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ABSTRACT

TELEOPERATION SYSTEM DESIGN OF A ROBOT ASSISTED
ENDOSCOPIC PITUITARY SURGERY

Teleoperation, also named telerobotics, is defined as controlling a robot over a
distance by a remote controller. In a teleoperation setting, the human operator controls
the master system(s) in order to send command(s) to the slave system(s) via wired or wire-
less communication channel. Generally, in bilateral teleoperation, the human operator is
informed about the slave environment via feedback signals (haptic, visual or audio) sent
back from the slave environment.

Commonly, teleoperated systems are more preferable in hazardous environments
to protect the human operator; nevertheless, there many other fields where the teleop-
erated systems are employed for various tasks. One of these areas, where teleoperation
technology is becoming more popular, is the medical area. Telesurgical equipments al-
low more precise performance than a human can achieve especially in minimally invasive
surgeries.

The purpose of this thesis is to develop a novel teleoperation system architecture
which will be used to support the endoscopic pituitary surgery procedures which are clas-
sified under minimally invasive surgeries. Even though, the surgeon has only two hands,
the proposed system aims to enable the surgeon to operate with three different surgical
tools simultaneously including the endoscope. The type of work is categorized under col-
laborative surgical robots, which incorporates a teleoperation system setup. The master
control unit is a ring-shaped remote controller which consists of an inertial measurement
unit and a wireless module. Surgeon wears the master system during the operation while
holding a surgical tool such as the aspirator, and delivers the voluntary commands to the
slave system by triggering a foot pedal. The slave is the endoscope holder robot which is
a 8 degrees-of-freedom manipulator whose 3 degrees-of-freedom are active and the rest
of them are passive. There is also an indicator panel which is used to provide visual feed-
back to the surgeon indicating the states of the surgery and excessive force application on

the tissue.
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OZET

ROBOT YARDIMLI ENDOSKOPIK HIPOFIZ AMELIYATININ
TELEOPERASYON SISTEMI TASARIMI

Teleoperasyon, bir diger adiyla telerobotik, bir robotun uzaktan kumanda edilmesi
olarak tamimlanmaktadir. Bir teleoperasyon sisteminde, insan operatorii bagimli sistemi
kontrol etmek i¢in kablolu veya kablosuz iletisim kanali yoluyla ana sistem tarafindan ko-
mutlar gonderir. Genel olarak, cift yonlii teleoperasyonda, insan operatorii geri besleme
sinyalleri vasitatisla (haptik, gorsel veya isitsel) bagimli ortam hakkinda bilgilendirilir.

Genel olarak teleoperator sistemler insan operatoriinii korumak igin tehlikeli or-
tamlarda tercih edilmesine ragmen teleoperatif sistemlerin ¢esitli gérevlere dahil oldugu
bircok farkli alan vardir. Teleoperasyon teknolojisinin gittikge daha populerlestigi bu
alanlardan biri ise saglik sektoriidiir. Uzaktan kumanda edilebilen ekipmanlar ozellikle
minimal invaziv cerrahilerde insan dgesine nazaran ¢cok daha hassas performans saglar.

Bu tezin amaci, minimal invaziv cerrahi altinda siniflandirilan endoskopik hipofiz
cerrahisinde kullanilacak cerraha yardimeci bir 6zgiin bir teleoperasyon sistemi gelistirmektir.
Onerilen sistem, cerrahin iki elini kullanarak ayni anda, endoskop da dahil olarak, ii¢
farkli cerrahi aracla es zamanl olarak ¢aligmasim saglamaktadir. Onerilen sistemin ¢alisma
tiirii, teleoperasyon sistemi kurulumunu da igeren isbirlik¢i cerrahi robotlar altinda kate-
gorize edilir. Ana kontrol iinitesi, atalet 6l¢tim birimi ve kablosuz modiilden olusan halka
seklinde bir uzaktan kumandadir. Cerrah ameliyat siiresince bu kumanda sistemini takar
ve aspiratOr gibi bir cerrahi aleti tutarken bir ayak pedali tetiklemesi ile el hareketlerini
bagimli sisteme kablosuz olarak iletir. Bagimli sistem, 3 serbeslik derecesi tahriklenmis
ve geri kalan mafsallari tahriklenmemis, 8 serbestlik dereceli bir manipiilator olan bir en-
doskop tutucu robottur. Ayrica, sistemin anlik durumlarini ileten, dokuya/kemige asiri
baski uygulandi8i sirada cerraha gorsel geri bildirim saglayan bir de gosterge paneli bu-

lunmaktadir.
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CHAPTER 1

INTRODUCTION

Robotic surgery is defined as having surgical tasks executed by a robot operating
autonomously, with partial or no human involvement. It is getting more preferable due
to its accuracy and dexterity (Kim, 2014). They provide better vision and more precise
movements than a human can do. By introducing new approaches to the surgeries, the
capability of clinicians and the success rates of the surgeries are enhanced based on the
meta-analyses and comparative systematic reviews (Kockerling, 2014). For that reason,
there have been many robotic solutions proposed for the literature (Ballantyne, 2002;
Lanfranco et al., 2004; Kim, 2014). For example, Finlay (1989) discussed about 400
applications that use robots in the medical area. ThinkSurgical (2018)

In 1978, one of the most commonly used industrial robot called PUMA 560 (Pro-
grammable Universal Machine for Assembly) robot was developed by Victor Scheinman
at Unimation (Kim, 2014; Austin, Edmund; Fong, 1987). It is a smaller version of the first
industrial robot Unimate which was patented in 1954 (granted in 1961) (Rosheim, 1994;
Devol, 2 10). It was used in the field of medicine in 1985 for the first time by Kwoh et al.
(1988). With 0.05mm accuracy, a stereotactic needle brain biopsy was achieved by us-
ing PUMA robot. Moreover, the first robot-assisted surgical procedure was performed in
1983 by Arthrobot to be used in orthopedic procedures (Mohammad, 2013). In 1988, RO-
BODOC system was introduced for total hip surgeries. It is also the first FDA-approved
surgical robot in the history(ThinkSurgical, 2018). Further, ACROBOT surgical robot
which has a similar design to ROBODOC was employed for the first knee replacement
surgery (Jakopec et al., 2002).

In the 1990s, according to Kim (2014), Surgeon-Assistant Robot for Prostatec-
tomy (SARP) system was developed as the first robot used in a prostate surgery. Further
development of SARP, other robots for prostate surgery are developed as well. For in-
stance PROBOT (Prostate Robot, (Davies et al., 1991) has a 4-DoF with a rotating blade
as the end effector. It was developed by Imperial College, L.ondon, worked through a 3D
image of the prostate. After the surgeon determines the boundaries of the resection area
on the 3D image, PROBOT uses those data to execute the procedure without further in-
tervention from the surgeon. CARLP (Computer-Assisted Transurethral Laser Resection

of the Prostate, (Ho et al., 2001) has a similar structure, however, it has a laser endpoint



for resection.

While Scott Fischer (computer scientist) in National Air and Space Administration
(NASA) Ames Research Center working on virtual reality area developed a 3D head-
mounted display (HDM) to be attached on the helmet in aerospace missions, Dr. Joseph
Rosen was experimenting on a dexterity-enhancing surgical telemanipulator. Afterwards,
Joseph Rosen and Scott Fischer built upon these to develop telesurgery system to operate
surgeries remotely by combining the idea of HMD at NASA and the robotic telepresence
system which Dr. Joseph Rosen was using at Stanford Research Institute (Kim, 2014).

The first telesurgical experiment was performed by Jon Bowersox, who is a vas-
cular surgeon, on an ex vivo subject via Stanford Research Institute’s teleoperated system
(Bowersox et al., 1996). On the surgeon’s side, a full-color stereoscopic (3D) image of
the operation is provided while two master robot arms grasped by the two hands of the
surgeon. By these two master robot arms, he makes the robot perform the operation by
teleoperation.

From spin-offs of NASA, AESOP and HERMES robotic systems were intro-
duced to literature by Computer Motion company. AESOP is a voice-controlled endo-
scope holder arm, and HERMES is an integrated operating room control system. Later,
ZEUS robotic system was introduced as a combination of AESOP and HERMES. It was a
master-slave system which allowed the surgeon to control a robotic slave device (AESOP)
remotely by a console of HERMES (Nathan et al., 2006).

Moreover, Beasley (2012) identified 9 distinct medical fields to use robots: neuro-
logical, orthopedics, general laparoscopy, percutaneous, steerable catheters, radio-surgery,
emergency response, prosthetics & exoskeletons and assistive & rehabilitation systems.
These robotic systems have been developed for many different medical procedures and
their design varies according to their purpose and type of the surgery. Among the variety
of medical procedures, minimally invasive surgery is a methodology which is receiving

increased attention and where new systems are continuously being introduced.

1.1. Minimally Invasive Surgery

Minimally Invasive Surgery (MIS) is an operation type offered to reduce the side
effects of the conventional surgeries. It can be performed either by making small inci-
sions, which is called laparoscopic process or entering from the body’s neutral spaces
which are endoscopic or colonoscopic processes. Despite some doubts about advantages

in overall perspective, in all the above-mentioned operations, MIS override conventional



surgeries considering the comfort of patients in their healing period (Hernandez-Vaquero
et al., 2012) since the incisions made are relatively small with respect to the open-surgery
procedures as it can be depicted from Figure 1.1. Since the workspace in MIS is un-
questionably small compared to open surgeries, the freedom of action for the surgeon
is confined. Even though the surgeons have relatively better eye-hand coordination, for
some MIS areas such as inside the skull, there is a higher risk to damage other tissues or
organs. For instance, in pituitary surgeries, the working area is in the vicinity of visual

nerves by a couple of millimeters.

Figure 1.1. Open surgery vs minimally invasive surgery
(Source: www.pauljeffordsmd.com/minimally-invasive-surgical-mis-tlif)

1.2. Pituitary Gland, Adenoms, and Resection

The pituitary gland, also called hypophysis or “master gland”, is a significant
member of the endocrine system. It is a ductless gland and secretes hormones directly
into the bloodstream. It makes or stores many different hormones. Stimulated actions of

the by pituitary gland can be summarized as follows:
* Prolactin - Regulation of sex hormone levels in both genders, as well as fertility.

* Growth hormone (GH) - Production of growth in childhood and maintains muscle

mass and bone mass.

* Adrenocorticotropin (ACTH) - Production of cortisol by the adrenal glands. It helps

to maintain blood pressure and blood glucose (sugar) levels.



* Thyroid-stimulating hormone (TSH) - Production of thyroid hormones, which reg-

ulate the body’s metabolism, energy balance, growth, and nervous system activity

* Luteinizing hormone (LH) - Testosterone production in men and egg release (ovu-

lation) in women.

* Follicle-stimulating hormone (FSH) - Promotion of sperm production in men and
production of estrogen and develop eggs in women. LH and FSH work together to

enable the normal function of the ovaries and testes.
* Antidiuretic hormone (ADH) -Regulation of water balance in the body.
* Oxytocin — Milk production of breastfeeding women.

The pituitary gland is about 1 cm diameter pea-sized tiny gland lies in the middle
of the skull and covered by a bony structure called the sella turcica, which is behind the
nose and just below the hypothalamus (see Figure 1.2).

Pituitary tumors (also called pituitary adenomas) are located on the anterior part
of the pituitary. They are 3" most common intra-cranial tumor type Jane et al. (2005).
Also Ezzat et al. (2004) states that prevalence of pituitary adenomas are found 22.5% in
radiologic studies and 14.4% in autopsy studies. Depending on their size, they are broadly

classified into two categories:
* pituitary microadenoma: less than 10 mm in size
* pituitary macroadenoma: greater than 10 mm in size

It is also important to note that larger tumors can lead to hormonal imbalance due
to mass effect rather than secretion (Pisaneschi and Kapoor, 2005). Since pituitary has
a critical role in regulating the hormonal balance of the whole body, patients who suf-
fer from this disease may experience following symptoms: headaches, vision problems,
unexplained tiredness, mood changes, irritability, changes in menstrual cycles in women,
impotence etc.

Nowadays, pituitary adenomas resections can be performed by three different
methods; conventional open-skull surgeries, microscopic transsphenoidal surgeries and
endoscopic endonasal surgeries. Among these methods, depending on the placement and
the size of the tumor, the endoscopic method is more preferable due to its low-recovery
period, cost-efficiency and less hospitalization duration (Komotar et al., 2011; Ezzat et al.,
2004; Berker et al., 2013). In this method, an optical system called the endoscope is in-

serted through and directed inside the nostril to move through the nasal cavity to the



Pituitary Gland

Pituitary Tumors

Figure 1.2. Pituitary gland and location of adenoms
(Source: www.medindia.net/patients/patientinfo/pituitary-tumors.htm))

sphenoid sinus, which is in front of the sella turcica. Then, the tumor is resected by the

special surgical tools, which are also inserted through the nostrils as shown in Figure 1.3.
1.3. Problem Statement

Although endoscopic pituitary surgeries are superior to other conventional meth-
ods in some aspects (Almeida et al., 2015; Komotar et al., 2011; Berker et al., 2014),
they have still drawbacks mostly on the surgeon’s side. For an average of 2-4 hours
surgery duration, the surgeon has to hold the endoscope for the whole operation process
and he/she is only able to use one hand to operate with the other surgical tools. This
problem results in longer operation duration and fatigue of the surgeon, and the constraint
to use only one hand for the other surgical tools decrease the efficiency of the surgery.
Generally, while the surgeon executes this operation, one or more assistants help him/her
in holding the endoscope in case the surgeon needs to use both hands at the same time.
Nevertheless, synchronization problems between the surgeon and the assistant produce a
less efficient surgical process compared to the surgeon having the endoscope controlled
by himself/herself. As seen in Figure 1.4 that the surgeon and the assistant should work
cooperatively when the second and third tools are needed during the process.

In order for the surgeon to operate with two surgical tools at the same time, the
surgeon needs a third hand, which is to be controlled by the surgeon himself/herself that

holds and positions the endoscope. There are some proposed ideas and developed systems



Pituitary

Nasal Cavity Gland

Endoscope

Sella
Turcica

Figure 1.3. Endoscopic pituitary surgery process
(Source: www.pearsonitcertification.com/articles/article.aspx 7p=2165279)

that address this problem in the literature and they are explained in Chapter 2. However,
these previously developed systems fail to provide a solution that enables the surgeon to
operate efficiently without any interruptions and thus, they did not become a common

solution in these type of surgeries.

Figure 1.4. A photo from the endsocopic pituary tumor surgery

1.4. NeuRoboScope Project

This thesis study is based on the work carried out within the "Robot-Assisted En-
doscope Control that can be Controlled by the Surgical Tools” (NeuRoboSope) project
supported by TUBITAK, The Scientific and Technological Research Council of Turkey



(Turkish: Tiirkiye Bilimsel ve Teknolojik Arastirma Kurumu), under the project 115E726.
TUBITAK is a national agency in Turkey supporting the developments in “science, tech-
nology and innovation” and conducting research, in Turkey. It was founded in 1963 as an
autonomous public institution, governed by a Science Board.

The aim of NeuRoboScope project is to develop a precise robotic system to be
used in minimally invasive pituitary surgeries which will provide a third hand for the
surgeon to hold and position the endoscope.

Under this project, there are three subcategories of work carried out by different

project teams;

* Mechanical design of the 8 DoF (3-DoF active and 5-DoF passive) endoscope

holder robotic arm (by the mechanical team),

* Electronic and software design of both main PCB board and the master controller
for teleoperation scheme in between the master and slave systems (by electronic &

software team)

 Control algorithms of the whole system (by control team).

1.5. Aim of the Thesis
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Figure 1.5. Flow diagram of the proposed teleoperation scheme

A novel teleoperation system architecture has been developed within the scope of

this thesis. This study involves the teleoperation system design in both electronic and soft-



ware aspects, and feasibility studies of this system for the use in the endoscopic pituitary
surgery.

Moreover, the operation scenario of this robotic endoscopic pituitary surgery sys-
tem is developed within the scope of this thesis. In order to accomplish this, all the
possible operation modes are identified from the initiation until the termination of the
operation in order to efficiently and safely conduct the surgery.

One of the main points of this thesis is proposing an ergonomic usage for the
surgeons between master and slave systems. Therefore in the experimental procedure, the
system is tested in different modes in order to enhance the ergonomy.

Proposed teleoperation system’s components and the information flow between
them are depicted in Figure 1.5. According to this proposed design, the master controller
captures the hand gestures of the surgeon using an IMU (Inertial Measurement Unit)
and transmits this information wirelessly (via Bluetooth Low Energy). This transmitted
information is later processed on the slave side as a velocity or position demand of the
active endoscope holder. In other words, this active endoscope holder is positioned during
the surgery according to surgeon’s online demands issued by the master controller. As a
response from the slave system, the interaction force level is sent back to the master side

and displayed on an LED panel.

1.6. Outline

In Chapter 2, previously proposed solutions in literature for the problem stated in
section 1.3 are presented and they are examined for their feasibilities when used in en-
doscopic pituitary surgery. Further, a background of teleoperation systems is given and
the design process of these systems is explained in Chapter 2. The subsystems of the
proposed teleoperation system are introduced by describing their purposes and compo-
nents respectively in Chapter 3. The experimentations carried out to determine the active
workspace of the active endoscope holder are described and their results are discussed in
Chapter 4.

Moreover, in Chapter 5, system operation modes are explained in three sections;
teleoperation information flow alternatives, master system’s command computation al-
ternatives, and overall system’s operation states. Finally, user evaluation experiments
are proposed and their results are shared in Chapter 6. The main text of this thesis is
concluded by discussion feasibility of the proposed teleoperation system design for endo-

scopic pituitary surgery in Chapter 7.



In additions to the aforementioned sections, the overall system’s peripheral setups,
algorithms implemented on the microprocessor and the teleoperation scheme with opera-
tion states are given in Appendix A, B and C respectively. Furthermore, auxiliary circuits
designed in order to optimize the system and enhance the sensor measurements are given

in Appendix E.



CHAPTER 2

LITERATURE REVIEW

There are many different surgical robotic systems in literature proposed for many
distinct purposes. It is better to narrow them which have been developed for MIS.

Under surgical robotic systems developed to be used in MIS, a variety of classifi-
cations have been proposed so far. Moustris et al. (2011) categorized these surgical robots
into four subsections: passive robots, semi-active robots, active robots and remote manip-
ulators. Passive robots are mainly support elements in the surgery room without any actu-
ation. Semi-active robots can be also considered as support elements but they have some
specific actuation capabilities besides their passive behavior. Furthermore, active robots
and remote manipulators are considered as a replacement for an assistant surgeon or in
some applications they are even considered as the main surgeon in the whole operation.

On the other hand, Yip and Das (2017) extend this classification approach as
shown in Figure 2.1 and they categorized surgical robots into 4 sections: direct control,

shared control, supervised autonomy, full autonomy.

da Vinei Surgical ACROBOT CyberKnite N/A
System
Direct Shared Supervised Full
Conitrol Control Autonomy Autonomy

Figure 2.1. Classification of surgical robots in autonomy aspect
(Source: Yip and Das (2017))

Today there is no example of fully autonomous surgical robotic systems. In the
definition of Full Autonomous, the robotic system can pre-plan the operation and perform
it by itself without any human intervention. Since this last classification is a relatively

new way of classification, the next subsections are designed in this way of classification.
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2.0.1. Supervised Autonomous Surgical Robotic Systems

There are some robotic systems which can perform the operation by themselves
after a preliminary process of the operation by the surgeon. These kinds of systems are
included in the Supervised Aunotomyclassification. One of the well-known examples of
such systems is ROBODOC (ThinkSurgical, 2018) hip surgery system by Think Surgical,
which is shown in Figure 2.2. It is an active robot to carry out the whole knee surgery
after a preplanned process. Any CAD software can be used for this preplanning process

and then, the robot performs the operation standalone.

Figure 2.2. ROBODOC surgical system

(Source: www.seelio.com/w/1a2u/robodoc-inertial-measurement-system-integration-
patent-pending)

Moreover, PROBOT is another example of preplanned active surgical robots de-
signed for prostate resection (Harris et al. (1997)). The CyberKnife system developed
in Stanford University also performs radiotherapy to terminate tumors after a preplanned
process supervised by a surgeon (Moustris et al., 2011).

CASPAR (Computed Assisted Surgical Planning Robotics) is another example
of this category with its usage in knee and hip surgeries. It is a direct competitor of
the ROBODOC system. It requires a preoperative plan based on computed tomography
in contrast to ROBODOC’s pre-operative plan on a CAD software. Afterwards, it can
perform bone drilling autonomously (Petermann et al., 2000). However, there are not
many clinical studies that use CASPAR reported in the literature since it is no longer

commercially available.
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2.0.2. Shared Controlled Surgical Robotic Systems

In the category of Shared Control surgical robotic systems, the control of differ-
ent types of surgical tool motions are simultaneously distributed between the human and
robot. For example, Steady Hand robot is a system designed for precise manipulation
tasks such as retinal microsurgery developed at Johns Hopkins University (Taylor et al.
(1999)). This system, which is shown in Figure 2.3, has a haptic control by applying
counteractive force proportional to the force sensed by the tool tip in order to correct for
tool deflections and implement a micro-force guided cooperative control algorithm. On
the surgeon side, he/she controls all the movements of the surgical instrument through the

assistance of the feedback force (Kapoor et al., 2003).

Figure 2.3. Steady-hand eye robot
(Source: Hamed et al. (2012))

Another example of this category, Endobot, is a 4-DoF semi-active surgical robot
developed for MIS (Wen (2001)). It is designed for ligation of vessels and knot tying. It
works collaboratively with the surgeon under shared control while the surgeon commands
have a higher priority. Even though it is stated that it was designed so that the device can
operate autonomously as well, they have not presented any autonomous operation study

in the literature so far.
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2.0.3. Directly Controlled Surgical Robotic Systems

Within the area of Direct Control, surgeons have the complete control of the sys-
tem. They can perform the operation either manually or a by a teleoperated robotic manip-
ulator. The manual systems are often endoscope holder type of fully passive mechanisms.
They can be manually driven by the surgeon to the desired location and can be fixed at
that location during the operation. On the other hand, teleoperated systems can be cate-
gorized as off-site and collaborative (on-site) robotic systems. In off-site systems, while
the slave robot is working on the patient, the surgeon controls it over a certain distance. In
other words, there is no physical contact between the surgeon and the patient. One of the
best-known examples of this category is the Da Vinci Surgical Robotic Systems, by In-
tuitive Surgical, which is a computer-enhanced teleoperated system used in laparoscopic

surgeries since 2000 (IntuitiveSurgical, 2018).

Monitor System

Slave Robot \ E
Master Controller . :, g -

Figure 2.4. Da Vinci surgical robotic system
(Source: www.davincisurgery.com)

Three commercial models have been released so far. As shown in Figure 2.4,
mainly it has three parts; the console (master system) where the surgeon sits, robotic
manipulator working on the patient (slave robot) and the monitor system. On the master
side, the console consists of gripper hand pedals and foot buttons to be controlled by the
surgeon. On the slave side, the robot has three or four actuated arms where mostly two
arms hold two different cameras for 3D imaging and the rest of the arms hold surgical
tools and perform the operation as commanded by the surgeon. Monitor system provides

the surgeon with a 3D visual feedback to create an environment for more precise and
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realistic control (Kim (2014)).

Also, in 2009 Titan Medical’s announced a directly controlled off-site surgical
system SPORT (TitanMedical, 2018), similar to Da Vinci Surgical Systems, however, it
has a simpler structure. It has two-joystick controllers and five foot pedals on the surgeon
side (shown in Figure 2.5.a) as well as the 3D vision system. It performs the minimally
invasive surgery from one incision with a multi-articulated gripper instrument (shown in
Figure 2.5.b).

(a) Master system of Titan Medical Unveils  (b) Slave system of Titan Medical Unveils
Surgical Robotic System Surgical Robotic System

Figure 2.5. Titan Medical Unveils Surgical Robotic System

(Source: www.medgadget.com/2016/02/titan-medical-unveils-sport-
surgical-robotic-system.html)

Although there are these two successful commercially available off-site systems,
still there are many doctors who do not like the idea of being physically away from the
patient in case of any emergency situations.

On the other hand, in collaborative systems, the robot and surgeon work on the
same patient at the same time while the robot serves an assistant to the surgeon. Al-
though, I have already introduced some collaborative surgical robot examples in the pre-
vious Chapter, Collaborative Surgical Robotic Systems (CSRS) can be investigated in
more detail according to the command type of the surgeon such as foot/hand pedal or

joystick controlled, voice controlled, image-processed and body-motion controlled.

2.0.3.1. CSRS Controlled by Joystick and Foot/Hand Pedals

A CSRS that is controlled by a joystick is LAPMAN by Polet and Donnez (2008)

for gynecologic surgery. It composed mainly two parts: the manipulator which is an
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articulated arm construction on a rolling unit and the interface. They offered two different
interfaces to control the manipulator. One is the remote control, which is also called the
nurse’s unit, to be used during the phase of alignment of the LAPMAN with the patient’s
umbilicus. Second is the hand controller, which is also called LAPSTICK, hold by the

surgeon.

(a) LAPMAN surgical system (b) Surgeon’s controller, LAPSTICK

Figure 2.6. LAPMAN gynocologic surgery system
(Source: Polet and Donnez (2008))

Other than the LAPMAN system, Naviot is a remote-controlled laparoscope di-
recting manipulator system (Yoshino et al., 2005). It consists of an automatic micro zoom
endoscope, called Naviot, which is a special endoscope held by a five-bar mechanism and
a two-thumb controller as shown in Figure 2.7. The manipulator has two actuation for
horizontal and vertical directions with 25 degrees for each axis. The surgeon is able to
zoom the lens and control the camera position by the thumb controller attached to the
holding area of the forceps.

Nevertheless, by some surgeons using a joystick and leaving surgical instruments

could not be approved due safety concerns in case of an emergency.

2.0.3.2. CSRS Controlled by Voice Commands

Another well known commercial example of directly controlled surgical robots

is the Viky robotic assistance system shown n Figure 2.8 (Takahashi et al. (2017)). It is
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Figure 2.7. Remote-controlled laparoscope manipulator system, Naviot
(Source: Yoshino et al. (2005))

a voice controlled positioner system designed for laparoscopic surgeries. There are two
commercial products based on this system: Viky EP for endoscope positioning and Viky
UP for uterus positioning. Also, as mentioned in Chapter 1, AESOP is a voice-controlled
example of surgical robots (Nathan et al. (2006)). Although voice controlled methods are
more intuitive, they are still not precise enough for endoscopic surgeries. When the doctor
gives a voice command, the robot moves one step size of the voice command. Higher step
size reduces the precision and lower step sizes cause more effort for the surgeon to reach

further distances.

2.0.3.3. CSRS Controlled by Image Processing Methods

There are also some surgical robots controlled by image processing methods. As a
very early example of these type of robots was designed in the University of Lausanne in
1991. The robot Mirvera directs tools into the brain under the real-time computed tomog-

raphy guidance. It was used until 1993 but due to the limitation of single-dimensional
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Figure 2.8. Voice Commanded Viky Endoscope Positioner
(Source: Takahashi et al. (2017)))

motion and its need for real-time computed tomography (Glauser et al., 1995a).

Wei et al. (1997) designed a real-time visual servoing system for laparoscopic
surgeries controlling the robot motions with color image segmentation. Also, Viky has
a control method of imaging as well stated in Voros et al. (2010). They detect and track
the surgical instrument from image analysis and control the positioner robot by this infor-
mation. Casals et al. (1996) proposed an image analysis control method by tracking the
surgical tools of the surgeon and the control system generates the robot trajectories.

Although this type of control is relatively intuitive, these systems could not be
placed in surgery rooms due to their and high-cost and too many system requirements for

setup.

2.0.3.4. CSRS Controlled by Body Motions

Apart from the previous three methods, Primus et al. (1991) proposed an interface
which lets the surgeon control the surgical devices and conditions of the operating room
by a transmitter that is worn on the head of the surgeon. In front of the surgeon, there is a
monitor with the endoscope view. There is a cursor on the same monitor that is moved by

the pointer signal transmitted from the master device worn by the surgeon. The pointer
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Figure 2.9. General view of the Mirvera robotized system
(Source: Glauser et al. (1995b))

signal is a laser which is directed to a screen that is located adjacent to a detection camera.

Moreover, another example of head controlled CSRS is FreeHand (FreeHandSur-
geon, 2018), formerly named EndoAssist, which is an endoscope positioning system. It
has an improvement with respect to EndoAssist by providing one more DoF for zooming
by using a foot pedal.

Up to now, only head motions were used to generate the demand from the surgeon
side in this category. However, this control method by using the head motion was not pre-
ferred by surgeons because it requires too much effort to hold the head stable throughout

the whole surgery.

2.1. Combined Category

Two different categories can also be combined for improved results. A unique
example to this is developed by Steinhart et al. (2015) as a computer navigation guided
and remotely controlled robotic system for paranasal sinus surgeries. The workflows
for both fully automated and telemanipulation surgery are conceptually identical. In the

operation protocol of this system, firstly, an autonomous pre-operation imaging procedure
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(a) Slave system of FreeHand CSRS (b) Master head controller system of FreeHand
CSRS

Figure 2.10. FreeHand CSRS
(Source: www.youtube.com/watch?v=BUE9xg8AmmE)

is executed by CT data for pre-planning. Computed tomographic (CT) images derived
before operation are transferred to the planning station for further processing.

Secondly, telemanipulation mode with joystick control (SpaceBall, 3D Connexion
Inc, Seefeld, Germany) is available as well. This function allows the doctor to perform
small fractions. After opening of the sphenoid sinus autonomously, the finishing touches
are performed done manually. The robot stops at the predetermined end point of the
trajectory, and the drill powers down. The surgeon then moves the robot manually along
the trajectory to get an overview of either the external sphenoid wall or the sinus cavity
by joystick control.

As it is clearly observed from the examples in the literature, modern solutions
cannot provide a solution to the problem stated in Section 1.3. Within the scope of this
thesis, a new teleoperated system architecture design is proposed for a specific type of
surgery to provide a solution to the mentioned problems of surgeon command transmis-
sion stated under CSRS category. For that reason, it is useful to mention some background

on teleoperation systems and their design procedures.
2.2. Overview of Teleoperation Systems

Fong and Thorpe (2001) defines teleoperation to operate a vehicle or a system
over a distance”. This distance can be either in the line-of-sight area or in between com-
pletely different locations. The overall system consists of three subsystems: master, slave
and communication channel.

Master is the human operator who gives commands to the system. The slave
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Figure 2.11. ”Stand Alone” version, 6-DoF articulating arms robot, mounted on trolley
with hydraulic column for height adjustment. Operating control consists
of thin film transistor touch-screen monitor and joystick mouse

(Source: Steinhart et al. (2015))

system, on the other hand, is driven by these commands transmitted through the com-
munication channel. Master and slave can be connected via a cable which is a wired
communication channel or without any physical connections which is a wireless com-
munication channel. Moreover, slave system can return feedback signal(s) to the master
through the same communication channel or through a completely different path.

The very first teleoperated system was constructed in the 1940s. The master of
this first teleoperation system sends the commands to the slave via mechanical linkages.
At the beginning of the 1950s, it is seen that connection in between master and slave was
evolved from mechanical structures to electrical servomotors, which allows the operator
to control the systems further (Vertut and Coiffet, 1986).

Telesurgery is another developing research field where the remote control is re-

quired. In robotic surgery technology, teleoperation is a very common method in oper-
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ating the system as it is described in Section 1. The surgeon and telerobot work in a
master-slave relationship. However, telerobotic surgical systems have not been a part of
commonly used surgical equipment in surgery rooms yet except the Da Vinci Surgical
System.

Therefore, although there are many robotic systems for different purposes in gen-
eral surgical robotics area, there is still a need for new designs of teleoperated surgical
instruments for operation rooms. The first step of designing such a system is to under-

stand the teleoperation basics.

2.2.1. Unilateral Teleoperation

In general, a teleoperated system is supposed to have a signal flow in both direc-
tions in between the master and the slave. However, some systems have a signal flow
only from the master to slave. This type of teleoperation architecture is called as unilat-
eral teleoperation.

In such systems, the operator transmits the command signal by the master system
as shown in Figure 2.12 where the arrows show the signal flow direction and does not get
any feedback from the slave environment. However, generally, there is a local closed-loop
control system on the slave side to enhance the performance as shown in Figure 2.12 with

a dashed arrow.

..........

Human

..........

1
Slave 1 ! Slave b

_____________________________________________________

Figure 2.12. Unilateral teleoperation architecture

In literature, there are not many application examples for such a scheme. Since
there is no feedback signal for the human operator to evaluate the execution of the com-

mand, the overall system might not be as reliable as in a bilateral teleoperation.

2.2.2. Bilateral Teleoperation

In bilateral teleoperation, the human operator can be stimulated to sense the slave

environment by supplying him/her different types of feedback signals such as visual, aural
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or haptic. The transmission of these signals to the master provides more realistic control
opportunity to the user.

Depending on the signal type and amount of command signals, bilateral teleop-
eration architectures are usually classified as two-channel architecture and four-channel
architecture Dede (2007). However, the channel configuration in bilateral teleoperation

systems is still an active area of research (Kubo et al., 2007).
2.2.2.1. Two-Channel Teleoperation

In this type of teleoperation architecture (see Figure 2.13), the human operator
usually sends position or velocity commands and receives force feedback via the master
system. It is often referred to as “position-force” architecture. The slave system, on the
other hand, moves according to the motion demand received from the master side and

returns force or torque information due to the interaction with its environment.
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’I Ll

Communication
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1

1

Master :
Channel ;
1

System
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Force/Torque :\ Force/Torque

Figure 2.13. Simplified two-channel bilateral teleoperation architecture

2.2.2.2. Four-Channel Teleoperation

Four-channel model (see figure 2.14) is preferred when the information flow is
not sufficient enough for a stable teleoperation. In this architecture, the master sends both
position or velocity data as well as force or torque data. The response of the slave system

has the same type of information as the feedback signal.

2.3. Teleoperation System Configuration

As is seen in previous sections there are various types of teleoperation archi-

tectures. Depending on the system requirements, the most suitable system architecture
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Figure 2.14. Simplified four-channel bilateral teleoperation architecture

should be employed. It does not mean always having more command or feedback signals
result in a better performance of the system. More complex architectures with more sig-
nals between the two systems call for more attention in fault-tolerance of all the signal
providers (sensors).

Dede (2007) introduced a chart (in Figure 2.15) for the design process of a tele-
operation system. There are many parameters to receive the optimal performance from
the system such as fault tolerant system design, time delay, communication loss. Within
the scope of the main project that this thesis work is conducted under, bold and green
highlighted path shows the design path that is followed.

Following the path on the Figure 2.15, teleoperation starts. Since there is no com-
ponent failure compensation, classical design methods are applied. The teleoperation
direction is two-sided; the motion commands are sent my the doctor’s ring and visual
feedback returns from the slave environment. Only one type of signal is delivered and re-
turned. For that reason, this system is categorized under 2-channel bilateral teleoperation.
The teleoperation channel in fast enough to neglect the effect of time delay. Classical
control algorithms are applied within the scope of the NeuRoboScope project. In case of

communication loss, velocity and force observers are designed to compensate it.

2.4. Discussion

In this chapter, surgical robotic systems are introduced by giving detailed exam-
ples. Moreover, surgical robotic systems are categorized into supervised autonomous,
shared controlled and directly controlled. Also, directly controlled surgical robotic sys-
tems are further categorized for the first time in the literature with respect to the surgeons’
location aspect; on-site (collaborative) and off-site systems. Since in this thesis work, the
focus is on designing a CSRS, the control command types of such CSRSs are examined

by giving examples from the literature.
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Furthermore, a brief introduction to teleoperation system design is given. Types
of teleoperation systems are examined in order to design an optimal system for the CSRS
that is in the focus of this thesis.

According to the terminology and background of surgical robotic systems pre-
sented in this Chapter, the system developed in the NeuRoboScope project falls into the
category of Two-Channel Bilaterally Teleoperated Collaborative Surgical Robotic Sys-
tem Controlled by Body Motions. The next Chapter describes the subsystems and their

components to construct the above-defined surgical system.
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CHAPTER 3

SYSTEM OVERVIEW

This thesis introduces teleoperated CSRS specifically for minimally invasive pitu-
itary surgeries. It is proposed as a bilateral teleoperation scheme for an endoscope holder
and positioner robotic system which is the slave system. Additionally, this slave system
can be handled and directed by the surgeon during the operation directly without the need
of a teleoperation. The slave system includes the main processor card where the surgical
system algorithm is executed. This main processor is responsible to acquire all the sen-
sory information from the slave system, receive the commands from the master system
wirelessly and issue driving command to the actuators of the slave robot. The master
system is composed of a wearable ring controller that sends the command to the slave
wirelessly, a foot pedal that initiates the data exchange and has a wired connection to the
main processor card as shown in Figure 3.1. Besides these an LED indicator panel named
as User Interface to provide visual feedback information to the surgeon.

In Section 3.1, subsystems of the overall scheme are introduced. Firstly, the
methodology for constructing of the system architecture is explained. Later, components
of these subsystems are introduced. The detailed signal flow between these subsystems

are provided in Appendix C
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Figure 3.1. Conceptual overview of the system

3.1. Subsystems of the Surgical System

The overall system itself consists of five main subsystems. Two of them are PEK

and KEY, which compose the robotic arm that holds and positions the endoscope. The
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other three subsystems are Communication System , Main Control Unit and User Interface
. Four subsystems are shown in Figure 3.2 except for HAS. The master elements of the
system, wireless ring and foot pedal, is not visible on the figure directly but the placement

is indicated with dashed arrows.
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Figure 3.2. Overall system of NeuRoboScope project

3.1.1. Passive Balanced Arm - PEK

Passive Balanced Arm - (PEK) name is derived from the acronym of its Turkish
translation Pasif Dengelenmis Kol. It is a statically balanced 6 DoF manipulator with only
one actuated joint. Its main purpose is carrying KEY (see section 3.1.2) and providing an
inertial frame to KEY during the surgery unless the surgeon wants to use the system in
manual mode (for details about the modes please see section 5.3)

As it is seen in Figure 3.3, PEK has a portable structure which can be connected
to the operation table. It has one prismatic actuated joint as the very first joint that moves
vertically relative to the operating table so that the surgical team can adjust the height of
KEY attached to the tip point of PEK before the surgery starts. This linear motor works
completely standalone with its own power supply and it is not considered as a part of PEK
that enables the manual mode back-driving of KEY during operation.

Beside the prismatic actuated joint, there are 5 non-actuated revolute joints in PEK

in which an electromagnetic brake and an angular position sensor are placed. The angular
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Figure 3.3. Rendered image of the Passive Balanced Arm

position sensor on these joints are absolute encoders with 12-bit resolution (see section
3.2.4). These measurements are used in forward kinematics to calculate the pose of KEY,
which is used in control algorithms of the overall system to identify if the KEY is within
the surgical area.

PEK has a back-drivable mechanical structure in order to allow the surgeon to use
the system manually in case of an emergency. According to the operation states of the
system, either some of those brakes are locked while some are released (in manual state
or passive state) or all are locked (inactive state) (see section 5.3 and appendix E for more

details).

3.1.2. Active Endoscope Holder - KEY

Active Endoscope Holder is the actuated part of the robotic arm which is design
to hold and position the endoscope according to the commands received from the master
system. It has a 3 DoF parallel kinematic structure 2RI1T (2 revolute and 1 translational)
mobile platform motion as shown in Figure 3.4 (Yasir and Kiper (2018)). The actuated
joints are shown in red rectangles and labeled as Ay By and Cy. The actuation axis on
By joint is placed perpendicular to the other two actuation axes to provide translational

motion.
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Figure 3.4. Kinematic Structure of the Active Endoscope Holder

Taniguchi et al. (2010) states that yaw, pitch, and insertion (surge) motions are
the necessary and sufficient motions of an endoscope inside the surgical area. In order
to control the robotic arm to move in these three DoFs, different approaches have been
proposed in (Ates et al., 2018). Detailed information is given in section 5.2.

One of the most important points in this design is to adjust the precision and
accuracy of the system in order not to cause undesirable consequences by damaging other
tissues around. For that reason, motors with planetary gears that has 1:181 gear reduction
ratio and a 1:5 capstan drives are used for the actuation of all 3 active revolute joints

(denoted in Figure 3.4) to provide the system with finer motion.

3.1.3. Main Control Unit - AKS

Main Control Unit is the master part of the teleoperation scheme. It consists of
two main hardwares: a ring-shaped remote control device which is worn by the doctor
during the whole surgery in order to obtain the hand motions of him/her and a foot pedal
triggering the initiation and termination of the teleoperation, and changing the active state
type (detailed explanation is in Section 5.3).

Inside the ring, there is an [oT Sensor Development Kit from SmartBond company
with a low-power Bluetooth Smart SoC (see Figure 3.5), 6-DoF IMU, 3-DoF geomagnetic

field sensor and integrated environmental unit (for measuring pressure, temperature and
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humidity) (DialogSemiconductor, 2018). It is stated as the lowest power wireless sensor
in the world at the moment. Beside its low power, its small size (16 x 15 x 5 mm) is an
advantage to be chosen for such an application (see Figure 3.6). The part stated as break-
able connection header in Figure 3.6 is only used in the development process to embed
the algorithm inside the chip. After the final algorithm is constructed, the program is em-
bedded into the microprocessor and that part can be broken so that the overall hardware

size gets smaller to be placed inside a ring.
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Figure 3.5. DA14583 hardware architecture
(Source: www.dialog-semiconductor.com)
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Figure 3.6. Smartbond Sensor Development Kit

Among available sensors on this kit, only 6-DoF from IMU is used within the

scope of this thesis. Pressure, temperature and humidity information are not needed for
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this application. Since the geomagnetic field sensor is affected by the magnetic noise from
the other devices inside the surgery room, it is preferred not to be used in this application,
as well.

Moreover, the foot pedal is connected directly to the microcontroller via cable.
It triggers an ISR and eliminates all other low-priority processes to command a fast and

reliable teleoperation between master and slave systems.

3.1.4. Communication System

Communication System is one of the three main subsystems in teleoperation as-
pect. It provides bilateral communication between the master and the slave. There are
two different channels to deliver the necessary information: wired and wireless (see Fig-
ure 3.1)

Taking into account the communication types of the subsystems and their compo-
nents, the communication path is summarized as shown in Appendix C. On the master
side, as it is mentioned in Section 3.1.3, there are two components which are the ring and
the foot pedal. Inside the ring, the microprocessor communicates with the IMU module
via SPI protocol. The IMU updates the data at 100Hz. This frequency determines the
overall teleoperation system speed at 100Hz, as well. The foot pedal is connected to the
main processing unit, which is placed on the slave system, via a cable.

On the slave side, STBLE-RF (STBLE-RF, 2018) Bluetooth module from STMi-
croelectronics Co. receives the signals from the ring wirelessly and transmits them to
the microprocessor STM32F407VG (STM32F407VG, 2018) via SPI protocol. Also, mi-
croprocessor is connected to the encoders chained via one SPI line (3 pins called MOSI,
MISO and SCK) except for the one attached to Surgeron Holds Endoscope Button . The
encoder used in Surgeron Holds Endoscope Button is connected to digital I/O port of the
microprocessor and the signal is processed as a PWM input by interrupts. Moreover,
force/torque sensors are connected to the microprocessor from an ADC module. Other
user buttons are connected as GPIO inputs with ISR. More details about those components
can be found in Section 3.2.

the chip-select pins (8 pins for each joint of the system in both KEY and PEK) for
the encoders chained via one SPI line,

The microprocessor has many output connections: 1- motor drivers’ input (total
9 pins for 3 motors; each has 2 inputs and 1 enable pins), 2- indicator lights (4 cables,

3 of them are for rising each LED respectively and one pin is for the common ground),
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3- vibration element placed inside the quick release mechanism with the CEK to send
haptic feedback to the surgeon and the laser pointers to assist in placing the pivot point of
KEY manually positioning of the Passive Balanced Arm (total 2 pins, each has 1 pins for
common rising and the common ground). 4- brakes...

The communication between them is regular digital I/O. Connections with mi-
croprocessors are GPIO outputs. Configuration of those pins can be found in Appendix
A.

3.1.5. User Interface

User Interface is the user interface of the system to provide a visual feedback to
the surgeon and receive the inputs to regulate the operation states from the surgeon. The
inputs mentioned here are the user input buttons except for the foot pedal belong to the
master system defined in Section 3.1.3. The outputs are provided by the visual feedback

module.

3.1.5.1. User Input Buttons

There are xx buttons for different types of purposes and put the system into dif-
ferent teleoperation states (for more information about the states, please see section 5.3).
These buttons have specific names and each is created from their Turkish translations.
You may find how they stand for in Turkish under abbreviations section.

Following buttons have been ordered as their interrupt priorities of the system.
When two buttons have been pressed at the same time, the teleoperation scheme would
choose the whichever defined priorly in here. More details have been given in section 5.3

and in Appendix E.

* AGA: It is the key for the system to get power from the network. The power to go
through the whole system is over this switch. Since all brakes will be de-energized
when AGA is off, all joints are locked.

* ADD: It is designed to be a large button close to the working environment so that
the surgeon can take over all control in a possible undesirable situation during op-
eration. ADD is not connected to the main control unit. Contrarily, the main system

and brakes are connected to this button on a relay system in order to eliminate any
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extraordinary situations that may occur on the microprocessor. It is positioned close

to the surgeon.

* ASB: This button is placed near to ADD and pressed only once at the beginning
of each surgery to record the operation site. When this button is pressed, encoder
values in passive joints will be stored in memory. Centering of Active Endoscope
Holder will be done according to this position before switching from passive mode

to active mode.

» CEK: Itis a structure attached to quick-replace, between Passive Balanced Arm and
Active Endoscope Holder with a spring. Its place should be easy-accessible since

this button plays a critical role in overall teleoperation states.

The main purpose of this button is to detach the endoscope from the system. Also
assigning some tasks to this button, its made possible to drive the system manually

without detaching the endoscope completely.

When CEK is pressed, a vibrated element is actuated and give the information of

the teleoperation state.

* MKB: It allows the system to be driven manually. When MKB is activated, then, 2
brakes on the wrist are released and 3 brakes on the arm are still locked in Passive
Balanced Arm so that the surgeon can move the endoscope out of the system without
removing it from the system. By that button, the system can be used as if it was a

passive endoscope holder.

3.1.5.2. Visual Feedback Module

The visual feedback module has three different colored LEDs in order to give
different information about the system. It is connected to the main system via cables as it
is explained in Section 3.1.4. It is attached on top of the actual endoscope camera system’s
monitor in the surgery room. The main purpose of this module is to inform the surgeon
about the states of the teleoperation system.

Apart from information about the states of the system, interaction information of
the slave system is provided to the surgeon by visual feedback module. In many bilateral
teleoperation schemes, the feedback signal is transmitted to the user as a haptic signal

such as force feedback or vibration produced by the master device itself. However, it
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is not possible to produce a reaction force since the ring does not attach to any fixed
structure. Another solution to providing a haptic feedback is to use a vibration element
inside the ring device. However, it is not safe to give a vibration to the surgeon’s hand
during the operation. Considering all these limitations, the feedback signal is determined
to be a visual signal.

The color coding of the visual feedback module’s LEDs are defined as follows:

* Green light:
— Always on — Active Endoscope Holder is online but not active. It is ready to
use as soon as the foot pedal is pressed.
— Blinks at 4Hz — either Active Endoscope Holder is actively moving by the
ring motions or homing process of KEY is being carried out.

* Red light:

— Always on — Active Endoscope Holder is away from the home position and
homing is necessary. However, the homing process cannot be executed since

the endoscope is very close to the patient.

— Blinks at 4Hz — ASB button has never been pressed.

* Yellow light: The slave system is applying excessive force/moment on the tissue.

3.2. Subsystem Components and Their Purposes

As the subsystems introduced formerly, components of these subsystems are ex-

plained in this section.

3.2.1. Main Processing Unit

The main processing unit is the brain of the system and attached to the robot
manipulator. It initiates the teleoperation between master and slave, collects all the data
from the sensors and encoders, processes the control algorithms and evaluates the nec-
essary actions to be taken by the motors and the brakes. Since there are a number of

different sensors with different types of communication interfaces, such a microprocessor
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is required to contain multiple peripherals and to allow operating the system at very high
frequencies. Moreover, a microprocessor that allows multiple peripheral options for the
same pin is an advantage in order to broaden our freedom during the PCB design process.
Moreover, there are different timing calculations for different purposes such as PWM in-
puts, integral calculations, double-click counting hence, the microprocessor should have
many timers separately for such an application.

Considering all these reasons STM32F407VG ARM Cortex-M4 based 32-bit RISC
core microcontroller allowing up to 168 MHz clock frequency is chosen. Additionally, it
has a memory protection unit which enhances the application security.

Initially, during the test period of the microprocessor and sensors, an STM32F4
Discovery Development Board of STMicroelectronics is used. It allows the user to have
a pin-to-pin connection to each microprocessor pin. It is a very commonly used develop-
ment board to develop applications on an ARM Cortex-M4 based microprocessor. After
all the tests are done, main processing unit’s PCB board is developed with the assistance
of CAROB company. The produced main processing unit is presented in Figure 3.7 by

denoting the I/O modules and its components.

Bluetooth Module

SP| connector

Motor Drivers
STM32F407VG
micracontroller

SWD connector

Generic 1/0 (26 pins)

Figure 3.7. Main Processing Unit
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3.2.2. Inertial Measurement Unit

One of the main components of the system is IMU which is a device composed of
accelerometers (measuring the external acceleration), gyroscopes (measuring the angular
velocity) and commonly magnetometers (measuring the magnetization information of the
environment). Each information for each axis is defined as a degree of freedom of the
Sensor.

In this thesis, BMI160 6-DoF IMU from BOSCH company is chosen with a 3-
DoF accelerometer and a 3-DoF gyroscope inside. It is already attached inside the Dialog
10T sensor development kit used in the ring device. The following subsections describe

these IMU components.
3.2.2.1. Gyroscope

A gyroscope is a device that measures angular rate generally by a wheel or rotor
spinning about its axes. They are mostly used in airplanes, space stations, any project in
which the orientation is important.

Output axis

'
X )
Spin axis I /N
Input axis

Figure 3.8. Gyroscope working principle
(Source: http://www.rfwireless-world.com/Terminology/MEMS-Gyroscope.html)

Basically, the spinning disk in the middle of gyroscope leads to resist forces ap-
plied to it about its spin axis. For that reason when you apply an input force, the gyroscope
with a spinning disk would move as if that force were applied on the output axes in Figure
3.8 by the rule of gyroscopic effect.

In big devices, mechanical gyroscopes with a real spinning disk can be used easily.
However, it is not possible to attach a spinning disk on small electronic circuits. The IC
type gyroscopes uses MEMS technology. The main principle of this type of gyroscopes
is when the system is rotated with an w, angular rate, it causes vibration on the drive and

sense modes by Coriolis acceleration shown in Figure 3.9.
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Figure 3.9. Working principle of MEMS gyroscopes

(Source: www.designnews.com/electronics-test/modeling-mems-
gyroscope/187637938530637)

3.2.2.2. Accelerometer

An accelerometer is an electromechanical device which used to measure the ac-
celeration forces. Such forces may be static, like the continuous force of gravity or, as is
the case with many mobile devices, dynamic to sense the movement or vibrations. For
example, when the system is stable of moving at a constant speed, the only acceleration
force applied to the system is the gravitational force.

Accelerometers consist of many different parts and works in many ways. One of
the most commonly used technologies of MEMS accelerometer is the capacitance effect.
The sensor combines silicon and mechanical functions on the same micrometer silicon
substrate. As the sensor accelerates or decelerates, the mass moves by the 2" law of
Newton thanks to the springs as shown in Figure 3.10. This motion of the mass produces

a capacitive effect in between the moving plate and the fixed plates.

3.2.3. Bluetooth Low Energy Module

In this section the BLE process which is as the communication protocol in wireless
channel of this thesis.

In BLE, or another title as Bluetooth 4.0, the data is sent as notifications whereas
in the previous versions of Bluetooth protocol the data was sent as “data packages”. 1t

provides significantly lower power than classic Bluetooth.
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MEMS Accelerometer

Figure 3.10. Working principle of MEMS accelerometer
(Source: www.HowToMechatronics.com)

Before starting how to implement BLE into systems, there are some terms and
concepts needs to be explained. Although there are a bunch of criteria(Bluetooth(TM),
2001; Bluetooth, 2017) of designing a BLE system. In this section, most relevant of those
are summarized and followed the implementation process following the procedures in
Mourik (2005); Diagnostics (2006) for the STBLE-RF BLE module.

BLE has a constant rate of 1Mbps modulated by the radio signals. Indeed, it is the
theoretical maximum rate and it reduces 5-10 KBps in practice depending on limitations
of the BLE device that the one uses Bluetooth(TM) (2001). It can connect devices 30
meters away reliably in the line-of-sight distance. However, it needs to be considered that
the higher range would consume more battery. Practically, the distance between master
and slave devise is roughly 1-3 meters in this application explained in this thesis.

BLE has been organized as 3 major blocks:

» Application: Interfaces with the Bluetooth protocol stack. MCU runs the applica-

tion block.

* Host: Upper layers of the stack. Host can communicate with the BLE module with

HCI which is the interface between host and controller.
* Controller: Lower layers of the stack.

In BLE devices can be either Central Device or Peripheral Device. Central de-
vices are generally chosen as the higher CPU processing power in the systems to process
the data while peripheral devices are sensor type low power devices. In the proposed tele-

operation scenario, since the ring controller has lower power, it is chosen as the peripheral
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device and the MPU as the central device.

In network topology, peripheral devices send Advertising Packages constantly so
that they can be seen by other devices. After the recognition is executed, the central
device sends a Scan Response Data in order to request additional information such as
sensor values etc.

There are two ways of communication in BLE protocol: Broadcasting and Con-
nections. In broadcasting the data announced to all the listening devices. In such com-
munication, devices can have two different roles: Broadcaster or Observer. On the other
hand in connection way, there is an established permanent communication line between
central device and the peripheral device and there is no possibility to transmit data to
more than one peer at a time. After the central device initiates the connection line, the
peripheral device stops sending connectable advertising packets and follows the central’s
timing and exchanges data regularly with it. While there is no exchanging, both devices
go to sleep until the next connection event which provides the most power saving for the
BLE protocol.

Figure 3.11 illustrates the relationship between each of the layers. Application
interacts with each layer with the Component. Afterwards, the application is informed of
the BLE events through the use of callback functions.

BLE Stack: A BLE stack is a precompiled library and it is embedded in BLE
component. It implements all the mandatory and optional features of Low Energy Single-
Mode BLE functionality as published in Bluetooth(TM) (2001).

Generic Access Profile (GAP): is a profile where the generic procedures of Blue-
tooth devices and link management are defined. Moreover, this profile includes common
format requirements for parameters accessible on the user interface level. Choosing a role
for the device as an observer or broadcaster and peripheral or central is implemented in
this interface level.

Generic Attribute Profile (GATT): is a generic service framework is defined
using the ATT protocol layer. This framework defines the procedures and formats of
services and their Characteristics. It defines the procedures for Service, Characteristic,
and Descriptor discovery, reading, writing, notifying, and indicating Characteristics, as
well as configuring the broadcast of Characteristics. A device can have two roles in
GATT; either GATT Server or GATT Client.

The roles of each device in our system are shown in Figure 3.13. It is a simplified
version of the proposed system just to show the BLE roles.

Security Manager Protocol (SMP): defines the procedures and behavior to man-
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Figure 3.11. High-level BLE Component Architecture
(Source: Cypress (2015))

age pairing, authentication, and encryption between the devices.

Logical Link Control Adaptation Protocol (L2CAP): provides a connectionless
data channel with channel multiplexing, segmentation of BLE Controller to manage the
maximum packet size and connection-oriented channel over a specific application register.

Host Controller Interface (HCI): layer implements a command, event, and data
interface to allow link layer access from upper layers such as GAP, L2ZCAP, and SMP.

Link Layer (LL): manages the physical BLE connections between devices. It
supports all LL states such as Advertising, Scanning, Initiating, and Connecting (Master
and Slave).

These layers have been implemented our built-in BLE module into our system

according to (Mourik, 2005; Diagnostics, 2006).
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Figure 3.12. Layered architecture of the BLE protocol stack
(Source: Cypress (2015))

3.2.4. Encoder

Encoders are the electromechanical components allow measuring the amount of
rotation of the rotor by being attached on the stator. They are used to generate digital
position and motion information. Depending on the output type, there are two different
encoders which are incremental or absolute. Incremental encoders are preferred when
the relative position is needed and resolution is defined as counts per turn. Each time the
encoder is powered on it starts counting from zero, regardless of where the shaft is or its
previous position. It is necessary for incremental encoders to re-home upon the reference
point when powered down. They are preferred for simple pulse counting or frequency
monitoring applications such as speed, direction, and position monitoring.

An incremental encoder can have 1 output signal named “A” or typically 2 output
signals, called “A” and “B”. There is a 90° phase difference in order to detect the en-
coder’s rotation. In clockwise rotation, the “A” pulse rises 90° ahead of the “B” pulse and
clockwise rotation, the “B” pulse rises 90° ahead of the “A” pulse. Additionally, some
incremental encoders provide one more output signal called “Z” in order to identify the
homing point with much higher precision.

It is possible to calculate absolute position by incremental encoders and the calcu-
lated value can be reserved in the non-volatile memory of the system. However, it causes

more computational load and for some applications, it is unnecessarily hassling.
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Figure 3.13. BLE roles of the system on simplified scheme

Contrary to incremental encoders, absolute encoders give a different binary output
at each position. Therefore the shaft position is absolutely determined. This type of
encoder is preferred when the absolute position of the rotor according to the stator is
necessary.

There are different absolute encoder types in the markets, most commonly optical
encoders, and magnetic encoders. The ones which were used in this thesis is the magnetic
ones. They produce digital outputs by the rotation of the magnet attached to the rotor.
Suitable magnet type can vary from one magnetic encoder to another and it affects the
resolution. In this thesis, the diametrically magnetized magnets are used with MA702
magnetic encoders. It has 12-bit resolution and provides either absolute output via SPI
interface or PWM signal with a varying duty cycle according to the measured angle, or in-
cremental output via regular A, B, Z signals. For measuring the joint angles, SPI interface
is used as the communication interface between the encoders and the microcontroller.

Also, for the ease of mounting the endoscope, NeuRoboScope project’s mechan-
ical team designed a quick-replace between endoscope and Active Endoscope Holder as
seen in Figure 3.15. According to the holding type of this quick-replace, there the oper-
ation states of the overall system changes system (see section 5.3). In order to measure
how much the surgeon pressed to the button shown in Figure 3.15.b, a magnetic encoder
is used so that it can detect the rotation while the button is pressed.

In this mechanism, the same magnetic encoder is used instead of classical poten-

tiometer type buttons due to mechanical design limitations. In order to measure how much
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Figure 3.14. Magnetic encoder working principle

(Source: archives.sensorsmag.com/articles/1105/15/main.shtml)

the button is pressed as in Figure 3.15 one magnet is attached to the pin of the button and
the encoder is attached to the shaft of the system.

Contrary to the measuring process on the encoders attached to the joints, PWM
output interface of MA702 magnetic encoders is preferred for the quick-replace mech-
anism. The reason for using different interfaces is the mechanical constraints on the
quick-replace mechanism for placing the cables connecting the encoder with the micro-
controller. As it was stated before, the number of required pins for SPI interface is 4
contrary to the PWM output interface’s 3 cables.

Furthermore, the reason why only the encoder attached on quick-replace was cho-
sen to be read on PWM output of the encoder whereas all of the other identical encoders
were read on SPI output is the following: In order to read PWM signals on the micro-
processor with high precision, each PWM input pin needs to be defined as an external
interrupt. However, in the main code, it is preferred as less as ISR requests to be exe-
cuted. Since the highest priority IRQ is the SPI interrupt of the Bluetooth module so that
the communication can start immediately, it can interrupt any other IRQ. This is not a
problem for many IRQs executed in the main code but it can cause wrong values for IRQs
which process time-based measurements such as PWM duty cycle calculations. Also,

the computational cost of reading a PWM signal with interrupts is higher than reading a
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sensor data via SPI protocol by using the DMA stream for such an application.

3.2.5. Force-Torque Sensor

The slave system operates inside the skull full of various tissues and bones. In
order not to damage any part of the skull, it is important to inform the surgeon about
the slave environment. The way of performing this is measuring the forces and torques
exerted on the endoscope when it touches anything inside the skull and returns this infor-
mation to the master side via visual feedback module.

In order to provide the interaction information of the slave robot with the tissue
or bone, one solution is to use an F/T sensor. As the name implies, an F/T sensor is a
device that measures force and torque applied on each axis of the sensor. Its types vary
depending on the mechanism used inside the sensor.

The F/T sensor which is used in this thesis is Mini45 by ATI Industrial Automa-
tion. Mini45 is a compact, low-profile device that can measure up to 5100 N force and
110 Nm torque on x and y-axes, increasing up to 10000N force and 140 Nm torque on
z-axis as the axes are shown in Figure 3.16.

The sensor has twelve silicon strain gauges as located in Figure 3.17. Strain
gauges change resistance as the applied force elongates or shortens the gauge. A change

in resistance can be read as a voltage change. Therefore, force and torque values on each
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Figure 3.16. Axes of ATI Force/Torque sensors

(Source: ATI Industrial Automation, (2015, Feb 18)Why ATI Force/Torque Sensors?
URL: youtu.be/b4nz_hAh7qs)

axis can be calculated separately by taking position and orientation of all gauges into

account.

Figure 3.17. Strain gauge placements of ATI Force/Torque sensors

(Source: ATI Industrial Automation, (2015, Feb 18)Why ATI Force/Torque Sensors?
URL: youtu.be/b4nz_hAh7qs)

Importantly, strain gauges are very sensitive elements to the temperature changes.
For that reason, Mini45 F/T sensor outputs the signal as a combination of two strain
gauges. Electrical equivalent schematic of the transducer is shown in Figure 3.18. Thanks
to this method, the effect of the temperature changes are minimized since both strain
gauges on the same line would be affected similarly. Therefore, twelve strain gauges
compose six half-bridge strain gauges and each pair works together as a voltage divider
to produce a signal representing the pair’s load.

Each strain gauge pair is excited from SGy; pin for the upper excitation voltage
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Figure 3.18. Strain gauge ourputs of Mini45 F/T sensor

(Source: ATT Industrial Automation F/T Transducer without Electronics (TWE) Manual
(ATI, 2018))

and SG'ro pin for the lower excitation voltage as shown in Figure 3.18. The nominal
unloaded output of each of the half-bridges is the voltage halfway between SG gy and
SGo. These excitation voltages can be chosen by the designer depending on the desired
output voltage of the half-bridges. However, since the calibration spreadsheet recom-
mends SVDC for SGg; and OVDC for SG o, these values are used in the application
explained in this thesis.

Although the expected unloaded output is the arithmetic mean of SG iy and SGp 0,
some offset bias voltage presents in practice. Therefore this half-bridge is biased by an-
other half-bridge circuit as shown in Figure 3.19 and both of those half-bridges compose a
Wheatstone bridge. A multi-turn potentiometer is placed in order to calibrate it precisely.
For the calibration, the output signal of the second half-bridge is set exactly the same

value as the strain gauge pairs’ when there is no force applied to the sensor.

SGx_reference_output

SG._lo SG_hi

AN AVAVA
1000 Ohms 200 Ohms 1000 Ohms

Figure 3.19. Bias Reference Voltage Circuit
(Source: ATI Industrial Automation F/T Transducer without Electronics (TWE) Manual)
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Two outputs of the Wheatstone bridge is connected to the OPAMP circuit demon-
strated in Appendix D. Eventually, the output of the OPAMP circuit is connected to the

microcontroller’s ADC inputs.

3.2.6. Actuation System

As it was previously mentioned Active Endoscope Holder has three motors on it
and positions the endoscope by the actuation of these motors. Since the surgical area
involves several vital parts of the human body such as the brain and arteries, it is very
important to have a precise actuation system. As it is mentioned in Section 3.1.2 motors
with planetary gears that has 1:181 gear reduction ratio and a 1:5 capstan drives are used
for the actuation of all 3 active revolute joints to provide the system with finer motion. In
addition to increasing the precision of the motors by gearbox and capstan drives, it is also
important to design a precise driving circuit.

Maxon Motor companies 339150 part number brushed DC motors (MaxonMotor,
2018b) are chosen for this application. The nominal torque that a single motor can apply
is 27.5mNm with 2.45A continuous current under 12VDC supply.

The motors attached on KEY are driven by two different motor drivers on main
processing unit given in Section 3.2.1. The driver regulates the signals provided by the
microcontroller and provides necessary type of signal outputs for the motors. In other
words, the driver provides sufficient power to drive them by an external power source.

In this thesis, L.6207Q DMOS dual full bridge driver by STMicroelectronics com-
pany is used. It can drive two motors simultaneously within the operating range of 8 V
to 52 V and can supply up to 2.5 A current to each motor continuously, but capable of
reaching as high as 5.6 A. The motors are current-controlled according to PWM signal
inputs to Vref pins. The directions of the motors are determined with the logic inputs
to IN1 and IN2 pins of each motor channel. Positive direction is achieved by supplying
HIGH and LOW logic signal to IN1 and IN2 pins, respectively and vice versa for negative
direction.

In the main processing unit introduced in Section 3.2.1, there are two L6207Q
DMOS dual full bridge drivers allowing to drive up to four motors at the same time.
However, within the scope of this thesis, only three motors are driven at a time. The

driver is supplied by 12 VDC external power source.
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3.2.7. Brake System

Even though Passive Balanced Arm system is weight balanced and Active Endo-
scope Holder has motors on its joints, in order to increase the safety of the overall system,
each 8 joint on both PEK and KEY have their own brakes.

Brakes are controlled by a MOSFET system whose gates are connected to the
microcontroller. According to working principle of the brakes which are used in this
thesis, they are released when a voltage difference is applied and they are locked if there
is no voltage difference in between two inputs. For precaution, the brakes are chosen
not to work when there is no power so that it cannot move in case of an electricity cut
circumstance.

According to the proposed teleoperation scheme and the mechanical structure of
PEK and KEY, some of the brakes are locked and released as a group. More clearly there
are three sets of brakes; on the KEY, on the wrist of the PEK and on the arm of the PEK.
Therefore, it does not need to control each motor separately but it is necessary to control
each brake set.

In order to control these brake sets, three different MOSFETSs are connected be-
tween the microcontroller and brakes as demonstrated in Appendix D.

EMF Elektromanyatik Fren ve Kavrama Sistemleri company’s spring weighed
type of brakes with part number ASEM-1 and ASEM-2, which are custom production,
are used on PEK. ASEM-1 has lower power and the nominal torque of it is 2.5Nm. It
requires 24VDC supply and it releases the springs at 0.3A. Three of them are attached to
the structure where two of them are on the wrist structure and one of them is on the arm
structure PEK. ASEM-2 has higher power and the nominal torque of it is 7Nm. It requires
24VDC supply and it releases the springs at 0.7A. Two of them are attached to the wrist
structure of PEK.

Maxon Motor companies 228384 part number brakes (MaxonMotor, 2018a) are
chosen for KEY. The nominal torque of a single brake is 400mNm. It requires 24VDC
supply and it releases itself at 0.2A. Three of them are attached on KEY.
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CHAPTER 4

WORKSPACE ANALYSIS

The proposed teleoperation scheme is categorized under limited-workspace tele-
operated systems. This limitation of the workspace is especially important in NeuRo-
boSope project since the surgical area involves several vital parts of the human body such
as the brain and arteries. The surgical area mentioned here is the critical area where the tu-
mor resection takes place which is just after sella turcica. Therefore, a proper calculation
of the workspace is necessary for the design of KEY. It is also necessary to understand the
key properties of the workspace. One important aspect is the location of the pivot point
with respect to the surgical area. The other important aspect of the workspace is the area
to be visualized during the tumor resection process beyond the sella turcica.

For the calculations of the limits of the surgical area, two different measurement
methods that complement each other are employed. First of all, the total rotational motion
that the surgeon can do during surgery inside the surgical area is measured by using an
IMU placed on the endoscope. In the second method, radiologic data from the patients are
collected and computations of the location of the pivot point and surgical area to be viewed
are carried out in a statistical study in Hacettepe University Neurosurgery Department. In
this section, the measurement processes are explained and the results of both methods are

combined to provide a statistical data for the workspace limits.

4.1. Workspace Analysis Using Inertial Measurement Unit

The purpose of this study is to examine the workspace limits of the surgical area
during a surgery. The shape of the workspace is more likely to be measured as a circular
or elliptic area since the measurements are carried out by performing rotations about two
axes about the pivot point. Therefore, the maximum angles about these two axes that a
surgeon can do during the surgery are investigated. These measurements were performed

by two surgeons on an ex-vivo subject'. 22 different types of motions are recorded.

'According to the national legislation in Turkey, studies involving human cadavers are exempt from
ethics approval. Besides, all cadaveric samples used in our study have been purchased from a qualified
cadaver bank in the USA in compliance with national and international trade regulations. Therefore, we
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Figure 4.1. Euler axes on endoscope

In the experimental setup, one 3-axis accelerometer that is embedded in an IMU,
which is attached to the endoscope used in the surgery, is used. The reason for using
the accelerometer as an inclinometer is to eliminate drifting errors when integrating the
gyroscope values. Since only absolute angular positions (« and 3 in Figure 4.1) about
two axes are investigated, 3-DoF vectorial acceleration information can provide absolute
2-DoF angular position information by the approach in figure 4.1. Since relatively slow
motions are performed during the surgery inside the surgical area, the inertial acceleration
effects are neglected. Therefore, the only acceleration measured by the sensor is assumed
to be gravitational acceleration 7 The principle of calculation of the absolute orientation
of the endoscope in two axes is expressing the measured ? in body-fixed frame F; with
respect to the inertial frame Iy in which ? is always along ugo .

The Euler sequence selected to represent the 3D rotation of the endoscope pre-

sented in Figure 4.2 is expressed as in equation 4.1

have not sought an ethics review for the study.
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Figure 4.2. Demonstration of chosen Euler sequence in coordinate systems.
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Yy tay (1

The gravity vector "/ that is resolved in Fy is presented in 5 in matrix form as
follows:
g — CCOZO). 4.2)

The transformation matrix C' defined between [ and I is calculated by the se-

lected Euler-(21) Rotating Frame-Based sequence and presented in the following equa-

tion.
cosa 0 sina 1 0 0
CEY — CEHOW — 0 1 0 |.]0 cosB —sinp
—sina 0 cosa 0 sinf cosf

cosa  sinasinf  sinacosf
0 cosf3 —sin3 (4.3)

—sina  cosasinf  cosacos3

When equation 4.3 is substituted into 4.2:

Gz cosfsina
7% = b g, | = | —sing (4.4)
9.81 7Y
g- cosacosf3
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The Euler angles, which provide the absolute orientation information of the endo-
scope, are calculated by using the measured §® information and using its components in

equations 4.5 and 4.6.

sin~t —g,/9.81 cosf3 >0
8= { o } (4.5)
T —sin~" —g,/9.81 cosf} <0
and If cosf # 0, a angle is calculated as
a = atan2(0g;, 0gy) (4.6)

where o = sgn(cosf3). If cosfp = 0 that means 3 = =7 then, a angle becomes
indeterminate.

According to these evaluation steps, each measured acceleration value acquired
during the surgery is transformed into « and 3 angles so that the absolute orientation
of the endoscope about two axes can be found. In order to cover the maximum range
of the workspace, it is requested from doctors to perform “2-full-rotations” inside the
allowed workspace within the surgical area. It should be noted that the surgeons do not
perform such large motions during a standard surgery. This 2-full-rotations motion data
provided us a larger workspace than actually used one nevertheless, a safety factor has
been introduced to the kinematic design of Active Endoscope Holder .

Finally, 22 different motion types from 2 different doctors during a surgery are
analyzed and it is calculated that o angle varies in between 12° — 45° and /3 angle varies
in between 1° — 22°. These values may differ from one patient to another, therefore, a
statistical data of the workspace variations is computed by using radiologic data, which is

explained in the next section.

4.2. Workspace Analysis Using Radiologic Measuring

In order to verify the workspace analysis performed by IMU and extend this data
to a larger population’s data, radiologic measurements are carried out in Hacettepe Uni-
versity Neurosurgery Department (Dede et al., 2018). These tests are performed on 28
patients (11 men, 17 women and ages 45.9+16.5) who were diagnosed with a pituitary
tumor in 2017.

The distances defined as A, B, C and D letters are indicating:

* Distance between nostril and sella: 1t is the distance on the middle sagittal plane,

between the pivot point (on the nostril) where the endoscope is stabilized and sella
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Figure 4.3. Tomograpy results

turcica where the pituitary gland is located. This distance represents the dolly mo-

tion (zoom in and out) of the endoscope.

* Distance between planum and clivus: It is the distance on the axis perpendicular
to the depth axis, from the furthest point on this perpendicular axis (sella base)
and upper base of the sphenoid sinus (planum sphenoidale) sella turcica where the
pituitary gland is located. This distance represents the dolly motion (zoom in and

out) of the endoscope.

Results of the measurements and standard deviations are shown in Table 4.1. All

units are in cm.

Table 4.1. Radiologic results and standard deviations
(Source: Dede et al. (2018))

Average 95% confidence | 99.7% confidence
Measurement +Standard interval interval
Deviation(SD) (Avg+2SD) (Avg+3SD)
A - Depth of Workspace 9.5+0.5 8.5—10.5 8§—11
B - Height of Workspace 2.£0.5 1.7=3.7 1.2-42
C - Middle weight of Workspace 3.0£0.5 22-38 1.8—-42
D - Maximum weight of Workspace 3.4£0.5 24—-44 1.9-49
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4.3. Discussion

Two different types of measurement methods are used to assess the workspace
inside the skull. One is performed measuring the endoscope motions during a surgery via
an IMU and second type of measurements is carried out by investigating the tomography
results of a population suffering from a pituitary tumor. These two types of measurements
are combined in order to extend the endoscope motion data received in the first type of
measurements to a wider range of the population. In order to combine these results, a

relation between the endoscope motion and tomography results should be established.

min
—(0)
Uy
ﬁ(o)
3 0
€ A < > ﬁz( )
P

max

Workspace Section

Figure 4.4. Workspace section

Figure 4.4 indicates the relation between the endoscope motion and the surgical
area (workspace section) measured from tomography results. This relation enables the
calculation of the workspace section covered by the tip point of the endoscope due to o
and [ rotations obtained in section 4.1 or vice-versa. The distance definitions denoted in
the Workspace Analysis Using Radiologic Measuring Section are used for consistency.
However, since D length is larger than C length to identify the workspace section, in
order to insert a safety factor in the calculations, D length is used to define the workspace
section.

The position vector of the endoscope tip point from pivot point is denoted as T =

54



r7§2). It is defined in the Earth (inertial) frame as
72/0 = 007 (4.7)

where (') is the inverse of the rotation matrix calculated in Section 4.1 and column

representation of the position vector in Earth frame is defined below.

AV PN (4.8)

r3

When equation 4.8 is substituted into equation 4.7, the following results are ob-

tained, where T is the diagonal length of the workspace section.

rs = —5 = ASZ%%
=g = —ASiHECOS% (4.9)

T =+/B?+ D?

On the other hand, instead of using the absolute values of the angles that determine
the workspace as defined in section 4.1, the mean of the o and /3 angles are moved to
zero. v and (3 angles’ range is taken as the largest motion that any one of the doctors has
performed to construct the largest possible workspace. Otherwise, since the absolute limit
angle values denoted in Section 4.1 are the combination of both doctors and it depends
on the gripping style of the doctor and thus, using combined maximum ranges of motion
would not be reliable.

According to IMU measurements, the maximum range of « angle is 22° and /3
angle is 12°. As the mean of the ranges of angles are moved to zero since the designed
KEY starts motion from its home position without any offset, «v is designated to vary in
between (—11°,11°) and j3 is designated to vary in between (—6°,6°).

Assuming the patients on which the IMU measurements were performed has nom-
inal skull sizes, the average value of A parameter is used in equation 4.9. Also, resetting
the ranges of « and (3, the maximum ranges of these angles are substituted into equa-
tion 4.9 and a nominal 7" is calculated using the IMU measurements as 77 = 4.12cm.
However, T" value calculated from the IMU measurements is different from the average
T value calculated from the radiological data. The ratio between the average value, T}.41i0,

is denoted below.
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T'atio provides information about the ratio between the viewable workspace sec-
tion and the required endoscope motion to view this section. Figure 4.5 presents the surgi-
cal area versus the actual workspace of the endoscope by denoting the average calculated

values of both workspaces diagonal length.

Tratio = — = —— = 0.95 (4.10)

Sugical Area

Actual workspace of the endoscope

Figure 4.5. Actual workspace of the endoscope in surgical area

In order to extrapolate the IMU measurements to a wider population, 99.7% confi-
dence interval is chosen. Accordingly, the maximum workspace parameters are identified

as follows:

00.79% = Tratio ¥ Dog.7% = 4.66cm
00.7% = Lratio * Bog.7s = 3.99cm (4.11)
00.7% = Tratio * Tog.7% = 6.12cm

Equation 4.9 is reorganized to calculate the maximum range of the endoscope

motion in two axes as follows:

= —2 1 _—
a asz7z(2A)

(4.12)
, D
B = 2asin(—)

2Acos—

2
where v and 3 are the total rotation when the calculated maximum ranges of «
and /3 are distributed about null position, the ranges are described as (—§, ) & (—g, g)
Substituting Dy o, and By, ;o values into equation 4.12, the maximum range of
motions of the endoscope about two axes are calculated as g 7, = 33.86 and [gg 79, =
36.68. These results indicate that Active Endoscope Holder limits should be within this

range in order to be in 99, 7% confidence interval.
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CHAPTER 5

SYSTEM OPERATION MODES

In the first section of this chapter, two different processing methods of the doctor’s
hand motion demands are explained under teleoperation information flow alternatives
category (Dede et al., 2017). Among these two methods, the one that requires the least
effort by the surgeon is to be determined via user evaluation tests.

In Section 5.2, two usage mode of the master system is introduced under master
system’s command computation alternatives (Ates et al., 2018). These two modes allow
the doctors to choose the most feasible use of the master system in order to generate
commands.

The experimental procedure and test results of these two sections are not covered
in this chapter but explained in Chapter 6.

In Section 5.3, the operation states of the robotic system are covered from the ini-
tiation process to termination of the whole system operation when the surgery finishes.
Each state is explained in details by denoting in which combination of the user buttons
make the system work in the represented state and what outputs the system issues accord-

ing to its current state via visual feedback panel of User Interface .

5.1. Teleoperation Information Flow Alternatives

The gyroscope in the master system measures angular rate and this information is
used to compute the driving commands of endoscope robot. Two different approaches are
formulated by processing this angular velocity information using two different method-
ologies as stated in Dede et al. (2017). Both of these methods start by integrating the
angular velocity measured by the gyroscope as soon as the foot pedal is pressed (for-
merly, a push button attached on the replica of a surgical tool. See Section 6.1.1) in order
to eliminate the drift problem in the discrete integration process. Otherwise, in longer
durations of the integration process, drift occurs due to discrete integration.

In the first method namely displacement-to-displacement method, doctors need
to move their hand until the endoscope tip point reaches the desired position. In this

scenario, doctor’s hand is required to cover wider workspace. On the other hand, in the
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second method namely displacement-to-velocity method, doctors do not need to keep
moving their hands during the whole motion of the endoscope. Since the endoscope
keeps moving at a constant speed when the doctors hold their hand stable after giving an
initial orientation, the workspace covered by the doctor’s hand is relatively smaller than

the previous method.

5.1.1. Displacement-to-displacement method

In this method, integrated angular velocity is processed as the POSITION demand
of the slave system. The process is triggered by pressing the foot pedal and the position of
the endoscope tip point changes according to the doctor’s hand orientation directly until
the foot pedal is released. As soon as the pedal is pressed again, the integration process
is initiated by taking the initial position of the ring as zero. As a result of this, relative
position information can be forwarded to KEY.

This method can be understood easier if the working principle of the mouse on a
screen is considered. As the mouse is moved, the cursor on the screen is moved propor-
tionally. Similarly, if the mouse is stopped, then the cursor stops moving. Then, during the
re-initiation of the process, if the mouse position has reached the boundary of the user’s
workspace, it can be picked up and placed in the middle of the workspace and transmit
the relative motion information with respect to this new initiation location. Nevertheless,
the violation of the workspace can be avoided by increasing the sensitivity of the mouse
which calls for a more precise operation by the user for keeping the same precision in
operating the mouse.

The similar working principle applied to this method. The amount of the rela-
tive position change of the endoscope tip point is directly proportional to the orientation
change of the surgeon’s hand. This proportional relationship is adjusted by gains which
also results in changing the sensitivity of the operation. Equation set 5.1 explains the

working principle of this method.

S; = sat(Ky [ Rydt + Si—1);i=0,1,2, ...
Y = sat(K, [Y,dt +Yi—1);i=0,1,2, ... (5.1)
P = sat(K, [ Pdt+ Pi—1);i=0,1,2, ...
Each time the pedal is pressed, real-time gyroscope measurements are sent to the
slave system and also pressing the pedal increases the i count by 1 in Equation set 5.1. In

the initial conditions, Sy, Yy and P, values are set to zero and the S;, Y; and P, values
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are updated as long as the pedal is pressed. After the pedal is released S, Y; and P,
values are stored for the next time the pedal will be pressed. S;, Y; and P; are the "
displacement demand along surge (dolly) axis, i*" angular displacement demands about
the yaw and pitch axes, respectively. R,, Y, and P, are the angular rates measured from
the gyroscope about the roll, pitch, and yaw axes. Finally, K, K, and K, are the gains
used to scale the workspaces of the main control unit attached surgical tool and the slave
robot handling the endoscope. If these gains are selected to be larger, then with a smaller
motion of the main control unit attached surgical tool, a larger displacement demand for

the slave robot will be issued.

5.1.2. Displacement-to-velocity method

In this method, the integrated angular velocity information received from the ring
is processed as the VELOCITY demand of the slave system (KEY). This process is
triggered by pressing the foot pedal and the velocity of the endoscope tip point changes
according to the doctor’s hand orientation until the foot pedal is released again. As soon as
the pedal is pressed again, the integration process is initiated by taking the initial position
of the ring as zero which results in a zero initial speed command to KEY.

In this method, contrary to the displacement-to-displacement method, the endo-
scope is not stopped when the doctor stops moving his/her hand. In this case, the en-
doscope stops accelerating but keep on moving with the same speed which is directly
proportional to the stationary orientation of the doctor’s hand. As soon as the pedal is
released, the endoscope motion stops, the angular position of the ring is set as zero and
the integration process stops.

Equation set 5.2 explains the working principle of this method.

S; = sat[(Ks.o [ Rydt+ Si—1)];i=0,1,2, ...
Y; = sat[(Ky.o [ Y.dt +Yi—1)];i=0,1,2, ... (5.2)
P, = sal|(Ky.o [ Pdt+ Pi—1)];i=0,1,2,...

The parameters, initial conditions and the applications of the formulas for this
method are almost the same as the previous method. The only difference is that in the
first integrations, a reset signal is utilized to reset the result of the first integration in
Equation set 5.2 to zero whenever the pedal in the master side is released. Therefore,
whenever the pedal is not pressed o values in Equation set 5.2 becomes equal to 0 and

otherwise it is equal to 1. In this way, it is guaranteed that the control demand in terms of
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velocity sent to the slave system is a zero command and the slave robot does not operate

until the pedal is pressed.

5.2. Master System’s Command Computation Alternatives

The proposed teleoperation system (shown in Figure 5.1) allows the surgeons to

remotely control an endoscope using their hand within a constrained environment (such

as holding a tool that is partially inside a patient’s nose) (Ates et al., 2018). Teleoperation

schemes differ depending on masters system’s command computation methods.

Evaluations of the operation modes introduced in this section are explained and

the results are discussed by comparing the operation modes in terms of usability, learning

curve and the user effort in Section 6.2.
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Figure 5.1. An overview of the teleoperation schemes.

The teleoperation system presented in this section allows the surgeons to control

an endoscope remotely using their hand within a constrained environment (i.e. holding a

tool that is partially inside a person’s nose). This system is composed of three parts as;

master, slave and communication channels which are depicted priorly in Figure 3.1. The

master consists of 2 parts:

* A ring that embeds a 6 DoF (Degree of Freedom) IMU (Inertial Measurement Unit)

and Bluetooth module and is worn on the surgeon’s index finger of the hand that

will hold the non critical tools during the surgery. It transmits the angular velocity

and acceleration of the surgeon’s hand motions at a rate of 100 Hz.

* A foot pedal that triggers the teleoperation scheme and sets the operation mode.

The slave consists of 3 parts:
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* A microcontroller that implements the teleoperation scheme’s algorithm described
in Appendix B, in order to generate a set of velocity demands for the endoscope

robot controller.

* Endoscope Robot Controller: a microcontroller that processes the generated endo-
scope velocity demands and utilizes motor drivers and signal processing to control

the endoscope robot accordingly.

* Endoscope Robot: a manipulator with its joint actuators and sensors that handles
an endoscope. This robot has 2 rotational DoF (pitch and yaw) and 1 translational

DoF (dolly) around a remote center of motion (Yasir and Kiper, 2018).
There are two communication channels:

* Wireless: transmits the angular velocity and acceleration vectors measured by the

ring to the microcontroller.
* Wired: transmits the pedal state to the microcontroller.

The teleoperation schemes render hand motions by integrating the angular velocity
that the ring transmits, calculating the angular position difference since the foot pedal was
pressed, and then maps these angles to a proportional velocity demand for the endoscope
as shown in figure 5.2. The accumulated angle is reset to zero when the pedal is released.
This is also known as the displacement to velocity teleoperation scheme as described in
Dede et al. (2017).

current orientation of ring

(foot pedal is still pressed) (endoscope) (ring)

wpitch = epitch
pnchs.v_"»

doll ,/ yaw

A

orientation of ring when
foot pedal was pressed

b Pivot
point

Figure 5.2. Representation of angle accumulation and its mapping to a velocity demand

There are 3 system states:

* OFF: when the teleoperation system is inactive and the angle accumulator is reset

since the foot pedal is not pressed.
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* ROTATION: when the foot pedal is pressed and held down. In this mode, only mo-

tions of the ring mapped to the rotational motions of the endoscope are processed.

* DOLLY: activated when the foot pedal is pressed 2 consecutive times (a double
click) and held down. In this mode, only the motion of the ring mapped to the dolly

motion of the endoscope is processed.

The reason why ROTATION and DOLLY motions are separated into two differ-
ent state is while the surgeon means to execute one motion (especially in dolly motion),
he/she orients their hands about other axes, as well (translational axes). This causes un-

demanding motions of the slave system.

* Coupled 3D mode: when the system is in the DOLLY state, the ring’s roll motion

is mapped to the endoscope’s dolly motion.

* Coupled 2D mode: when the system is in the DOLLY state, the ring’s pitch motion
is mapped to the endoscope’s dolly motion, which means 3 DoF Robot is controlled

by only 2 DoF motion of the hand.

5.2.1. Uncoupled Mode

In this mode, no axis alignment is performed, meaning that the surgeon depends
on their index finger’s motions to control the endoscope. Orientations are rendered in the
ring’s own frame, they are not assigned into Earth’s frame. Intuitively, the surgeon would
be holding a tool with their hand except for the index finger which would be free to move
when the surgeon wishes to control the endoscope. Also due to the physical difficulty of
performing roll motion while the surgeon’s hand is gripping a tool, the pitch motion of the
ring is mapped to the dolly motion of the endoscope when the system is in the DOLLY
state. The mapping of the ring’s motions to the endoscope’s motions are described in
Table 5.1.
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Table 5.1. Axes map of uncoupled mode

mode ring motion | endoscope
motion
pitch pitch
ROTATION yaw yaw
e 0 dolly
0 pitch
DOLLY 0 yaw
Figure 5.3. Uncoupled mode pose pitch dolly

5.2.2. Coupled Mode

In this mode, the surgeon is able to control the endoscope while maintaining their
full grip around the tool. The hand motions are performed with the tool as a guide. The
ring’s motions are performed by rotating the tool while keeping its tip stable, giving the
feeling the rotations are performed with the tool’s tip as the pivot. The location of the
pivot point can also be chosen by the surgeon. The motions are mapped in such a way that
tool rotates proportional to the endoscope’s desired rotation. To allow for such motions,
axis alignment is performed to compensate for the hand’s orientation while holding the
tool. Axis alignment will reorient the angular velocities measured in the ring frame to the
Earth’s inertial frame of reference.

Two variations of tool pose are defined differing only in the mapping of the endo-

scope’s DOLLY motion:

* coupled 3D mode: when the system is in the DOLLY state, the ring’s roll motion is

mapped to the endoscope’s dolly motion.

* coupled 2D mode: when the system is in the DOLLY state, the ring’s pitch motion
is mapped to the endoscope’s dolly motion, meaning we controlling a 3 DoF Robot

using only 2 DoF motion.
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Yassi; et i Table 5.2. Axes map of coupled 2D
i mode ring motion | endoscope motion
" pitch pitch
wwwwwwwwwwww ROTATION roll yaw
~~~~~~~~~~~~~~~~~~~~~~~~~ 0 dolly
0 pitch
DOLLY 0 yaw
yaw dolly

Table 5.3. A f led 3D
Figure 5.4. Coupled modes pose anie Xes map of coupie

mode ring motion | endoscope motion
pitch pitch
ROTATION roll yaw
0 dolly
0 pitch
DOLLY 0 yaw
pitch dolly

5.2.2.1. Axis Alignment

The misalignment of the ring’s vertical axis with the Earth frame’s vertical axis
(given by the unit vector of the ring’s accelerometer data) is compensated transforming to
the gyroscope angular velocity vector data transmitted by the ring to render them in the
Earth’s frame of reference by using Euler rotation sequence.

The first step of axis alignment is to assign raw gyroscope angles wy, wy, w, to
their corresponding rotational motion yaw, pitch, roll by deciding which of the ring’s
accelerometer axes is closest to the z-axis of the Earth frame when the button was pressed.
(Currently, this is done manually based on which orientation the surgeon is assumed to
hold a tool with, but there are plans for automating the vertical axis selecting in the future).
Then the unit vector of the accelerometer data @ is used to determine the orientation of
the gyroscope axes and to select which of the axes should be considered as the vertical

roll axis.
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Figure 5.5. Visualization of the misalignment between the ring and Earth’s axes.

Then, the unit vector that defines the gravity direction in ring-fixed frame is cal-
culated as:
@

= e = nwu_;m + nyu_g(” + nzﬁg(” (5.3)

]l

This unit vector 77 is used in order to determine how much the ring is rotated
with respect to the Earth’s frame. Since the gravity vector is defined as ¢ = ¢.u.(©
in Earth’s frame, the orientation about ) cannot be determined. Assuming the ring
is oriented with a Euler Y-X sequence by « and  amount of rotations respectively, the

transformation matrix C(¢") from Earth’s frame to ring’s frame is evaluated as follows:
Cler) — elvagiah (5.4)
where, its « and 3 values can be determined by solving the following equation:
) = ooy, (5.5)

Given the raw gyroscope data of angular velocity in the ring-fixed frame, W which
is the input to the accumulator node in the Coupled Modes, is calculated with the follow-

ing formula:

{ﬁaligned} = w(e) = CA'(efT) . w(r) (5.6)
Fe
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5.2.2.2. Angle Accumulator

The angle accumulator converts the raw IMU gyroscope data (angular velocity W)
to the angular displacement which will be processed to be a velocity demand as proposed
in Dede et al. (2017). It is active and accumulating when the teleoperation scheme is
active and is reset and stopped when the teleoperation scheme is deactivated. The angle
accumulator is mathematically modeled in (5.7), with K; being the scaling constants, and
o being the activation value and it is set to 1 when the teleoperation scheme is active, and

0 otherwise.

") ' ‘ ‘ r  in Uncoupled Mode
0; = sat | K; - U/wij dt|; 1= pitch,yaw,roll; j =
e in Coupled Modes

(5.7)
5.2.2.3. State Machine for the Foot Pedal

The state machine is responsible for managing the system state and its transitions
based on the foot pedal press states. The transition of the system’s states are shown in

Figure 5.7 and Figure 5.6, and described as follows:

Foot pedal

pressed once
(and held)

Foot pedal
pressed for the
second time within a time
frame shorter than Taony
(and held)

Foot pedal
does not pressed
for the second time
(and keep held)

Figure 5.6. State machine for the foot pedal

The transient state is not an actual state of the system. The system state stays in

OFF state, however it checks whether the foot pedal is pressed consecutive times.

66



* OFF: set when the pedal is released. The angle accumulator is reset and stopped,

and the teleoperation scheme is inactive.

* ROTATION: set when the foot pedal is pressed and held down longer than a prede-

fined time called the double click tolerance 74,1;,,. Only motions of the ring mapped

to the rotational motions of the endoscope are processed.

* DOLLY: set when the foot pedal is pressed 2 consecutive times and it is held down

longer than 74y, in the second time, where the time elapsed between the two pedal

presses iS 740y Only the motion of the ring mapped to the dolly motion of the

endoscope is processed.

7N

(~ foot pedal
pressed "1™

ROTATION

foot pedal OFF
\_ released™t~

OFF

. .foot pédal
pressed =T

1710Q 01 19s djels
NOLLY_LOY 01 }os pieis

DOLLY

foot pedal OFF OFF
released =T~ i

Toony

Figure 5.7. Visualization of system state transitions.

5.2.2.4. Decoupling and Mapping

The final step of the scheme is converting and mapping the accumulated angle dis-
placement to appropriate velocity demands for the endoscope robot controller according
to the current system state. The mapping is fully dependent on the mode of operation and

is described in their relevant subsections (5.2.2 and 5.2.1).
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5.3. Overall System’s Operation States

During the surgery, the system should operate in different states under different
scenarios according to sensor readings or surgeon’s inputs to the system by different
buttons (see section 3.1.5.1). Actually, these states can be summarized into following
sections starting from the setup of the system until the shut down it when the operation

finishes. See Appendix E for summarized chart.

« SHUT DOWN STATE :

— Main Power Button is in OFF state and there is no power in the system.

— Passive Balanced Arm and Active Endoscope Holder are locked from their all
joints.

— Main Control Unit , Communication System and User Interface is in OFF
state.

— Before the surgery starts and when the surgery ends, the medical team should
leave the system in this state.

« EMERGENCY STATE :

— As soon as Emergency Button is pressed, the system starts operating in this
mode.

— The power of the microcontroller is cut.

— This is the mode in which the system is able to be driven manually by the relay
system connected to the brakes on the arm structure of PEK even though the

power of the microcontroller is cut.
— All brakes on Active Endoscope Holder are locked.

— 3 brakes of Passive Balanced Arm on its arm are open whereas 2 brakes on the
wrist are locked so that the surgeon can back-drive the system by positioning

the system along these 3-DoF.
* MANUAL STATE :

— As soon as Manual Control Button is pressed, the system starts operating in

this mode.

— This is the mode in which the system is able to be driven manually
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— All brakes on Active Endoscope Holder are locked.

— 3 brakes of Passive Balanced Arm on its arm are open whereas 2 brakes on the
wrist are locked so that the surgeon can back-drive the system by positioning

the system along these 3-DoF.
* PASSIVE STATE :

— Triggering Surgeron Holds Endoscope Button enables this state.

— There are two sub-states according to pressing type of Surgeron Holds Endo-

scope Button :

ENDOSCOPE IS HELD:

* In this mode, the surgeon takes out the system from surgery zone without

detaching the endoscope.

« Surgeron Holds Endoscope Button is half-pressed and tiny vibration mo-
tor on hot-plug is vibrating for haptic feedback in order to issue a feed-
back starting that this type of pressing is sufficient to back-drive the sys-

tem.
% All brakes on Active Endoscope Holder are locked.

x All brakes of Passive Balanced Arm are free, however, the very first linear
joint’s brake is locked since it is only changed by the beginning of the

surgery to arrange the overall system’s height.

% In order to leave this state, the surgeon releases Surgeron Holds Endo-
scope Button in a close neighborhood of the surgery zone. After a short
wait ( 1sec), the system centers Active Endoscope Holder and enters
WAIT STATE.

x If surgeon releases Surgeron Holds Endoscope Button inside the surgery
zone and if Active Endoscope Holder needs to be centralized than the
system would not take any action and gives visual feedback on User In-
terface that it needs to be centralized. In this case, the surgeon should
reposition the system away from surgery zone and let the system central-
ize itself. Then, it enters WAIT STATE.

ENDOSCOPE IS DETACHED :

* In this mode, the surgeon takes out the system from surgery zone by de-

taching the endoscope.



# All brakes on Active Endoscope Holder and Passive Balanced Arm are
locked.

* When surgeon re-attaches the endoscope to the system, s/he is supposed
to press Surgeron Holds Endoscope Button half so that the system can be

manually driven again by releasing the brakes of Passive Balanced Arm .
* WAIT STATE :

— This state is the one that the system stays most of the time.

— After any passive states explained above, the system enters WAIT STATE
unless Main Power Button , Emergency Button or Surgeron Holds Endoscope
Button is triggered. Before entering this state, Surgery Zone Button check

process is performed as explained in Appendix E.
— All brakes on Active Endoscope Holder and Passive Balanced Arm are locked.

— Surgeon knows the system is ready to enter the ACTIVE MODE by triggering

Master-Unit-is-Active Switch (in other words, the foot pedal).

— In any case of leaving this state except for entering the ACTIVE MODE, the
system needs to check if centering is needed for Active Endoscope Holder .
This is crucial for especially if Active Endoscope Holder is within limits from

the previous state.
* ACTIVE STATE :

— It is the state when Master-Unit-is-Active Switch is triggered in WAIT STATE.

— There are two sub-states according to the pressing type of Master-Unit-is-

Active Switch :

ROTATION STATE :

* The system enters this mode when Master-Unit-is-Active Switch is pressed
only once (and held down). Yaw and pitch motions of the ring are mapped

as yaw and pitch motions of the endoscope.

# All brakes on Active Endoscope Holder are free and all brakes on Passive

Balanced Arm are locked.
DOLLY STATE :

* The system enters this mode when Master-Unit-is-Active Switch is pressed
twice (and held down). Roll motion of the ring is mapped as dolly mo-

tion of the endoscope if the system was chosen to operate in the coupled
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mode with 3-DoF control commands. Pitch motion of the ring is mapped
as dolly motion of the endoscope if the system was chosen to operate in

either coupled mode with 2-DoF control commands or uncoupled mode.

% All brakes on Active Endoscope Holder are free and all brakes on Passive

Balanced Arm are locked.

5.4. Discussion

In this chapter, operation modes of the system are explained. Firstly, teleoper-
ation information flow alternatives are discussed. These alternatives are proposed as
displacement-to-displacement control or displacement-to-velocity control of the slave
robot by the master (ring). Secondly, three master system’s command computation al-
ternatives are proposed in order to give an easier and more intuitive controlling option to

the doctors. Finally, the operation states of the overall system are introduced.
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CHAPTER 6

USER EVALUATION EXPERIMENTS

Three different experiments are executed for testing two proposed operation modes
explained in Chapter 5. The first experimental procedure is performed in order to deter-
mine the type of teleoperation information flow. The second experimental procedure is
performed in order to determine and improve the usability of the ring device. Under this
process, two different procedure is performed: optimal scaling determination between

master and slave, and tests for determining command computation types.

6.1. Tests for Determining the Type of Teleoperation Information

Flow

As it is mentioned in Section 5.2, that there are two different processing meth-
ods of the doctor’s hand motion demands which are displacement-to-displacement and
displacement-to-velocity. This section explains the experimental procedure of choosing

the one that requires less effort by the surgeon.

6.1.1. Experimental Setup

The experimental setup is composed of a replica of a surgical tool (represents the
ring controller) with an embedded gyroscope with an attached push-button (represents
the foot pedal) to be used as the master system and a virtual 3-DoF spherical arm robot
representation of the slave robot. Since at the beginning phase of this thesis, the proposed
master system was an attachable device on any surgical tool, the master system of this
experimental setup is not a ring but an IMU attached to the replica of a surgical tool. The
slave system is a virtual spherical arm robot and a camera viewpoint placed at the tip point
of this robot arm. The surgeon handling the master system is shown in Figure 6.1. While
the surgeon uses the replica of the surgical tool, he/she can prefer viewing the surgical
area from the computer screen as shown in Figure 6.2 for more intuitive usage. This view

is generated by the virtual camera placed at the tip of the slave robot. As the robot is
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moved by the processed control demands, the view of the virtual surgical area changes
accordingly. This provides the sense that the surgeon is controlling a real endoscope
robot which is handling the camera during a surgery. The surgeon constantly looks at the

endoscope image presented on a screen.

1501 ~ | Fiy rdm A0 |dd|e B loe

Figure 6.1. Master-slave system of the test setup for determining the type of teleoper-
ation information flow

Figure 6.2. Actual surgical view on the endoscope monitoring screen

The replica of the surgical tool, which is produced by using an additive manu-
facturing system, is shown in Figure 6.1 and 6.2. The main control unit on this tool is
composed of a gyroscope unit and a push-button.

In the experimental setup, the gyroscope of the inertial measurement unit (IMU)
named GY-88 MPU-6050 by MotionTracking Devices is used. This sensor offers four

different sensitivity measures. In the scope of this work, the resolution is relatively more
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important than full-scale range; therefore, F'Ss /L = 0 setting is selected to set the range
as £250 °/sec and sensitivity as 131 LSB/(°/sec). In order to receive and process the mea-
surements obtained from the gyroscope, Arduino Mega 2560 board is used. I12C protocol
is used for the communication between microprocessor and gyroscope in order to have a
noise-free acquisition of the sensor measurements. The processed sensor measurements
are forwarded to Matlab via the serial port as control demands for the slave robot in real
time by using Real-Time Windows Target at a sampling frequency of 50 Hz. This rate
is enough for visualization of the surgical area. The connection details of the gyroscope
and the push-button are shown in Figure 6.3. LED is placed to warn the surgeon that the

push-button is pressed and the data is being transferred to the slave system.

Resistor1
15002

S

Button

Resistor2
2200

MPU 6050 Gyroscope
=

Arduino Board

Figure 6.3. Connection of the gyroscope and the push button with the microcontroller

The flowchart of the main control unit is shown in Figure 6.4. It is observed
from the figure that the system initiates as soon as it is connected to the power. In the
first step, 12C and serial communication protocols should be declared since all the wiring
between the gyroscope and the Arduino board should be known by the microprocessor
before receiving any signal. Then, the baud rate of serial communication is specified.
After these, identification starts and gyroscope measurements are acquired and kept in
predefined variables. This process repeats in each loop.

The push-button is used to either allow or prevent the data flow from the Arduino
board to Matlab. The state of the button is checked continuously and if the button is

pressed, data flow is allowed and the speed information is sent to Matlab. Otherwise, only
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“zero” value is sent through the serial port.

Start12C protocol

Start Serial
Communication
Pratocal

¥ ¥

OFF the indicator OM the indicator
light light

Save the speed
values into the data
sequence

Setun
|

Loop
|

i

Send dafa sequence Send "zero” value
through serial port throught serial port

Figure 6.4. Flowchart of the implemented algorithm on Arduino board

In the main control unit, there is also an indicator light (LED) to indicate the data
flow condition. If the light is on, it means that the system is ready for the data to be sent
but currently there is no data being sent. If the light is off, that means there is a loaded
data flow over the serial link. The state of this light is dependent on the condition of
the push-button. The program is terminated stopping the hardware-in-the-loop simulation

built in Matlab Simulink.

6.1.2. Test Results

This work is dedicated to investigating the most suitable way of control demand
acquisition from the surgeon in order to control an endoscope robot during the endoscopic
pituitary surgery. Even before constructing the robot to control the endoscope, a simu-

lation of the surgery is developed only to evaluate the ease of sending control demands
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to the slave robot, which is also called the endoscope robot in this work. The experi-
mental setup is devised as a hardware-in-the-loop simulation in which the control signals
are acquired from a gyroscope and processed to drive a virtual slave robot with a camera
that can replicate the visual information in the related surgery. In this study, there is no
haptic feedback and the virtual robot is directed by only motion demands in a kinematics
mode simulation environment. Two different methods to drive the endoscope robot have
been developed and the neurosurgeons from Hacettepe University tested the system with
these methods. The first method is very similar to moving the cursor with the mouse on a
screen. Although the workspace scaling ratios are increased, it was found to be requiring
too much motion during a surgery. It should be recalled that the main controller with
the gyroscope is mounted on the replica of a tool and this tool is inside the surgical area
during the control of the endoscope robot. The displacement-to-velocity method is evalu-
ated to be much easier to be operated with minimal effort especially when the workspace
scaling ratio is increased. In this method, although the surgeon moves the replica of the
tool in the required direction by a minimal amount and just stops there while pressing the
push-button, the slave robot still continues to move the endoscope in the required direc-
tion. As a result of these evaluations, the displacement-to-velocity method was found to

be the most convenient way of sending control demands to the endoscope robot.

6.2. Tests for Usability of Master System

For determining the master system’s command computation, the slave system is
simulated in two different software environments. One environment named CHAI3D
(Chai3d, 2018) provides 3D visualization for the doctors while the second environment is
a script evaluates the learning curve and effort in use.

This 3D simulation environment is designed to give a more realistic feeling for the
doctors as if they were in the surgery room. Tests are executed for determining the most

intuitive and comfortable usage of the ring to control the slave system.

6.2.1. Optimal Scaling Determination Between Master and Slave

In order to determine the most convenient scaling factors between the motions
of the ring and the motion of the endoscope positioned by Active Endoscope Holder

optimal scaling determination test is performed in CHAI3D environment.



CHAI3D (Computer Haptics and Active Interface) is an open source set of C++
libraries for computer haptics, visualization, and interactive real-time simulation. It was
designed to make it easier and more intuitive for developers to create applications that
combine 3D modeling with force-feedback rendering capabilities.

Additionally, since all quantities are expressed in IUS (metric) unit in CHAI3D

environment, this framework is convenient to perform optimal scaling determination tests.

6.2.1.1. Experimental Setup

As a master, Dialog Semiconducters Company’s DA14583 10T sensor develop-
ment kit (DialogSemiconductor, 2018) is used. A ring-shaped outer case is produced by
additive manufacturing as seen in Figure 6.5

For this test setup, only gyroscope values are processed to create velocity demand
of the slave. The maximum angular rate is adjusted as 250 deg /sec where +250 deg /sec
is the lowest range that BMI160 IMU sensor inside the IoT sensor development kit pro-
vides. By choosing this rate, the ring device captures the hand’s rotational speed at the
highest precision. The ring information is transmitted as a raw data via Bluetooth to the
slave.

Afterwards, the slave controller’s microprocessor sends the processed data to the
simulation environment, which is CHAI3D platform, via UART in a wired medium as the
velocity demand of the slave.

As the microcontroller on the slave, STM32F401 Nucleo Development Board
(STM32F401RE, 2018) is used as shown in Figure 6.5. Its main purpose is to establish
a wireless (in Bluetooth Low Energy protocol) communication with the master device,
get the angular velocity information through that communication line, filter this informa-
tion and integrate it to obtain a reliable angle information in order to calculate the hand’s
orientation, and transmit it as a velocity demand of the slave to PC via USART. The Blue-
tooth module used in the slave controller is STBLE-RF Bluetooth Low-Energy module
(STBLE-RF, 2018).

The slave system is a virtual endoscope that is able to move in 3D space in
CHAI3D environment. In order to introduce the slave controller to the CHAI3D envi-
ronment, a custom driver is written in C++ since CHAI3D environment only supports
C++ language. The driver gets the integrated hand’s orientation by setting up a serial
communication line, and processes this data into the virtual endoscope position on the

screen. Additionally, the slave environment provides two different views as shown in
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Figure 6.5: the whole world of the virtual endoscope in its workspace on the left and the

camera view of the endoscope on the right.

Endoscope View

?

) ] S i m

Figure 6.5. Experimental setup for optimal scaling tests

The ring provides 3-DoF angular velocity information with the trigger of foot

pedal as described in Figure 6.6.

MASTER SLAVE

Homogenous
Transformation

Figure 6.6. Information flow in the test setup of optimal scaling determination between
master and slave

In the surgery, the endoscope is leaned on the nose tissue as a support and oriented
as if this contact point was a pivot point. In order to import this usage into the visual
environment, the following homogenous transformation matrix (4x4) in equation 6.6 is

formed.
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The rotation matrix is formed by using Euler angles such that:

ﬁzegeﬁyel

R(3x3) =€

cosBicosly —sinby coslysindy
= |cosOysinfy  coslly  sinbisinb,
—sind; 0 costy

which can be transformed into HTM without any translation:

cosficosly —sinby cosbysinfy 0

Himy — costsinly  cosly  sinbisinfy, 0
—sinby 0 cosb 0

0 0 0 1

On the other hand in translation column vector can be evaluated as:

Tt — [53

00}

6.1

(6.2)

(6.3)

where s3 = pivotO f fset 4 03. pivotO f fset is the distance between the tip point

of the endoscope and the pivot point. This column vector can be transformed into HTM

without any rotation:
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(6.4)

and,

H 1

(4z4) =

K
0
0
0

0
1
0
0

0
0
1
0

— 83
0
0
1

(6.5)

Hence, the homogenous transformation matrix representing rotation about a given

point is calculated as in the equation 6.6 where the point is the pivot point which is s3 cm

is away from the endoscope tip point and the #; and , angles are rotation angles around

7y and 72 respectively.

H=T'RT =

costcosh,
cosbsinby
—sinb,
0

—5inby
cosb,
0
0

cosbysinb
sinbsints
cosby
0

Eventually, tip point of the endoscope on the screen is:

cosOicoshy —sinb,
Tt
costsinly  coslsy
Ye| — .
—sinb; 0
2t
0 0

coslysinfy  s3
sinfysinfy 0
cosb 0

0 1

53

0

(6.6)

(6.7)
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Lendoscope Lt
T endoscope = | Yendoscope | = K * | 4 (6.8)

Zendoscope 2t
In the simulation environment, the position of the endoscope tip point 7endoswpe
is in the scaled form by factor K, which was evaluated by the doctors. This scaling
process is a vital step since the small hand motions should make the slave system smaller
motions. Doctors should not lose the control of the system in any level or angular velocity
of their hands. On the other hand, too high scaling factors cause logginess in the system

which is a negative effect for the whole surgery time.

6.2.1.2. Test Results

Eventually, taken the pivotOf fset = 13c¢m, scaling factors scaling,., = —40
for translation and scaling,,; = 8 for the zoom. The minus sign in translational scaling
reverses the motion of the hand for providing more intuitive usage. In other words, while
doctors are moving their hands upwards, the endoscope moves downwards or vice versa
so that it can give the feeling as if the doctor is holding the endoscope by his/her own
hands.

Additionally, in order to simulate the kinematic limits of the Active Endoscope
Holder zoom and orientation limits were applied. They were chosen as +45 deg for ori-
entation and 20cm for zoom considering results obtained in Chapter 4 by giving extra

spaces so that surgeons can try each motion more freely.
6.3. Tests for Determining Command Computation Types

To measure, assess, by compare the feasibility of the proposed schemes, a train-
ing simulation is developed by Ates et al. (2018). The simulation is comprised of a 2D
workspace, with a set of specified circles at various coordinates with varying radii, and a

special circle that can be controlled which is called the “’tool”.
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Figure 6.7. Training simulator screen shot

6.3.1. Experimental Setup

For this setup, the same hardware components and slave controller algorithm are
used as described in Section 6.2.1.1. On the other hand, the slave system is a 2D platform
which is written in Python language. The simulator is designate to count the number of
pedal presses and calculates the simulation time on the background.

The goal of the simulation is to manipulate the tool to overlap the specified circles
one at a time as directed by the simulation program (see figure 6.7). The grey circle named
as “’tool” is the one that the user control by the ring. The green one called ”previous goal”
is the target which has been passed. In other words, the ”tool” was matched with the
“previous goal” both in location and the size. Following, the yellow circle called ”current
goal” is the one that user needs to match the tool. Finally, the red circle named “next
goal” is the target that user needs to match after matching the tool with the “current goal”.
As soon as all the targets are matched one by one in an order, the simulation time stops
and records the overall performance into a log file.

This is made possible by connecting the microcontroller of the previously de-
scribed system to a computer running the simulation software (emulating the endoscope

holder). Pitch and yaw motions of the endoscope are mapped to the vertical and hor-
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izontal translation of the tool respectively. The dolly endoscope motion is mapped to

)

increase/decrease the radius of the rool.

Figure 6.8. Example simulator map

In Figure 6.8, one simulation scenario is shown as an example. The numbers
in parenthesis indicate the coordinates and numbers near to their respective dotted lines
indicate the distances. The overall path is 1000 pixel in each map. The rest of scenarios
have the same overall distance, however, each target has different coordinates and sizes.
This arrangement makes sure the duration of each scenario does not depend on the total
displacement but only on the learning to control the “tool”.

The following metrics are used to measure the overall performance” of the pro-

posed system:
* Training time: the time it took to complete a whole run of the simulation

* Number of pedal presses: the number of times the foot pedal was pressed during

a run of the simulation

In the experimental procedure, 10 different subjects run 5 different scenarios two times
for each mode described in section 5.2. All subjects performed their test on the same
scenarios in the same order. This enables to plot the average improvement in performance

in time, and visualize a learning curve of the system. Also, the correlation between the
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time it took users to complete the simulation and the number of times they pressed the
foot pedal is studied.

These measurements are performed on a limited workspace which is inside a 3D-
printed skull as shown in Figure 6.9 provided by Hacettepe University Neurosurgery De-
partment. The skull itself is made from a hard material to mimic the bones and it has a

soft outer skin to provide the elastic feeling of the nose where the pivot point is located.

Figure 6.9. Constrained workspace in 3D printed skull

6.3.1.1. Test Results

The final evaluation shows that the three operation modes of the proposed tele-
operation scheme have similar exponential curvature, although the two coupled modes
have a steeper learning curve. In the initial trials (the first 5 trials), coupled mode 2D re-
sulted in slightly shorter completion durations (~ 63 s average) over 3D (~ 73 s average)
which are longer than the uncoupled mode’s (~ 39 s average) (see figure 6.10). More-
over, the two coupled modes show almost the same longer learning curves compared to
the uncoupled mode: their completion durations drop to 40 s limit in the 5" trial whereas
the uncoupled mode results drop to 40 s limit in the 2" trial. Similar to the decrease in
completion durations for each consecutive trial, the average pedal press count shows a
decreasing trend in all modes. In the 10%" trials, all modes’ completion duration converge

to 25 ~ 30 and pedal press counts converge to 25 ~ 30 counts.
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Figure 6.10. Plot of average time versus number of trials.
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Figure 6.11. Plot of average pedal presses per trial.
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6.4. Discussion

In the first test setup, the teleoperation system’s information flow method was in-
vestigated and displacement-to-velocity method was chosen as easier to use by the doctors
in Hacettepe University Neurosurgery Department.

Afterwards, two different tests were performed in order to enhance the usability of
the master system. The first usability test was performed in order to determine the optimal
scaling factors between the motion of the master and the slave. These parameters are
selected as scaling., = —40 for translation and scaling,,; = 8 for the zoom by the same
doctors. The second accessibility test was performed on a custom training simulator in
order to assess the learning curve and the effort in use. Three different master usage modes
are experienced on the simulator. The final evaluation showed that the three operation
modes of the proposed teleoperation scheme have similar exponential curvature, although

the two coupled modes have a steeper learning curve.
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CHAPTER 7

CONCLUSION

A novel teleoperation system architecture is developed within the scope of this
thesis. This study involves the teleoperation system design in both electronic and soft-
ware aspects, and feasibility studies of this system for the use in the endoscopic pituitary
surgery.

The operation scenario of this robotic endoscopic pituitary surgery system is de-
veloped within the scope of this thesis. In order to accomplish this, all the possible op-
eration modes were identified from the initiation until the termination of the operation in
order to efficiently and safely conduct the surgery.

In the proposed teleoperation system, the ring-shaped master controller captures
the hand gestures of the surgeon using an IMU (Inertial Measurement Unit) and transmits
this information wirelessly (via Bluetooth Low Energy). This transmitted information is
later processed on the slave side as a velocity or position demand of the active endoscope
holder. In other words, this active endoscope holder is positioned during the surgery
according to surgeon’s online demands issued by the master controller. As a response
from the slave system, the interaction force level is sent back to the master side and
displayed on an LED panel. Additionally other informative visual feedbacks are provided
to facilitate the process.

The subsystems of the proposed teleoperation system are introduced by describ-
ing their purposes and components respectively in Chapter 3. The experimentations that
are carried out to determine the required workspace of the active endoscope holder are
described and their results are discussed in Chapter 4.

Moreover, in Chapter 5, system operation modes are explained in three sections;
teleoperation information flow alternatives, master system’s command computation al-
ternatives and overall system’s operation states. Finally, user evaluation experiments are
described and their results are shared in Chapter 6.

The surgical team in Hacettepe University found the proposed teleoperation sys-
tem architecture to be convenient for use in endoscopic pituitary surgeries. Additionally,
other subjects who performed experiments to evaluate the usability of the system stated
that the master system is easy to operate with and it is found to be relatively easy to learn

how to use the device.
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As a future study, the proposed teleoperation scheme is going to be tested and
evaluated by a surgical team in the laboratory environment and in ex-vivo tests on a ca-

daver.
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APPENDIX A

PERIPHERAL CONFIGURATIONS

Implementation of the proposed teleoperation scheme has been started on STM32CubeMX
environment. This tool allows the users to initialize their C code for STM32 microcon-
troller series. The following implementation named as All_in_One includes every buttons
and sensors mentioned in section 3 by explaining peripheral setups and pin connections
as well as the clock configurations of the overall microcontroller. The following report
has been generated by the CubeMX tool itself.

First of all MCU selection was made as described in table A.1

Table A.1. MCU selection of the implemented algorithm

MCU Series STM32F4
MCU Line STM32F407/417
MCU name STM32F407VGTx
MCU Package LQFP100
MCU Pin number 100

Before presenting the report, it is important to clarify the pin labels. Please take

references from the abbreviation section while reading the Table A.2
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Table A.2. Clarification of pin labels assigned on MCU

Label Explanation
Uxy_INz Input pin z of motor y connected to Ux driver
Uxy_ENz Enable pin z of motor y connected to Ux driver

Uxy_PWMz_TaCb

Reference voltage pin for PWM current control z of motor y
connected to Ux driver on the channel b of the timer a

FT_SGx x' strain gauge output of the force/torque sensor

BLE_CS Chip Select pin of the Bluetooth module

BLE_CLK Clock pin of the Bluetooth module

BLE_MOSI Master-out-slave-in pin of the Bluetooth module

BLE_MISO Master-in-slave-out pin of the Bluetooth module

BLE_RESET Hard reset pin of the Bluetooth module

BLE_IRQ Interrupt input of the Bluetooth module

ENC_CS_PASx Chip Select pin of the encoder attached to the x™ joint of the PEK

ENC_CS_Uxy Chip Select pin of the encoder attached onto the motor y
connected to Ux driver

ENC_CLK Clock pin of the encoder chain

ENC_MOSI Master-out-slave-in pin of the encoder chain

ENC_MISO Master-in-slave-out pin of the encoder chain

BRAKE_ACTIVE

Pin for triggering the MOSFET which controls the 3-brakes
on the KEY

BRAKE_PASSIVEL | Pin for triggering the MOSFET which controls the 2-brakes
on the arm of the PEK

BRAKE_PASSIVE2 | Pin for triggering the MOSFET which controls the 3-brakes
on the wrist of the PEK

CEK_T8CHI1 PWM input of CEK (Surgeon Holds Endoscope)
switch on the channel-1 of the timer-8

PEDAL_IRQ Interrupt input pin of the KBE

MKB_IRQ Interrupt input pin of the MKB

ASB_IRQ Interrupt input pin of the ASB

LASER_OUT Pin for triggering the laser pointer

94




All_in_One Project
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2. Pinout Configuration
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All_in_One Project
Configuration Report

3. Pins Configuration

1 PE2 * 1/0 GPIO_Output U4A_IN1

2 PE3 * 1/0 GPIO_Output U4A_EN

3 PE4 * 110 GPIO_Output U4B_EN

4 PE5 * 1/0 GPIO_Output U4A_IN2

5 PE6 * 1/0 GPIO_Output U4B_IN1

6 VBAT Power

7 PC13-ANTI_TAMP * 110 GPIO_Output U4B_IN2
10 VSS Power

11 VDD Power

12 PHO-OSC_IN 1/0 RCC_OSC_IN

13 PH1-OSC_OUT 1/0 RCC_OSC_OuT

14 NRST Reset

15 PCO 1/0 ADC1_IN10 FT_SG1
16 PC1 1/0 ADC1_IN11 FT_SG2
17 PC2 1/0 ADC1_IN12 FT_SG3
18 PC3 1/0 ADC1_IN13 FT_SG4
19 VDD Power

20 VSSA Power

21 VREF+ Power

22 VDDA Power

24 PA1 * 1/0 GPIO_Output ENC_CS_U4B
25 PA2 1/0 TIM2_CH3 U4B_PWM_T2C3
26 PA3 1/0 TIM9_CH2 U4A PWM_T9C2
27 VSS Power

28 VDD Power

29 PA4 * /0 GPIO_Output BLE_CS
30 PAS5 1/0 SPI1_SCK BLE_CLK
31 PA6 1/0 SPI1_MISO BLE_MISO
32 PA7 1/0 SPI1_MOSI BLE_MOSI
33 PC4 1/0 ADC1_IN14 FT_SG5
34 PC5 1/0 ADC1_IN15 FT_SG6
35 PBO * 1/0 GPIO_Output LED_Yellow
36 PB1 * 1/0 GPIO_Output LED_RED
39 PE8 1/0 GPIO_EXTI8 PEDAL_IRQ
41 PE10 * 110 GPIO_Output BLE_RESET
42 PE11 * 1/0 GPIO_Output ENC_CS_U4A
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44 PE13 * 110 GPIO_Output LED_GREEN
45 PE14 * 1/0 GPIO_Output U2B_EN

46 PE15 1/0 GPIO_EXTI15 BLE_IRQ
49 VCAP_1 Power

50 VDD Power

52 PB13 1/0 SPI2_SCK ENC_CLK
53 PB14 1/0 SPI2_MISO ENC_MISO
54 PB15 1/0 SPI2_MOSI ENC_MOSI
55 PD8 * /0 GPIO_Output U2B_IN2

59 PD12 * 1/0 GPIO_Output ENC_CS_U2B
62 PD15 * /0 GPIO_Output U2B_IN1

63 PC6 1/0 TIM8_CH1 CEK_T8CH1
66 PC9 1/0 TIM3_CH4 U2B_PWM_T3C4
73 VCAP_2 Power

74 VSS Power

75 VDD Power

78 PC10 * 1/0 GPIO_Output BRAKE_ACTIVE
79 PC11 * 1/0 GPIO_Output BRAKE_PASSIVE1
80 PC12 * 1/0 GPIO_Output BRAKE_PASSIVE2
81 PDO 1/0 GPIO_EXTIO MKB_IRQ
82 PD1 1/0 GPIO_EXTI1 ASB_IRQ
83 PD2 * 1/0 GPIO_Output LASER_OUT
84 PD3 * /0 GPIO_Output ENC_CS_PAS1
85 PD4 * 1/0 GPIO_Output ENC_CS_PAS2
86 PD5 * /0 GPIO_Output ENC_CS_PAS3
87 PD6 * 1/0 GPIO_Output ENC_CS_PAS4
88 PD7 * /0 GPIO_Output ENC_CS_PAS5
92 PB6 1/0 USART1_TX

94 BOOTO Boot

99 VSS Power

100 VDD Power

* The pin is affected with an 1/O function
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5. IPs and Middleware Configuration

5.1. ADC1
mode: IN10
mode: IN11
mode: IN12
mode: IN13
mode: IN14
mode: IN15

5.1.1. Parameter Settings:

ADCs_Common_Settings:
Mode

ADC_Settings:

Clock Prescaler
Resolution

Data Alignment

Scan Conversion Mode
Continuous Conversion Mode

Discontinuous Conversion Mode

DMA Continuous Requests

End Of Conversion Selection

ADC_Regular_ConversionMode:

Number Of Conversion

External Trigger Conversion Source
External Trigger Conversion Edge

Rank

Channel
Sampling Time

Rank

Channel

Sampling Time

Rank

Channel

Sampling Time

Rank

Independent mode

PCLK2 divided by 4 *

8 bits (11 ADC Clock cycles) *
Right alignment

Enabled *

Enabled *
Disabled

Enabled *

EOC flag at the end of single channel conversion

6 *

Regular Conversion launched by software
None

1

Channel 10

3 Cycles

2 *

Channel 11 *
3 Cycles

3 *

Channel 12 *
3 Cycles
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Channel

Sampling Time

Rank

Channel

Sampling Time

Rank

Channel

Sampling Time

ADC_Injected_ConversionMode:

Number Of Conversions

WatchDog:
Enable Analog WatchDog Mode

5.2. RCC

4 *

Channel 13 *
3 Cycles

5 *

Channel 14 *
3 Cycles

6 *

Channel 15 *
3 Cycles

false

High Speed Clock (HSE): Crystal/Ceramic Resonator

5.2.1. Parameter Settings:

System Parameters:
VDD voltage (V)
Instruction Cache

Prefetch Buffer

Data Cache

Flash Latency(WS)

RCC Parameters:

HSI Calibration Value

HSE Startup Timout Value (ms)
LSE Startup Timout Value (ms)
Power Parameters:

Power Regulatror Voltage Scale

5.3. SPI1

Mode: Full-Duplex Master

3.3

Enabled

Enabled

Enabled

2 WS (3 CPU cycle)

16
100
5000

Power Regulator Voltage Scale 1
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5.3.1. Parameter Settings:

Basic Parameters:
Frame Format
Data Size

First Bit

Clock Parameters:

Prescaler (for Baud Rate)
Baud Rate

Clock Polarity (CPOL)
Clock Phase (CPHA)

Advanced Parameters:
CRC Calculation
NSS Signal Type

5.4. SPI2
Mode: Full-Duplex Master

5.4.1. Parameter Settings:

Basic Parameters:
Frame Format

Data Size
First Bit

Clock Parameters:

Prescaler (for Baud Rate)
Baud Rate

Clock Polarity (CPOL)

Clock Phase (CPHA)
Advanced Parameters:

CRC Calculation
NSS Signal Type

5.5. SYS

Motorola
8 Bits
MSB First

4 *
10.5 MBits/s *

Low

1 Edge

Disabled

Software

Motorola

16 Bits *
MSB First

4%
10.5 MBits/s *
High *

2 Edge *

Disabled

Software
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Timebase Source: SysTick

5.6. TIM2
Channel3: PWM Generation CH3

5.6.1. Parameter Settings:

Counter Settings:
Prescaler (PSC - 16 bits value) 41 *

Counter Mode Up
Counter Period (AutoReload Register - 32 bits value ) gg *

Internal Clock Division (CKD) No Division

Trigger Output (TRGO) Parameters:

Master/Slave Mode (MSM bit) Disable (Trigger input effect not delayed)
Trigger Event Selection Reset (UG bit from TIMx_EGR)

PWM Generation Channel 3:

Mode PWM mode 1

Pulse (32 bits value) 50 *

Fast Mode Disable

CH Polarity High

Channel4: PWM Generation CH4

5.7.1. Parameter Settings:

Counter Settings:
Prescaler (PSC - 16 bits value) 41 *

Counter Mode Up
Counter Period (AutoReload Register - 16 bits value ) gg *

Internal Clock Division (CKD) No Division

Trigger Output (TRGO) Parameters:

Master/Slave Mode (MSM bit) Disable (Trigger input effect not delayed)
Trigger Event Selection Reset (UG bit from TIMx_EGR)

PWM Generation Channel 4:

Mode PWM mode 1

Pulse (16 bits value)
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Fast Mode
CH Polarity

5.8. TIM4

50 *
Disable
High

Channel2: Output Compare No Output

5.8.1. Parameter Settings:

Counter Settings:
Prescaler (PSC - 16 bits value)
Counter Mode

Counter Period (AutoReload Register - 16 bits value )
Internal Clock Division (CKD)

Trigger Output (TRGO) Parameters:
Master/Slave Mode (MSM bit)

Trigger Event Selection

Output Compare No Output Channel 2:
Mode

Pulse (16 bits value)

CH Polarity

5.9. TIM5

83 *
Up
1999 *

No Division

Disable (Trigger input effect not delayed)
Reset (UG bit from TIMx_EGR)

Frozen (used for Timing base)
0
High

Channell: Output Compare No Output

5.9.1. Parameter Settings:

Counter Settings:
Prescaler (PSC - 16 bits value)

Counter Mode

Counter Period (AutoReload Register - 32 bits value )
Internal Clock Division (CKD)

Trigger Output (TRGO) Parameters:

Master/Slave Mode (MSM bit)

Trigger Event Selection

Output Compare No Output Channel 1:

83 *
Up
249999 *

No Division

Disable (Trigger input effect not delayed)
Reset (UG bit from TIMx_EGR)
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Mode Frozen (used for Timing base)
Pulse (32 bits value) 0

CH Polarity High

5.10. TIM8

Combined Channels: PWM Input on CH1

5.10.1. Parameter Settings:

Counter Settings:
Prescaler (PSC - 16 bits value) 20 *

Counter Mode Up
Counter Period (AutoReload Register - 16 bits value ) g5535 *

Internal Clock Division (CKD) No Division

Repetition Counter (RCR - 8 bits value) 0

Trigger Output (TRGO) Parameters:

Master/Slave Mode (MSM bit) Disable (Trigger input effect not delayed)
Trigger Event Selection Reset (UG bit from TIMx_EGR)

PWM Input CH1 :

Input Trigger TI1IFP1

Slave Mode Controller Reset Mode

Parameters for Channel 1

Polarity Selection Rising Edge
IC Selection Direct
Prescaler Division Ratio No division
Input Filter (4 bits value) 0

Parameters for Channel 2

Polarity Selection (opposite CH1) Falling Edge
IC Selection Indirect
Prescaler Division Ratio No division
Input Filter (4 bits value) 0

5.11. TIM9

Channel2: PWM Generation CH2

5.11.1. Parameter Settings:
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Counter Settings:
Prescaler (PSC - 16 bits value) 41 *

Counter Mode Up
Counter Period (AutoReload Register - 16 bits value ) gg *

Internal Clock Division (CKD) No Division
PWM Generation Channel 2:

Mode PWM mode 1
Pulse (16 bits value) 50 *

Fast Mode Disable

CH Polarity High
5.12. USART1

Mode: Single Wire (Half-Duplex)

5.12.1. Parameter Settings:

Basic Parameters:

Baud Rate 57600 *

Word Length 8 Bits (including Parity)
Parity None

Stop Bits 1

Advanced Parameters:
Data Direction Receive and Transmit

Over Sampling 16 Samples

* User modified value
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6. System Configuration

6.1. GPIO configuration

IP Pin Signal GPIO mode GPIO pull/up pull Max User Label
down Speed
ADC1 PCO ADC1 IN10 Analog mode No pull-up and no pull-down n/a FT_SG1
PC1 ADC1 IN11 Analog mode No pull-up and no pull-down n/a FT_SG2
PC2 ADC1 IN12 Analog mode No pull-up and no pull-down n/a FT_SG3
PC3 ADC1 IN13 Analog mode No pull-up and no pull-down n/a FT_SG4
PC4 ADC1 IN14 Analog mode No pull-up and no pull-down n/a FT_SG5
PC5 ADC1 IN15 Analog mode No pull-up and no pull-down n/a FT_SG6
RCC PHO- RCC_OSC_IN n/a n/a n/a
OSC_IN
PH1- RCC_OSC_ouT n/a n/a n/a
OSC_ouT
SPI1 PA5 SPI1_SCK Alternate Function Push Pull No pull-up and no pull-down Very High BLE_CLK
*
PA6 SPI1_MISO Alternate Function Push Pull No pull-up and no pull-down Very High BLE_MISO
*
PA7 SPI1_MOSI Alternate Function Push Pull No pull-up and no pull-down Very High BLE_MOSI
*
SPI2 PB13 SPI2_SCK Alternate Function Push Pull No pull-up and no pull-down Very High ENC_CLK
*
PB14 SPI12_MISO Alternate Function Push Pull No pull-up and no pull-down Very High ENC_MISO
*
PB15 SPI2_MOSI Alternate Function Push Pull No pull-up and no pull-down Very High ENC_MOSI
*
TIM2 PA2 TIM2_CH3 Alternate Function Push Pull No pull-up and no pull-down Low U4B_PWM_T2C3
TIM3 PC9 TIM3_CH4 Alternate Function Push Pull No pull-up and no pull-down Low U2B_PWM_T3C4
TIM8 PC6 TIM8 CH1 Alternate Function Push Pull No pull-up and no pull-down Low CEK_T8CH1
TIM9 PA3 TIM9 _CH2 Alternate Function Push Pull No pull-up and no pull-down Low U4A PWM_T9C2
USART1 PB6 USART1_TX Alternate Function Open Pull-up Very High
Drain %
GPIO PE2 GPIO_Output Qutput Push Pull No pull-up and no pull-down Low U4A IN1
PE3 GPIO_Output Output Push Pull No pull-up and no pull-down Low U4A _EN
PE4 GPIO_Output Qutput Push Pull No pull-up and no pull-down Low U4B_EN
PE5S GPIO_Output Output Push Pull No pull-up and no pull-down Low U4A IN2
PE6 GPIO_Output Qutput Push Pull No pull-up and no pull-down Low U4B _IN1
106

Page 13



Gizem
Typewriter
106


All_in_One Project
Configuration Report

IP Pin Signal GPIO mode GPIO pull/up pull Max User Label
down Speed
PC13- GPIO_Output Output Push Pull No pull-up and no pull-down Low U4B_IN2
ANTI_TAMP
PA1 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_U4B
PA4 GPIO_Output Output Push Pull No pull-up and no pull-down Very High BLE_CS
*
PBO GPIO_Output Output Push Pull No pull-up and no pull-down Low LED_Yellow
PB1 GPIO_Output Qutput Push Pull No pull-up and no pull-down Low LED RED
PES8 GPIO_EXTI8 External Interru pt No pull-up and no pull-down n/a PEDAL_IRQ
Mode with
Rising/Falling edge
PE10 GPIO_Output Output Push Pull No pull-up and no pull-down Low BLE _RESET
PE11 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_U4A
PE13 GPIO_Output Qutput Push Pull No pull-up and no pull-down Low LED GREEN
PE14 GPIO_Output Output Push Pull No pull-up and no pull-down Low U2B_EN
PE15 GPIO_EXTI15 | External Interrupt Mode with Pull-down * n/a BLE_IRQ
Rising edge trigger detection
PD8 GPIO_Output Output Push Pull No pull-up and no pull-down Low U2B_IN2
PD12 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_U2B
PD15 GPIO_Output Qutput Push Pull No pull-up and no pull-down Low U2B _IN1
PC10 GPIO_Output Output Push Pull No pull-up and no pull-down Very High BRAKE_ACTIVE
*
PC11 GPIO_Output Output Push Pull No pull-up and no pull-down Very High BRAKE_PASSIVE1
*
PC12 GPIO_Output Output Push Pull No pull-up and no pull-down Very High BRAKE_PASSIVE2
*
Mode with
Rising/Falling edge
PD1 GPIO_EXTI1 | External Interrupt Mode with No pull-up and no pull-down n/a ASB_IRQ
Rising edge trigger detection
PD2 GPIO_Output Output Push Pull No pull-up and no pull-down Low LASER_OUT
PD3 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_PAS1
PD4 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_PAS2
PD5 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_PAS3
PD6 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_PAS4
PD7 GPIO_Output Output Push Pull No pull-up and no pull-down High * ENC_CS_PAS5
107
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6.2. DMA configuration

DMA request Stream Direction Priority
ADC1 DMA2_StreamO Peripheral To Memory Low
SPI2_RX DMA1 Stream3 Peripheral To Memory Low
SPI2 TX DMA1 Stream4 Memory To Peripheral Low

ADC1: DMA2_StreamO DMA request Settings:

Mode:

Use fifo:
Peripheral Increment:

Memory Increment:
Peripheral Data Width:

Memory Data Width:

Circular *
Disable

Disable
Enable *
Byte *
Byte *

SPI12_RX: DMA1_Stream3 DMA request Settings:

Mode:
Use fifo:
Peripheral Increment:

Memory Increment:

Peripheral Data Width:
Memory Data Width:

Normal
Disable

Disable

Enable *
Half Word
Half Word

SPI2_TX: DMA1_Stream4 DMA request Settings:

Mode:
Use fifo:
Peripheral Increment:

Memory Increment:

Peripheral Data Width:
Memory Data Width:

Normal
Disable

Disable

Enable *
Half Word
Half Word
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6.3. NVIC configuration

Interrupt Table Enable Preenmption Priority SubPriority
Non maskable interrupt true 0 0
Hard fault interrupt true 0 0
Memory management fault true 0 0
Pre-fetch fault, memory access fault true 0 0
Undefined instruction or illegal state true 0 0
System service call via SWI instruction true 0 0
Debug monitor true 0 0
Pendable request for system service true 0 0
System tick timer true 0 0
EXTI line0 interrupt true 2 0
EXTI linel interrupt true 1 1
DMAL stream3 global interrupt true 0 0
DMAL stream4 global interrupt true 0 0
EXTI line[9:5] interrupts true 5 0
TIM4 global interrupt true 5 0
SPI2 global interrupt true 4 0
EXTI line[15:10] interrupts true 1 0
TIM5 global interrupt true 0 0
DMA2 streamO global interrupt true 0 0
PVD interrupt through EXTI line 16 unused
Flash global interrupt unused
RCC global interrupt unused
ADC1, ADC2 and ADC3 global interrupts unused
TIM1 break interrupt and TIM9 global interrupt unused
TIM2 global interrupt unused
TIM3 global interrupt unused
SPI1 global interrupt unused
USART1 global interrupt unused
TIM8 break interrupt and TIM12 global interrupt unused
TIM8 update interrupt and TIM13 global unused
interrupt
TIM8 trigger and commutation interrupts and unused
TIM14 global interrupt
TIM8 capture compare interrupt unused
FPU global interrupt unused

* User modified value
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APPENDIX B

IMPLEMENTED ALGORITHM

Since the code implemented on the microprocessor is overlong, the following flow

chart explains the algorithm.
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MKB interrupt
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case: MANUAL MODE
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[ Stop all the motors ]

[ Lock active brakes ]

Green LED

OFF

Enable the laser pointer and
vibration element on CEK

[ Set operation flag = 0 ]

Error handler jump
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Has the ASB button ever pressed?

( (
\

Check CEK state:

FULL PRESSED

Start red LED
blinking

HALF PRESSED

f Set CEK state: Disable pedal interrunt Stop pedal's double click
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APPENDIX C

TELEOPERATION MAP

This section shows the teleoperation signal flow between each component.
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APPENDIX D

AUXILIARY CIRCUITS

In this section, designed auxiliary circuits are presented in order to optimize the

system.

D.1. Differential Amplifier Circuit for Force/Torque Sensor

ATI Industrial Automation’s Mini45 force/torque sensor (ATI, 2018) has a 10-pin
connector in order to be connected a DAQ card or Net F/T (Net Box) which is an interface

provides EtherNet/IP and CAN bus communication with the sensor.

Not Connected
SG4 output
SGS output

SG?2 output

SG3 output

SGO output

SGI1 output

Not Connected

SG'Lo excitation input

ANl=m|Qmm|go|lQ|m|»>

S excitation input

Figure D.1. ATI-IA Mini45 F/T sensor Table D.1. Strain gauge output map of

connector pin the ATI-IA Mini45 F/T Sensor

The experimental results shows that the strain gauge outputs shown in D.1 and
labeled as in D.1 deliver 10mV difference analog signal between ON-50N forces. In
another words, each unity force (1N) produces about 0.2mV voltage difference on th
outputs of the strain gauges. However, soft tissue experiments performed by the control
team of NeuRoboScope project show that the exceeding force in order not to harm the

tissue is maximum 4N. That means, the microcontroller should be able to detect the analog
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signals lower than ImV.

ADC module embedded to the STM32F407VG provides up to 12-bit resolution,
which is 0.8mV error occurs between each bit due to ADC conversion. Therefore, even-
though the ADC settings are adjusted to the highest precision, only increasing the ADC
resolution is not enough for a precise enough measurement for such a case.

In order to overcome this problem, the differential amplifier circuit using rail-
to-rail MCP6022 OPAMP is designed as shown in D.2. Each SGx output pin from the
connector is connected to a separate OPAMP circuit from the non-inverting input of the
opamp where the bias reference voltage circuit output is connected to inverting input. In

order to eliminate the noise at the output, LC-filter is attached as shown in Figure D.2.

RS 200 R6
1K Potentiometer 1k

R2
R1 470k
1.5k |~ Ul lef%r\ EZ
P "MCP6022 10mH —PONF

2
v <4 15k gy o

+ Cc3 470 L=

— Transduce 1;440"[ QOOnf

Figure D.2. OPAMP circuit designed to amplify the strain gauge output signals

R3 470k
The differential amplifier gain is calculated as — =

21 = 15k 313.3. This dif-
ferential amplifier circuit with 313.3 gain allows us to amplify 0.2mV signal which is
produced by 1N applied force to 626.6mV. This value is detectable by STM32F407VG
microprocessor’s built-in ADC module.

8-bit resolution with 3.3V reference input causes 12.9mV ADC conversion error.
This value is acceptable compared to 626.6mV per newton. Choosing lower resolution on
ADC reduces the computation time on the processor. That’s why as the optimal solution,
SGx outputs are amplified by 313.3 and sampled in 8-bit resolution on the ADC module.
The conversion on ADC module is read by DMA in order not to pause the microprocessor

during conversion period of ADC and allow the system to compute other tasks.
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D.2. Encoder Chain

As it is mentioned in Section 3.2.4, MA702 maghetic encoders provide three dif-
ferent outputs to the user. In this system two of these outputs are used for two different
purposes as mention in Section 3.2.4 with reasons.

In this section, the connection type of eight encoders on a single SPI line is pre-
sented. There are three different SPI modules on STM32F407VG microcontroller. The
reason of connected all of the eight encoders on a single line is to reduce the lack of pin
and SPI modules. The connection map is presented in Figure D.3. The configuration

settings of this connection chain can be found in Appendix A.

Encoder_1 Encoder_ 2 Encoder_3 Encoder_4 Encoder 5 Encoder_6 Encoder_7 Encoder_8

@ @ @ 3 @ @ 0
Q o < o 2} o o

mosi
Miso
Mosl
mMiso
mosi|
Mso
Mosi
miso
Mosi
Miso
Mmosi
miso
Ccs
mosi
Miso
mosi
Miso

=
:
-

MICROCONTROLLER

Figure D.3. Eight encoders’ connection map with the microprocessor

D.3. MOSFET Driver for the Brakes

The main reason of using a driver circuit is because the microcontroller cannot
provide sufficient power to the brakes. The general solution of driving these kind of
components is designing a MOSFET circuit. The MOSFET circuit works as a power
switch. By triggering its gate pin, the drain and source terminals are short-circuited and
let the current flow from drain-to-source. The triggering gate voltage is depend on the
MOSFET type. It can be either a negative gate-to-source voltage in p-channel MOSFETSs
or a positive gate-to-source voltage in n-channel MOSFETs.

The chosen brakes are is given in Section 3.2.7. According to the required power
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for the brakes the total current that the system should provide is calculated as:
320.3A 4+ 220.7TA 4+ 320.2A = 2.94 (D.1)

According to the proposed the teleoperation scheme, some motors work syn-
chronous according to operation state (see Appendix E). For that reason, two brakes
on the arm structure of PEK, three brakes on the wrist structure of PEK and three brakes
on KEY are controlled synchronously. Therefore, the calculation of the required power

on three different MOSFET circuits are extended as:

32x0.3A4 =0.94 (D.2a)
220.7TA =14A (D.2b)
32024 =0.6A4 (D.2¢c)

where Equation D.2a is the required MOSFET current on which the driver circuit
controlling the the brakes on the wrist of PEK, Equation D.2b is the required MOSFET
current on which the driver circuit controlling the brakes on the arm of PEK and Equation
D.2c is the required MOSFET current on which the driver circuit controlling the brakes
of KEY.

Eventually, IRLR7843 n-channel power MOSFETSs from Infineon Technologies
are used. It supports up to 30V drain-to-source voltage and up to 161A continuous drain

current at 10V. The representative circuit diagram is given in Figure D.4.
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Figure D.4. Driver circuit for the brakes
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APPENDIX E

OPERATION STATES

The following chart shows the operation states on the map.
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HARDWARE STATES

SOFTWARE STATES

States Scenarios Buttons Lights Mechanical Systems
AGA OFF KEY - locked AGA Pressed &
The health team has not started to set up the system yet, or the ADD X ' ADD Pressed
SHUT DOWN operation has been completed and the system is shut down. MKB X All the lights are off. ~
All brakes are locked, all subsystems are closed. CEK X PEK : locked
KBE X
AGA Pressed &
ADD Released
Half pressed OFF
q CEK
©
(0]
@
(0
s
z
\ 4
4
PASSIVE: ON
ENDOSCOPE IS HOLD ON
MKB
L L
L L
O O
\ 4 \ 4 Y
PASSIVE:
ENDOSCOPE IS MANUAL ASB Check starts MANUAL
DETACHED
- [aGA] on
) . ADD | Released Eiflce
. > MANUAL If the surgeon wishes to use the system as a passive endoscope CEK | Released All the lights are off. < - =
MKB ON & CEK holder, the system switches to this mode. PEK : arm released X
loased The surgeon should press the ASB button for 1 time at the MKB | Pressed i e 5@
release beginning of the operation. KBE X D %
[0}
-
m
~
CEK half pressed g & CEK fully pressed B h
2z m
s O =X
Lm X @
S )
— | v = og
AGA ON ('-'j Ze AGA ON
KEY : locked KEY : locked
PASSIVE: The surgeon can clean the endoscope without removing it. ALSO, | | ADD | Released & PASSIVE: The suraeon can remove the endoscone ADD | Released
: PEK can be driven manually. CEK Half CEK vibrator is active 2 ENDOSCOFPE IS geor . pe. CEK | Pressed | |CEK vibrator is active < ~
ENDOSCOPE IS HOLD Homing may be required afterwards DETACHED Homing is performed if necessary.
g may q : MKB X D% = ol el MKB | Released PEK : all locked
A KBE X KBE X
A
. y
ASB Check starts h A
O
m
; P
- w o 0
CEK released & Q g =
MKB OFF T8 (.:'D>
MKB OFF & CEK . m
L released &
N <
()
>
ADD Pressed T
3
X d 7
YR Q
, / N N g g g
’ . 225
: No ’ ‘ * N 32 g
ASB button should be Red LEDis | p N 025
pressed blinking klas ASB set before? 3 5' s
N\ \ p 4 g % =
\ 4 QO o (v}
N ’ § < 3
N ’ —_ =
N/ =2 Q
ADD Released =29
S 33
£2z
(.D -
025
g ~
R3 g
No 85
Is homming 3
-
required? 8
[0
o
5
(0
IR
m X w| O >
g y 5
. 4 4 .. x| x|x|o (Z)
Homming of KEY starts, wait ~1 SGCM\ Red LED is off Is the system is in < e
Green LED is blinking \ \ surgery zone?
N N S S >
: ; o
At this time, the system can be moved out of the surgery zone by ‘%
i either interrupting the MKB or holding down the CEK key. The o
Yes system changes the mode according to the input. ; %
e s =1
T
Homming required. g =
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APPENDIX F

IMU MEASUREMENTS DURING A REAL SURGERY

The following table shows the maximum and minimum « and [ angles in 22
different motions inside the surgical area of an ex-vivo subject. Three different filtering

step sizes (5,10 and 40) are applied.

Table F.1. IMU measurements of 22 different motions with various filtering step sizes

No. | Operation | Max 3 | Min 8 | Max wg | Max o | Min o | Max w,
(deg) | (deg) | (deg/sec) | (deg) (deg) | (deg/sec)

1 No filtering | -15 -19 34 29
5 step -15 -19 19 35 28 64
10 step -15 -19 6.4 35 28 33
40 step -16 -18 1.7 34 27 2.8

2 No filtering | -11 -13 5 35 29 5
S step -6 -15 29 35 27 42
10 step -7 -14 8.9 35 28 12.7
40 step -11 -13 1.3 34 29 2.4

3 No filtering | -7 -15 2.3 38 28 4.6~6
S step -7 -15 18 39 27 52.3
10 step -7 -15 10.3 38 27 23
40 step -8 -15 2.5 38 29 3.5

4 No filtering | -9 -14 4~15 33 29 ~15
5 step -8 -14 21.8 37 28 40.5
10 step -8 -14 11.7 37 28 16.2
40 step -8 -13 1.8 36 29 3.1

5 No filtering | -8 -17 3 34 26 ~20
5 step -8 -17 -20.2 34 25 23.8
10 step -9 -17 -12.4 34 27 10.5
40 step -10 -16 2.3 33 27 3.1

6 No filtering | -11 -15 1.6 35 29 12~22
5 step -10 -16 16 36 29 22.7
10 step -10 -16 54 35 29 10
40 step -10 -15 1.5 35 29 3

7 No filtering | -5 -17 4 44 22 5.2
S step -4 -18 36.7 45 22 29.4
10 step -4 -18 21.2 44 22 15
40 step -5 -17 4 43 23 7.4
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Table F.1. (cont.) IMU measurements of 22 different motions with various filtering

step sizes
No. | Operation | Max 8 | Min 8 | Max wg | Max o | Min o | Max w,
(deg) | (deg) | (deg/sec) | (deg) (deg) | (deg/sec)
8 No filtering | -3 -10 4 38 23 10~37
5 step -2 -10 48.6 39 22 74.2
10 step -3 -10 11 38 23 33.5
40 step -3 -10 2.6 38 29 5.7
9 No filtering | -15 -19 5 38 31 3~6.8
S step -15 -22 42.3 38 30 50.6
10 step -15 -20 11 38 31 11.9
40 step -15 -19 1.8 37 32 2.1
10 | No filtering | -8 -16 30 16 4
5 step -4 -20 105~65 | 33 12 114
10 step -5 -17 34 33 14 40
40 step -9 -15 3.2 29 19 7
11 | No filtering | -4 -9 30 24 7.5
5 step 1 -13 111 39 22 102
10 step -3 -11 24.8 34 24 28.5
40 step -4 -9 2 31 25 2.7
12 | No filtering | -12 -15 33 29
S step -11 -15 13.6 33 28 16.5
10 step -12 -15 5.6 33 29 5.5
40 step - - - - - -
13 | No filtering | -8 -14 10 37 30 20
5 step -2 -22 429 36 25 50.9
10 step -4 -21 29.5 35 27 17.7
40 step - - - - - -
14 | No filtering | -14 -16 - 35 30 8~30
5 step -4 -14 50.8 37 23 66.2
10 step -5 -12 16 34 24 26
40 step -8 -12 2.2 34 26 4.8
15 | No filtering | -10 -17 20~30 35 26 20
5 step -10 -18 40.6 36 25 28.8
10 step -10 -17 13.4 35 26 16.7
40 step - - - - - -
16 | No filtering 36 26
S step -2 -22 429 36 25 51
10 step -4 -21 29.5 35 26 17.7
40 step - - - - - -
17 | No filtering | -7 -12 8 35 25 25
S step -4 -14 50.8 37 23 66.2
10 step -5 -12 16 34 24 26
40 step -8 -12 2.2 34 26 4.8
18 | No filtering | -15 -20 40 36
S step -16 -20 14.8 40 36 22
10 step -17 -20 5.8 40 36 8.5
40 step - - - - - -
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Table F.1. (cont.) IMU measurements of 22 different motions with various filtering

step sizes
No. Operation | Max 8 | Min § | Max wg | Max « | Min a | Max w,
(deg) (deg) | (deg/sec) | (deg) (deg) | (deg/sec)

19 No filtering 2
S step -13 -16 30.7 32 16 94
10 step -13 -16 45 31 21 18.2
40 step - - - - - -

20 No filtering | -9 -12 32 28
5 step -9 -12 11 32 28 13.3
10 step -9 -11 2 31 29 3.2
40 step - - - - - -

21 No filtering | -5 -10 34 31
5 step -3 -11 33.5 34 29 43
10 step -4 -10 8.8 34 29 17.5
40 step - - - - - -

22 No filtering | -10 -14 35 28 ~29
5 step -8 -15 39.6 35 27 36.4
10 step -9 -14 17.5 34 28 224
40 step -10 -14 1.9 33 29 3.7

Summary | No filtering | -3 -20 20~30 44 16 37
5 step 1 -22 111 45 12 114
10 step -3 21 45 44 14 40
40 step -3 -19 4 43 19 7.4
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