sample is shown with straight lines around a catheter wall

with 10 mm distance between the lines.

Figure 5.8 Distance between two lines after 10mm test.

Finally, the result of 10 mm test was measured as 10004 pm for the first sample

(figure 5.8).

This measurement was repeated with 3 different samples and the results were

measured as 10004, 10001 and 10002pm. The error was measured as 2.3 F 2.24 pm.

After that the calibration is carried out successfully, mean error margin for 5mm

distance was calculated as 2 F 0.8 pum which is in desired range of design.



68

5.1.3 Backlash Measurement

Once completing the backlash test, distance between the lines at both ends was

measured as 9856 um (figure 5.9) and backlash of X axis was calculated as 144 pum.

Figure 5.9 Backlash measurement, before calibration.

After configuring the control system regarding to backlash test results, same

test was carried out and distance was measured as 10001 pum (figure 5.10).

Figure 5.10 Backlash measurement, after calibration.
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This test was repeated for three times and measurement results were 10001,

9998 and 10002 pm. The error was measured as 0.3 F 1.69 pm.

5.1.4 Various Pattern Formations over Catheter Shaft.

Several resonator component geometries were formed over 6Fr catheter wall.

First, straight helical coil patterns with 150 pym line width were formed on the

catheter shaft successfully (figure 5.11).

o

Figure 5.11 Straight coil pattern, formed on the catheter wall.

Second, tilted helical coil geometries with 150 pum line width were formed over

catheter wall (figure 5.12).

Figure 5.12 Tilted coil pattern formed on the catheter wall.
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Then, segmented and ring capacitor designs and first layer capacitor designs for

first layer LC tank circuits were formed (figure 5.13).

Figure 5.13 Different capacitor patterns, formed on catheter wall.

Once confirming the consistency of formed geometries, more complex designs
like coil and capacitor combinations and stent geometries were formed over catheter

shaft successfully (figure 5.14 and 5.15).

Figure 5.14 Combination of coil and capacitor patterns formed on the catheter wall.
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Figure 5.15 Basic stent geometries formed on the catheter wall.

5.1.5 Dispenser System Calibration Results

Dispensed volumes were controlled by custom smart dispenser control software.
Dosing tests were repeated for three times and average measurement results can be

seen in table 5.1.

Table 5.1
Dispensed volume test results.

Volume of Dispensed Volume (cc) | Theoretical Weight (g) | Measured Weight (g)

0.1 0.1147 0.1135
0.01 0.0114 0.0104
0.001 0.0011 0.0006

Results in table 5.1 shows that, dispenser unit works with %98.95 accuracy for
0.1cc, %91.22 accuracy for 0.0lcc but %54.54 accuracy for 0.001 cc. These results
shows that dispenser unit accuracy increases with the amount of dispensed volume.
The reason why the accuracy drops to %54 for 0.001 cc was investigated and it was

understood that, since the ejected amount is so little, a portion of the liquid cannot
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be ejected from the nozzle and remains in the ejection channel. Dispensing process for
0.001cc was repeated for 20 times to obtain 0.02cc ejection to test this small amount
of ejection. At the end of 20th ejection cycle, rest of the process was carried out and

the weight was measured as 0.0207g which is more than %90 accurate.

5.2 Resonant Marker Measurements

Resonant marker design incorporating a solenoid coil, a capacitor layer and a

contact area with calculated dimensions was formed over catheter shaft.

Figure 5.16 Printed coil and capacitor patterns on the catheter wall.

Length of contact layer was measured as 2997 pum, length of capacitor’s first
layer was measured as 1002 pum, coil length was measured as 5004 pm and the length
of contact paths between coil - capacitor and coil - contact layer is measured as 1002

pm (figure 5.17).



Figure 5.17 (a) Coil length measurement, (b) capacitor first layer length measurement, (c) contact
layer length measurement.

Formed first layer thickness was measured as 7 ym (figure 5.18).

Figure 5.18 Printed conductive ink thickness measurement.

Inductance of the printed coil with 5 mm length and 13 turns, was measured
as 123.1 nH, which was designed for 125 nH. Resistivity of the coil was measured as

41.1Q + j49.4Q) (figure 5.19).
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Figure 5.19 Smith chart diagram of coil measurement.

Copper electro-plating was applied to conductive ink layer with 30mA current

for 8 minutes (Figure 5.20).

Figure 5.20 First layer of resonant circuit after copper electroplating.

After copper electroplating is applied, thickness of the first layer was measured

as 15um (figure 5.21).
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Figure 5.21 First layer thickness measurement after copper electroplating.

Resistivity of coil was also decreased to a reasonable level after copper electro-

plating is applied and it was measured as 2.64€) + j48.49Q (figure 5.22).
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Figure 5.22 First layer thickness measurement after copper electroplating.

5.2.1 Parylene Coating Measurements

Parylene thickness after coating of 2.4g parylene was measured as 3um. (figure

5.23)
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Figure 5.23 Parylene thickness measurement.

A slight decrease in inductance value of the coil was observed after parylene
coating. This was expected because of the change in filling factor caused by surrounding

parylene. Inductance value of the coil decreased to 119nH (Figure 5.24).

Tre1@S11 Smith Ref1 U Cal
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Figure 5.24 Inductance measurement after parylene coating.

Same procedure for the first layer was applied for the second layer also with a

different geometry to complete marker device fabrication.
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Figure 5.25 Second layer of the resonant circuit built on the first layer and copper electroplated.

Final thickness of marker device which includes two conductor layers and two

parylene layers, was measured as 35um.

YYi-1
Length = 35 pm

Figure 5.26 Measurement of device profile.

5.2.2 Resonance frequency Measurements

Resonance frequency of the resonant circuit was measured as 64.63 MHz in the

air (figure 5.27) and 63.66 Mhz in the liquid phantom (figure 5.28). Gain of the marker



was measured as -1.79 dB in the air and -1.14 dB in the liquid phantom.
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Figure 5.27 Resonance frequency of marker, in the air.
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Figure 5.28 Resonance frequency of marker, in liquid phantom.
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5.2.3 Resonant Marker Tests under MRI

Visibility and RF induced heating tests of prototyped marker were performed
successfully under MRI.

5.2.3.1 Visibility Test. With both SSFP and GRE sequences with 5° Flip angle,

fabricated marker device was spotted out as a distinguishable bright spot.

Figure 5.29 MR imaging of marker, performed in water filled phantom (A) SSFP Sequence Image
(B) GRE Sequence Image.

5.2.3.2 MR Safety Test. Heating performance of the resonant marker under
MRI was also tested (Cathetarization Lab, NHLBI, National Institutes of Health, MD,

USA) and it was observed that, RF induced heating risk is eliminated compared to

same profile active device.
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Figure 5.30 RF induced heating test of (A) conductive ink based semi-active marker (AT=0.35 °C),
(B) active catheter marker (AT=5.34 °C) performed in water filled phantom. (Dash lines indicates
the point of MR Scan Start and MR scan stop)
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6. DISCUSSION

In this thesis study, a computer controlled MRI device fabrication system was
designed and manufactured. Dimensions of the system were determined regarding to
interventional MRI device dimensions that are planned to be fabricated within this
fabrication system. Mechanical properties were customized to obtain minimum 4um
precision. Convenient electrical actuators with 2.2 Nm torque capacity were chosen
in order to supply enough torque for moving parts. Electronic system was designed
to provide computer control to the system. A commercially available control software
which is commonly used by the industry was used in order to implement complex device

designs by using developed CAM software posts.

Once the fabrication system design was finalized, whole system was prototyped.
Calibration of the motion axes were done in order to compensate mechanical malfunc-
tions and assembly faults. Motion system calibration was confirmed with the measure-
ments of 1, 3, 5 and 10mm intervals under a well calibrated microscope. Average error
margin for linear movement was measured as 2 F 0.8 pm which is less than the linear

motion resolution of the system.

A custom computer controlled liquid dispenser unit was designed and manufac-
tured for conductive ink deposition. A custom software for controlling this unit in both
automatic and manual mode was written. Control of this unit was also realized via
the same software used for motion control. By weight measurement tests, accuracy of
the dispenser unit was checked and accuracy of the system was calculated as %93.65

F 3.74 for 0.1, 0.01 and 0.001 cc volumes.

Once the calibration of whole system was confirmed, different geometries were
implemented over 6Fr catheter wall. Straight and tilted coil geometries were formed
successfully and their inductance values were measured. Different capacitor patterns

were also studied adhering to defined dimensions and the results were confirmed with
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microscope measurements. Since designed fabrication system is also planned to be
used for complex stent geometries, some common stent patterns were printed and their

consistency of the geometries were confirmed.

It was observed that the formed conductor path thickness and the line width

changes proportional to velocity of axes and conductive ink deposition rate. Same

patterns with different velocities and different deposition rates were tested.

Figure 6.1 Line width changes with different velocity and deposition rates.

As a part of this study, a novel distal tip catheter marker was designed and
fabricated by using computer controlled fabrication system based on former simulation
results. Simulation results were confirmed with physical measurements of both straight
and tilted helical coils which were fabricated adhering to simulated dimensions. Once
this simulation setup was confirmed as a promising and reliable tool for coil and res-
onator design, a resonator marker was designed by incorporating a straight helical coil
with 125nH inductance and a ring capacitor with 50pF capacitance which would have

63.66 MHz resonance frequency.

Designed coil and capacitor geometries were implemented on a 6Fr catheter
wall. However, formed pattern thickness was 7pum which causes high resistivity and
does not meet skin depth requirement which is around 8 um. Thickness of the layer
was increased to 15 pum by copper electroplating in order both to decrease resistivity
and to get rid of skin effect. Electrical characteristics of formed coil component were
measured via vector network analyzer as laboratory study and inductance value was

measured as 120 nH which was calculated to be 125nH and resistance of the coil was
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measured as 2.64€) + j48.49€). Parylene-c was coated as the dielectric material over
first layer with the 3um thickness to build a capacitor. When the pin hole free coating
of parylene was confirmed, second layer pattern of resonant circuit was implemented
onto parylene layer. Again the second layer thickness was increased to 15um by copper
electroplating. Finally, second layer of resonant marker was coated with parylene
for insulation purposes. When the resonant marker prototype was encapsulated with
parylene, resonance frequency of the circuit was measured with vector network analyzer
by using a non-contact sniffer probe. Resonance frequency of the marker was measured
as 64.63 MHz in the air and 63.66 MHz in the liquid phantom which mimics human
body loading conditions. Quality factor of the resonator was measured as 38.8 and

gain was measured as -1.14 dB.

Gain of the resonator is relatively low for MRI applications and this is thought
to be caused by low number of coil turns and relatively large conductor area used for

connecting two circuit layers.

Fabrication time for one layer of the resonant circuit was measured about 60
seconds during several trials and for a complete resonant circuit, it was measured bout
8 hours (due to long vacuum times at parylene coating step). Other fabrication tools
like shadow masks or chemical etchants which are used in lithography based fabrication
methods, were not used for fabrication and designed patterns were implemented directly

onto catheter wall by using conductive ink.

Fabricated resonant marker was tested under 1.5T MRI system in a liquid phan-
tom with SSFP and GRE sequences. With both sequences, marker was visualized as
a distinguishable bright spot. Heating test of the marker was performed with a 1.5T
MR system and results were compared with a same profile active catheter. While
fabricated resonant marker was heated just as 0.35 °C, active catheter marker device
was heated as 5.34 °C because of the long transmission line. Electrical length of the
resonant marker was calculated as 98,9mm by geometrical means and it is far less than

wavelength of 63.66 MHz RF signal. So that, heating did not occur within MR scans.
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Results of this study showed that, conductive ink based computer controlled
fabrication system is a promising candidate for developing iMRI devices against con-
ventional lithography based fabrication methods. This system allows fabrications in
very short periods of time compared to conventional methods (necessary time for fab-
ricating the same resonant marker with thermal evaporation method was measured
as two days in previous studies conducted by our group). Thanks to ability of direct
pattern implementation and fast process, any fault at fabrication steps or at designed
pattern, can be retrieved immediately and this is not possible with conventional meth-
ods. Also, complex geometries and multilayer structures are allowed to be fabricated
with an acceptable precision via this system without using any other mask or alignment
tool. Overall, this fabrication system provided advantages as short fabrication times,
elimination of additional fabrication tools like shadow masks, possibility of complex
and multilayer device fabrication directly on the substrate with high precision and a

reliable repeatability.

Finally, some improvements are planned for the developed fabrication system
as the future work. First is to make modifications to implement insulation layers with
parylene-like materials within this system to eliminate long vacuum times at parylene
coating step. Second is to add another rotary axis to the system. With the help of this
fifth axis, it will be possible to process spherical non-planar sample surfaces. Thanks
to this ability, more complex geometries can be implemented on various devices like
body implants or patient specific device designs. Also, fabrication of another resonant
marker device is planned. This marker device incorporates two reversely tilted helical
coils and a capacitor in order to cover all axes and to be visible in all orientations

within MRI scans.
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