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Resumen

La presencia de céalculos en el tracto urinario se conoce con el nombre de litiasis
urinaria o urolitiasis. Esta enfermedad uroldégica presenta una alta morbilidad en el
mundo. Las recomendaciones recientes en el tratamiento de la urolitiasis se inclinan
hacia procesos endouroldgicos, como la ureteroscopia flexible (URSf). Esta técnica
minimamente invasiva presenta importantes beneficios desde el punto de vista del
paciente, como la reduccién del dafio causado en los tejidos. Sin embargo, a su vez
presenta importantes inconvenientes para los urélogos, como problemas de ergonomia
y exposicion continua a radiacién.

Con el objetivo de proporcionar una solucién a este problema, el proyecto
LITHOS, en el que este Trabajo de Fin de Master estd enmarcado, fue originado para
la creacién de una alternativa tecnoldgica basada en un sistema robdtico quirirgico
de minima invasién dedicado a intervenciones de ureterorrenoscopia flexible. Este
sistema combina tanto los beneficios que la URSf ofrece a los pacientes, como
soluciones a las limitaciones presentes desde la perspectiva de los cirujanos.

El objetivo principal de este Trabajo de Fin de Master es el diseno e imple-
mentacion de una plataforma de realidad virtual para el entrenamiento de los cirujanos
en intervenciones de ureterorrenoscopia flexible con el sistema robético del proyecto
LITHOS, previa a la implementacién del sistema quirirgico final. La plataforma
desarrollada incluye la misma interfaz de usuario que el sistema robdtico. A su vez,
se proporciona realimentacién héptica al usuario para el control de la plataforma
implementada mediante un manipulador de tres grados de libertad. De esta forma, se
incrementa la inmersién del cirujano en la intervencion. Diversos escenarios clinicos
son simulados y presentados al especialista, incluyendo diferentes localizaciones y
morfologias de los cédlculos urinarios. El objetivo de la plataforma desarrollada es
proporcionar un entorno efectivo de entrenamiento en procedimientos de URS{ a los

urélogos que manipulan el sistema robdtico final.

PALABRAS CLAVE: ureterorrenoscopia flexible, simulacién quirtrgica,
cirugia robdtica, entorno de entrenamiento, dindmica basada en posicién, reali-

mentacién haptica, control en lazo cerrado.



Abstract

The presence of calculi in the urinary tract is known as urinary lithiasis or
urolithiasis. This urologic disease presents a high morbidity rate in the world.
Recent urolithiasis treatment recommendations have changed towards endourologic
procedures, such as flexible ureteroscopy (fURS). This minimally invasive technique
presents many benefits from the patient point of view, like less damage to human
tissue. However, it also presents important drawbacks to urologic surgeons, such as
ergonomic problems and radiation exposure.

In order to provide a solution to this problem, the LITHOS project, where this
Master’s thesis is framed, was created to develop a technological alternative based
on a minimally invasive surgical robot for flexible ureterorenoscopy interventions. It
combines the benefits that fURS offers to the patients, and solutions to the limitations
encountered from the surgeons perspective.

The main objective of this Master’s thesis is the design and implementation of
a virtual reality training platform for flexible ureterorenoscopy interventions with
the LITHOS system, prior to the implementation of the final surgical system. This
developed platform includes the same user interface as the robotic system. Moreover,
haptic feedback is provided for the control of the implemented platform with a three
degrees of freedom manipulator, so as to increase the immersion of the surgeon
in the intervention. Diverse clinical scenarios are simulated and presented to the
specialist, including different calculi locations and morphologies. The objective of
the implemented platform is to provide an effective training environment for urologic

surgeons manipulating the robotic system in fURS interventions.

KEYWORDS: flexible ureterorenoscopy, surgical simulation, robotic surgery,
training environment, position based dynamics, shape matching, haptic feedback,

closed-loop control.
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CHAPTER

1

INTRODUCTION AND OBJECTIVES

1.1 Problem statement

1.1.1 Introduction to flexible ureteroscopy (fURS)

Urinary lithiasis or urolithiasis is defined as the presence of calculi in the urinary
tract. This urologic disease presents a high morbidity rate in the world. According
to a recent study carried out to determine the current prevalence of stone disease
in the USA, one out of 11 individuals suffers from kidney stones at some point in
their lives, being the prevalence of stones equal to 8.8% (10.6% for men and 7.1% for
women) (Scales et al.l [2012). Moreover, the increase of the prevalence and incidence
of urolithiasis in other countries has also been reported in the last years (Hesse et al.,
2003; [Yasui et al., [2008; Prezioso et al., [2014; [Heers and Turney, 2016]). In addition,
the urolithiasis incidence in pediatric patients has significantly increased in the last
decades according to several studies (Routh et al., 2010; Sas et al., 2010; Dwyer et
al., [2012; [Edvardsson et al., [2018]).

The causes of this increasing morbidity are unclear and currently debated.
Although genetic factors have been associated with the risk of suffering from this
urologic affection, it is believed that environmental factors play a major role in the
recently increasing rates. Current lifestyle habits, such as diet, obesity or dehydration
are linked to the development of kidney stone. Moreover, climate factors are also
associated with this disease. Regions with elevated temperature present higher risk
for kidney stones. Global warming is also linked to the increase of the urolithiasis
prevalence and will have a significant impact on it in the following decades (Sofia and
Walter, 2016} |Sorokin et al., [2017). However, this urologic disease is very complex
and further studies have to be performed to determine the risk factors in order to
prevent and reduce the stone formation.
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The urologic procedures for active treatment and removal of urinary tract calculi
are the following:

e Extracorporeal shock-wave lithotripsy (SWL) is a minimally invasive procedure
in which urinary calculi are fragmented by using focused shock waves originated
from the outside of the body by a shock-wave generator. The resulting
fragments from the lithotripsy (stone fragmentation) are smaller than the
original calculus and they will pass with urine some time after the procedure
(European Association of Urology, [2018b).

e Percutaneous nephrolithotomy (PNL) is a minimally invasive surgical procedure
in which large calculi can be extracted directly from the kidney. The patient
kidney is accessed using a tubular medical instrument, the nephroscope, that is
inserted through the skin. It typically requires general anaesthesia (European
Association of Urology, [2018a).

e Ureteroscopy (URS) is a minimally invasive technique to treat calculi located in
any part of the urinary tract. It is performed with a ureteroscope inserted
through the urethra and bladder into the ureter or kidney. This medical
tubular instrument is composed of different channels. These channels enable
the insertion of a fiber optic camera to acquire intraoperative images, stone
baskets to extract the calculi, or a laser to perform lithotripsy. It typically
requires general anaesthesia (European Association of Urology, 2018c).

e Open surgery is an invasive procedure in which the urinary tract is accessed
through surgical incisions in the patient skin and urinary calculi can be directly
treated and removed. It requires general anaesthesia.

Urologic guidelines state since more than one decade that open stone surgery has
to be considered only in exceptional situations, usually associated with calculi com-
plexity, failure of previous minimally invasive interventions and patient anatomical
abnormalities (Alivizatos and Skolarikos, 2006)). Moreover, the renal and ureteral
calculi treatment recommendations included in the recent European Association of
Urology guidelines have changed towards endourologic procedures, such as URS and
PNL, versus SWL (Turk et al., [2016)).

Likewise, global urolithiasis treatment trends have clearly changed in the same
direction, according to (Geraghty et al., 2017), that considered data of URS, PNL,
SWL and open surgery interventions. The study also revealed the important uptrend
in the use of URS technique and its promising future.

As mentioned before, ureteroscopy is an endourologic minimally invasive pro-
cedure that allows the surgeon to access and treat stones located in any part of
the urinary tract, thanks to the insertion of the ureteroscope into the ureter or
kidney. The first ureteroscopic intervention was performed in 1912 by Young. Since
this moment, ureteroscopes have experienced significant advancements. The first
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(a)
Figure 1.1: On the left, rigid ureteroscope (]Nick Brook UrologistL |2013|); on the right,

semirigid ureteroscope (Basillote et al., 2004)).

endoscopes were rigid (see Figure [l.1a). The intraoperative view was achieved
with thin lenses that were then replaced by glass rods, allowing for a better light
transmission and a reduction of the endoscope diameter. Currently, the optical design
is typically based on fiberoptics. Most of rigid ureteroscopes have been replaced
by semirigid ureteroscopes (see Figure . The first semirigid ureteroscope was
reported in 1989. When fiberoptics were applied to rigid ureteroscopes, their shaft
could also become more flexible without image distortion. In addition, it is less likely

to break a semirigid endoscope than a rigid endoscope (Basillote et al., 2004).
The first report of flexible ureteroscopy (fURS) was published in 1964 by Marshall.
Progress of flexible ureteroscopy was closely related to the development of flexible

fiberoptics. However, the use of flexible ureteroscopes expanded only after more
recent advances in this technology were achieved. Figure depicts a flexible
ureteroscope with 270 degrees of deflection in two directions. The incorporation
of active tip deflection to passive flexible ureteroscopes represented an important
advance in the exploration of the upper urinary tract by endourologic techniques (see
Figure [1.2b). The deflection mechanism of the current flexible endoscopes includes
one or two actively deflectable segments and a passive segment located proximal to
the former. Whereas the active deflection of the tip is controlled by the surgeon
with a mechanism on the handle of the endoscope, the passive deflection refers to the
bending of the passive segment, which is more flexible than the rest of the endoscope,
in contact with the urinary tract tissue. The inclusion of holmium laser was also
a great enhancement of this technology in order to allow intracorporeal lithotripsy,
as well as stone retrieval devices, such as stone graspers and baskets, to capture
and remove calculi (Basillote et al. 2004} Buscarini and Conlin, 2008; [Alenezi and|
Denstedt, [2015).
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ureter

flexible
ureteroscope

(a) (b)

Figure 1.2: On the left, flexible ureteroscope (]Basillote et al.|, |2004|); on the right,
flexible ureteroscopes ease the exploration of the upper urinary tract (European
‘Association of Urology, 2018c).

The use of flexible ureteroscopy has experienced determining improvements over
the past years, including design modifications, miniaturization of the distal tip and
deflection increase, along with new digital video technologies and intracorporeal

lithotripsy devices (Beiko and Denstedt, [2007). These ongoing advances have led

to an increase in the use of fURS and the expansion of its potential indications. It
has been proved to be a safe and effective technique when performed with holmium
laser lithotripsy in the treatment of urinary calculi, presenting high stone-free rate
and low morbidity (Breda et al., 2008, 2009).

However, although ureteroscopy techniques offer many benefits from the patient
perspective, they also present some drawbacks to urologic surgeons. These surgical
procedures involve serious ergonomics problems, as the surgeon maintains a standing
position during the whole intervention, holding the ureteroscope up and turning the
head to look at the endoscopy and radiography screens (see Figure. This position

leads to musculoskeletal pains and joints stiffness (Saglam et al.,[2014}; Geavlete et al.,
2016a). Moreover, the endourologic surgeon is exposed to important doses of ionizing
radiation from X-rays, used to acquire intraoperative images.

The LITHOS project objective is the design and development of a mnovel
surgical remotely controlled robotic system for flexible ureterorenoscopic lithotripsy
interventions, aiming for combining both the benefits that these procedures present
for the patients and also solutions to the drawbacks they have from the surgeons point
of view. The final system is based on a multifunctional collaborative robot located in
the patient site for the endoscope manipulation, which is teleoperated by the surgeon
from a control panel. This two sites approach provides the urologic specialists with a
more ergonomic workspace, remote from radiation sources.
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Figure 1.3: Urologist surgeons have to maintain an unnatural posture during

traditional flexible ureteroscopy interventions(Boston Scientific Urology), 2016)).

1.1.2 Surgical robots

Minimally invasive surgery (MIS) involves surgical procedures that aim to cause less
damage to human tissue than traditional open surgical techniques. It is performed
through small incisions or trocars, so its advantages over traditional open surgery
are numerous: shorter recovering periods, minor postoperative complications, less
scarring, shorter hospital stays, reduced pain and lower morbidity rate (Jaffray}, [2005).

Moreover, MIS indications are widely expanded in many medical areas, like
gynecology and urology 2001)), and it provides an effective and safe alternative
to traditional open surgery in different types of surgical interventions
2007; Lacy et al., 2008} |Guillotreau et al., 2009). In addition, advances in surgical

instrumentation, focused on constant equipment miniaturization and refinement, have

contributed to reduce tissue damage during MIS procedures.

However, MIS also presents several drawbacks. The learning curve for most
surgeons is longer when compared to open surgery, and these procedures can also
present longer operating time and higher equipment costs . The
occasional possibility of conversion to an open procedure due to intraoperative
complications can occur during MIS interventions. A loss of the visibility of the
operative area, the tactile perception and the surgeon dexterity are also associated
with MIS. Moreover, ergonomics problems causing physical symptoms on surgeons
have been repeatedly reported (Park et al., 2010; Sari et al., 2010; Miller et al., 2012)).

Robot-assisted surgery (RAS) is also becoming an expanded technology.

Computer-assisted manipulation offers greater precision and can increase the surgeon
dexterity during minimally invasive procedures . Some of them also
include haptic feedback, which intensifies enormously the immersive experience of the
surgeon in the actual intervention. In addition, important ergonomic improvements
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from the surgeons point of view are achieved with robotic surgery systems when
compared with traditional procedures (Lee et al., |2005; Saglam et al., 2014; Geavlete|
. The feasibility of robot-assisted minimally invasive procedures has been
demonstrated in different types of interventions (Cadiere et al., 2001; Pigazzi et al.,
2006; |Coronado et al. [2012; [Lee et al., 2014)).

Currently available surgical robotic systems for minimally invasive procedures are

performing interventions in different clinical areas, such as laparoscopy, catheteriza-
tion and ureterorenoscopy.

The Da Vinci surgical system (Intuitive Surgical Inc, CA, USA) is composed
by four computer-manipulated robotic arms to operate the patient and a surgeon
console provided with stereoscopic view, hand controls and pedals, where the specialist
remains seated during the intervention (see Figure . The robotic arms in the
operative site system replicate identically the movements performed in the control
console. It provides the surgeons with up to seven degrees of freedom (DOF). It has
been demonstrated to offer advantages over traditional MIS interventions (Hubens et|

2003; Maeso et al., 2010)).

@‘& S
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Figure 1.4: Da Vinci surgical system (Intuitive Surgical Inc, CA, USA) (Simorov et

Al EOT2)

The TELELAP ALF-X surgical system (SOFAR S.p.A., ALF-X Surgical Robotics
Department, Milan, Italy) provides a new robotic approach to minimally invasive
procedures offering haptic feedback to the surgeon (see Figure . It comprises a
remote control unit with 3D vision and an eye-tracking camera control system. The
patient site includes three or four manipulator arms with six DOF each. In contrast
to the Da Vinci surgical system, it is not possible to use wristed instrumentation
with the TELELAP ALF-X system, which is extremely useful in complex surgical
interventions. Nevertheless, its feasibility and effectiveness in different clinical
procedures have been reported (Alletti et al., [2015; [Fanfani et al., 2015, 2016).

The RAVEN Surgical Robot (University of Washington, WA, USA) is a robotic
system for MIS procedures that provides haptic interaction (see Figure . It
includes the patient site with two articulated manipulators of seven DOF each, and

the surgeon site that is composed of two control devices and a video display from
the operation field. The patient site is based on a spherical mechanism that has
been optimized for the best kinematic performance of the system in a very compact
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Figure 1.5: The TELELAP ALF-X surgical system (SOFAR S.p.A., ALF-X Surgical
Robotics Department, Milan, Italy) (]Fanfani et al.|, |2()15|).

Figure 1.6: Patient site (left) and surgeon site (right) of the RAVEN Surgical Robot

(University of Washington, WA, USA) (Lum et al., 2009).

workspace. It has been used in several telesurgical experiments, obtaining successful
outcomes (Lum et al., 2009)).

The robotic Percutaneous Access to the Kidney (PAKY) device (The Johns
Hopkins Medical Institutions, MD, USA) is comprised of a radiolucent, sterilizable

needle driver located at the terminal end of a robot arm with seven DOF. The
movement of the needle is performed by a DC motor that is controlled with a joystick.
It has been proved to be an effective and safe system in clinical interventions and in

vitro experiments (Cadeddu et al., [1998). In addition, its accuracy and feasibility

when combined with a remote center of motion (RCM) device of two DOF have been
determined in comparison to standard manual access .

The magnetic navigation system Niobe (Stereotaxis, MO, USA), for catheter
interventions, is based on two computer-controlled permanent magnets that are
located on opposite sides of the patient (see Figure [1.7)). They generate an external
magnetic field that can be precisely manipulated in order to steer a small magnet in
the distal tip of the catheter. The insertion of the catheter is controlled by a motor
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Figure 1.7: The magnetic navigation system Niobe (Stereotaxis, MO, USA)
(Wikipedia; [2018).

drive. Several clinical studies in patients determined the effectiveness of this system
(Ernst et al |2004; Kiemeneij et al., [2008)).

The robotic catheter system Sensei X2 (Hansel Medical Inc, CA, USA) includes
the remote catheter manipulator, the Artisan Extend Control Catheter and a remote

surgeon console with screens and a three-dimensional master controller device (see
Figure [L.8). The Artisan Extend Control Catheter provides six DOF. The catheter
tip replicates the movements performed on the console controller. The catheter system
allows force feedback to the surgeon when performing surgical procedures. In addition,
although this system was created for cardiac applications, it was demonstrated that
the Sensei system is feasible for performing ureterorenoscopic interventions, after

undergoing the required software and configuration modifications (Desai et al., |2008,

2011).

Flex robotic system (Medrobotics Corporation, MA, USA) is composed of a highly

articulated flexible scope and was specifically developed for transoral robotic surgery.

Figure 1.8: Patient site (left) and surgeon site (right) of the robotic catheter system
Sensei X2 (Hansel Medical Inc, CA, USA) (Hansel Medical Inc, 2016).
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Figure 1.9: Flex robotic system (Medrobotics Corporation, MA, USA) (Remacle et

Al 2OTS).

It allows to steer flexible surgical instruments like endoscopes. The system consists
of three different units: The Flex Cart, with the Flex Base and the Flex Scope,
the Flex Console, and the Flex Instruments (see Figure . The flexible scope is
controlled by the surgeon with a manipulator from the Flex console, which provides
haptic feedback. Many clinical validations have been performed with the Flex robotic
system, providing that this system is easy to use, safe and effective in transoral robotic
surgery (Remacle et al., 2015; Mattheis et al., 2017).

MASTER (Nanyang Technological University and National University Health
System, Singapore) is a master-slave endoscopic robot designed for natural orifice
translumenal endoscopic surgery (see Figure . It provides nine DOF and haptic
feedback. It is necessary that an endoscopist introduces the endoscope into the
patient. After the endoscope has been correctly positioned, the robotic slave can

Figure 1.10: Surgeon manipulator (left) and robotic slave end effector (right) of
MASTER (Nanyang Technological University and National University Health System,
Singapore) (Simorov et al., 2012).
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be precisely controlled by the surgeon. It was proved to be a feasible surgical system
to perform endoscopic sub-mucosal dissections to segmental hepatectomies in animal
models (Lomanto et al., 2015; Peters et al.| [2018).

Finally, the Avicenna Roboflex (ELMED, Ankara, Turkey) is a robot specifically
designed for flexible ureteroscopy (see Figure . It is composed of the surgeon
console and the manipulator of the flexible endoscope. Two joysticks and pedals,

a wheel and a control monitor allow manipulating the endoscope from the remote
unit. The manipulator is composed of a motor system and a robotic arm where the
endoscope is fixed. Moreover, a system in the robotic arm allows the insertion of the
laser fibre for the lithotripsy procedure. It was reported to be a suitable and safe

system in clinical interventions (Saglam et al., [2014}; Geavlete et al., [2016b).

Lithotiipsy Systems.

Gvicenna gRobot

System for Endoscopic Surgery

Figure 1.11: Patient site (left) and surgeon site (right) of the Avicenna Roboflex
(ELMED, Ankara, Turkey) (Saglam et al., [2014).

Although many robotic surgical systems have been designed for MIS interventions,
just a few of them are able to work on flexible ureteroscopy. It is within this gap where
the LITHOS project emerges.

1.1.3 Surgical simulation in flexible ureteroscopy

The benefits of surgical simulation in medical training, including robot-assisted
surgery, have been repeatedly reported (Kunkler, 2006; |Al Bareeq et al., 2008). Its
advantages generally involve improvements in the efficiency and skills of the surgeon,

learning curve reduction, improved educational experience, reduction in costs and
easy access to different clinical scenarios. In addition, virtual reality (VR) simulation
is becoming more widespread in medical applications. Several studies have already
established the usefulness of VR simulation as a mean to train MIS technical skills
(Vapenstad and Buzink| 2013).

Simulation platforms for ureterorenoscopy training have been previously de-
veloped. URO Mentor system (Simbionix, Tel Aviv, Israel) is a high fidelity
computer-based platform for the simulation of rigid and flexible cystoscopic and

ureterorenoscopic procedures (see Figure|l.12a)). This platform allows training calculi
lithotripsy and extraction, irrigation pressure control, contrast material injection
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and performing biopsies in real time simulation with realistic haptic feedback. It
also provides anatomic and non-anatomic practice exercises with different levels of
difficulty in order to acquire basic skills. It is composed of a personal computer and an
operating table with a mannequin and a monitor for displaying intraoperative images
(Michel et al., [2002). In (Dolmans et al., 2009), 89 urologists and residents in urology
performed urological interventions and evaluated the platform afterwards as realist
and useful as an educational tool. In (Schout et al., [2010)), the real time performance
of cysto-urethroscopy interventions was analyzed for 100 different interns. 50% of
the participants had received prior training with the URO Mentor system before
performing the procedure on the patients. The results showed that the trained
participants performance was significantly better.

The Scope Trainer (Mediskills Ltd., Edinburgh, United Kingdom) is a benchtop
model that allows the user to simulate standard endoscopic procedures, such as
flexible cytoscopy, rigid or flexible ureteroscopy or intracorporeal lithotripsy (see
Figure . This platform consists of a urinary tract model, including a distensible
bladder, that can be accessed through the ureteral orifice in order to perform an
endoscopic examination as in a real intervention (Watterson and Denstedt), 2007)).
In (Brehmer and Tolley, 2002), 14 urologists were scored when performing rigid
ureteroscopy on the model and patients. The participants performed equally on both
model and patients, and they considered the procedure on the model similar to the
real surgery. In (Brehmer and Swartz, 2005)), the performance of 26 urologists during
semi-rigid ureteroscopy was analyzed before and after training with the Scope Trainer.
Results showed that the performance was better after training, and the confidence of
all participants also improved after using the model.

Similarly, the Uro-Scopic Trainer (Limbs and Things, Bristol, United Kingdom)
is a benchtop model that consists of a male genitourinary tract model that provides
a training system for urethroscopy, cystoscopy, rigid and flexible ureteroscopy,
lithotripsy and stone retrieval (Watterson and Denstedt] 2007) (see Figure[I.12¢). In
(Matsumoto et al.,2001)), 17 urologists were assessed while performing stone removals
in the Uro-Scopic Trainer before and after a didactic training session with the model.
The scores after training improved significantly.

The Adult Ureteroscopy Trainer (Ideal Anatomic Modelling, MI, USA) is a high-
fidelity benchtop model of a collecting system. It is composed of the kidney, renal
pelvis access, ureter and ureteral oriffice (see Figure. A study with a total of 46
participants, including experienced and novice urologists, was performed to validate
the system. The results showed that 100% of the participants rated the trainer as
realistic and easy to use, 98% thought it is a good training system and 96% would
use it to practice during residency (White et al., 2010).

The surgical simulation platform presented in this Master’s thesis is focused on the
medical training for flexible ureterorenoscopic interventions using the robotic surgical
system implemented in the LITHOS project. In comparison with the previously
described simulation platforms, all the composing elements of the developed training



12 1. Introduction and objectives

Kidney

ADULT
IRSTERDISOPY TRAIIR
U.3. PAT PEMND

WYDAIDEANNNATOMC,CON ‘

Ureter Renal Pelvis Access

Ureteral Orifice

()

Figure 1.12: (a) URO Mentor system (Simbionix, Tel Aviv, Israel) (Simbionix, [2016));

(b) Scope Trainer (Mediskills Ltd., Edinburgh, United Kingdom) (Mediskills Ltd.,
2015); (c¢) Uro-Scopic Trainer (Limbs and Things, Bristol, United Kingdom) (Limbs|
land Things); (d) Adult Ureteroscopy Trainer (Ideal Anatomic Modelling, MI, USA)
(White et al., 2010)

environment in this Master’s thesis are computer-based. The proposed interface is
identical to the one from the surgeon console of the robotic system, providing the
same scenario than in a real surgical intervention. The surgeon site is composed
of an ergonomic seat with two controllers for the hands, and two different displays
for endoscopic and radiographic intraoperative images. Moreover, the surgical robot
controllers provide force feedback to the surgeon to increase the immersion of the
surgeon in the real intervention and to prevent possible tissue damage.
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1.1.4 Introduction to haptic feedback

The introduction of force and tactile feedback in robotic surgery attempts a reduction
of the loss of haptic feedback related to most of conventional minimally invasive
interventions. Traditional open surgery allows direct tissue examination by touching.
However, when the surgeon manipulates the tissue by means of surgical instruments
and tools to perform less invasive procedures, the tactile and kinesthetic information
perceived by the surgeon decreases. This leads to several drawbacks, such as
the impossibility of locate of certain tissue structures or the assessment of tissue
characteristics by palpation, and the application of excessive or insufficient forces
over tissues and sutures (Trejos et al., [2010). In order to prevent it, some current
robotic surgical systems include haptic feedback, like the TELELAP ALF-X surgical
system, the RAVEN Surgical Robot, the robotic catheter system Sensei X2, the Flex
robotic system and the MASTER system.

A haptic device is defined as a system that provides touch perception to the user,
to sense and feel shapes and textures from objects that may not be close to the user.
Generally, this stimuli is caused by a force feedback generated in the haptic device
and provided to the user. However, there are other types of haptic stimuli that do
not necessarily imply force transmission, like temperature changes.

A closed-loop control system or active control system maintains a specific relation
between the system output and the reference input, in order to reduce the error signal
and make the output take a desired value. In contrast to open-loop control systems,
in which the output signal does not affect the control signal, the difference between
the output and the reference signals (called error signal) is used to control the current
output of the closed-loop control system (Ogatay, 2010). In haptic systems, the input
signal is produced by the user actions and the output signal is generated by the
system. This output signal is in charge of creating the haptic stimulus in the user.

Since their creation, haptic systems have been arranged into diverse classifications
regarding their different features. One of them is based on the type of feedback that
is generated and provided to the user, which creates different natures of stimulus.
The haptic systems can be divided into (Oakley et al., 2000)):

e Tactile feedback systems are those related to the skin sensation. They provide
information about contours, geometry and other surface characteristics of the
object that is being explored by the user, such as roughness and temperature.

e Force feedback systems are those related to kinesthetic sensation. They provide
mechanic stimuli and forces that inform about the position, orientation or weight
of the object that is being explored by the user.

However, some haptic systems present both type of feedback, which can intensify
the haptic experience of the final user.

Another classification of haptic devices is based on the close-loop control
architecture that they implement. There are two types of active haptic devices
depending on the function of the sensors and actuators (Anam and Al-Jumaily, 2012):
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Figure 1.13: Impedance control architecture.
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Figure 1.14: Admittance control architecture.

e Impedance control haptic devices are those in which sensors measure the
position of the user movements, and actuators generate the force that is applied
to the user (see Figure |1.13)).

e Admittance control haptic devices are those in which sensors measure the force
that the user applies to the manipulator, and actuators compute and apply the
position that the manipulator requires to provide the user a motion (see Figure
1.14)).

The simulation training platform developed in this Master’s thesis includes an
impedance control closed loop between the endoscope controllers in the surgeon

console and the virtual reality environment to provide the specialist with force
feedback.

1.2 Motivation and objectives

As stated in Section[I.]] the increasing tendency observed in the urolithiasis morbidity
around the world also applies to the usage of endourologic procedures for the
treatment of this urologic disease. Moreover, flexible ureteroscopy is also becoming a
more frequent procedure for the treatment of urinary stones. This minimally invasive
technique presents many benefits from the patient point of view, like less damage to
human tissue. However, it also presents important drawbacks to urologic surgeons,
such as ergonomic problems and radiation exposure.

In order to provide a solution to this problem, the LITHOS project, where this
Master’s thesis is framed, was created to develop a technological alternative based
on a minimally invasive surgical robot for flexible ureterorenoscopy interventions. It
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combines the benefits that fURS offers to the patients, and solutions to the drawbacks
encountered from the surgeons perspective.

The main objective of this Master’s thesis is the design and implementation of
a virtual reality training platform for flexible ureterorenoscopy interventions with
the LITHOS system, prior to the implementation of the final surgical system. This
developed platform includes the same user interface as the robotic system. Moreover,
haptic feedback is provided for the control of the implemented platform with a three
degrees of freedom manipulator, so as to increase the immersion of the surgeon
in the intervention. Diverse clinical scenarios are simulated and presented to the
specialist, including different calculi locations and morphologies. The objective of
the implemented platform is to provide an effective training environment for urologic
surgeons manipulating the robotic system in fURS interventions.

1.3 Document layout

This document is organized in the following chapters, that include the developed tasks
to achieve the objectives stated in Section [1.2

e In Chapter [} the problem statement, the motivation and the main objectives
of this Master’s thesis have been explained.

e In Chapter 2 the dynamic model of the flexible ureterorenoscope developed for
the training platform is described, as well as the algorithm implementation.

e In Chapter [3] the integration of the endoscope dynamics algorithm implemented
in Chapter [2] with a force feedback closed loop is described. In this chapter,
further details about the mechanical design of the haptic system are provided.

e In Chapter [ the validation of the systems developed in Chapters [2] and [3] is
presented.

e In Chapter 5 conclusions and future work drawn from this Master’s thesis are
exposed.
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CHAPTER

2

DYNAMIC MODEL OF A FLEXIBLE
URETERORENOSCOPE

2.1 Introduction to the simulator

The main objective of the implemented platform is to provide the urologists who use
the LITHOS robot with a realistic and feasible environment for training for flexible
ureterorenoscopy interventions. Diverse clinical cases can be simulated and presented
to the surgeon, including different calculi locations and morphologies. The previous
training aims to help them to acquire the required skills for performing ureteroscopic
interventions with the robotic system and to reduce the learning curve. This
environment can be also used for the surgical planning of future fURS interventions.
The training platform presents a user interface identical to the one of the robotic
final system, in which the motions of the flexible ureteroscope are controlled remotely
from the surgeon control panel and performed in the patient site by the final actuator
system.

The design of the surgeon site aims to provide the urologists with a more ergonomic
workplace, in order to reduce unnatural or uncomfortable postures during long periods
of time, and also to keep the surgeon away from ionizing radiation of X-rays, used
to acquire intraoperative images. The control panel is composed by a comfortable
seat for the surgeon, a hand controller device and two monitors, which display the
radiographic and endoscopic intraoperative images. The controller device is a 3D
mouse. A 3D mouse is an electronic device that produces six degrees of freedom
position and orientation information. It is designed to control digital content in an
easy and intuitive way using only one hand. The 3D mouse used for this project is
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the SpaceMouse Compact by 3Dconnexion (see Figure H
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Figure 2.1: SpaceMouse Compact by 3Dconnexion (]3Dconnexion|, |2018[).
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Figure 2.2: 3D mouse movements to control flexion, rotation and insertion of the
virtual endoscope in design phase.

The development of the training platform was divided in two different phases: the
design phase and the implementation phase.

In the design phase, the requirements of the platform were defined and a very
simple virtual model of the training environment was developed. One 3D mouse
was used to control the virtual endoscope degrees of freedom: flexion, rotation and
insertion (see Figure . The virtual endoscope model was implemented using
rigid body dynamics, without considering collisions with external objects, in a non-
anatomic scenario (see Figure . This virtual model is not deformable during
collisions and it provides two different modes of endoscope tip deflection: manual and
automatic. The selection of the deflection mode is performed by pressing both side
buttons of the 3D mouse simultaneously. In the manual deflection mode, the flexion

"https://www.3dconnexion.co.uk /spacemouse_compact /uk/
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Figure 2.3: Virtual endoscope model implemented in the design phase. On the left,
radiographic vision; on the right, endoscopic vision.

level of the deflectable endoscope tip configured by the surgeon remains invariable once
the surgeon stops controlling the 3D mouse. In the automatic deflection mode, the
deflectable tip recovers the extended configuration once the surgeon stops controlling
the 3D mouse. The prototype implemented in this first stage of the development was
used to firstly evaluate the design of the final robot interface with several urologists.
The feedback provided by two surgeons, with more than 5 years of experience in
ureterorenoscopy, was collected using an evaluation rate between 1-5 for assessing
the control of each endoscope degree of freedom (see Table [2.1)). According to this
feedback, the control of the insertion and rotation levels could be easily and intuitively
performed, obtaining a rate of 4 and 5, respectively. The manual deflection mode
obtained a better rate in comparison to the automatic mode. Moreover, the surgeons
indicate that, although the control of the 3D mouse may require a previous training
session, it is easy and comfortable to manipulate. They stated that the integration of
this controller device in the surgeons daily work would have a positive impact, and
they pointed out its feasibility in other types of urologic procedures. In addition, the
surgeons indicated that separation between motions in different devices allows them
to have a better control of the position of the endoscope distal tip.

DOF Surgeon 1 Surgeon 2

Insertion 4 4

Rotation 5} )

Manual deflection 3 2
Automatic deflection 1 1

Table 2.1: Results from evaluation of prototype developed in the design phase.
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Figure 2.4: 3D mice used as endoscope controllers. On the left, 3D mouse for the left
hand controlling rotational motion (1) and insertion motion (2). On the right, 3D
mouse for the right hand responsible for flexion motion (3).

The implementation phase took the feedback provided by the surgeons as a
starting point. In this phase, two 3D mice were used as endoscope controllers,
one for each hand (see Figure , in order to decouple the degrees of freedom of
the endoscope tip for a better control of its absolute position. In this phase, the
implemented deflection mode was the manual mode.

As in the design phase, the implemented flexible ureteroscope model has three
degrees of freedom that are controllable by the surgeon: rotation, insertion and flexion
(see Figure . Rotation and insertion motions of the endoscope are manipulated
with the left 3D mouse, whereas flexion motion is controlled with the right one. In
addition, the developed training environment includes the simulation of intracorporeal
lithotripsy procedure, calculi fragmentation monitoring and both intracorporeal views
from endoscopy and radiography. The laser activation for lithotripsy is performed by
pressing both side buttons of the right 3D mouse simultaneously, so as to minimize
unintentional laser shots.

In the implementation phase, a deformable model of the virtual endoscope was
implemented. This virtual endoscope is actively deflectable by the surgeon and
passively deformable during collisions with external objects. In order to simulate
the flexible endoscope, the solid model was discretized in a finite number of solid
elements, as depicted in Figure 2.5 Being N the total number of nodes, each node is
represented by index i (i € [0, ..., N — 1]). The shape of the solid elements is spherical,
defined by a specific radius, in order to simplify the implementation of the collision
detection method.

The flexible endoscope dynamic model developed is founded on the position based
approach (Miiller et al., 2007) and the shape matching method (Miiller et al., 2005).
Vertical distance constraints, flexibility degree constraints and geometric constraints
were established between the spherical nodes, as well as external collision constraints.
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Figure 2.5: On the left, the continuous flexible endoscope model; on the right, its
discretization.

The three-dimensional endoscope model is divided into two sections and their
dynamics are modeled with different graphic algorithms: deflectable tip and body.
The dynamics of the deflectable tip is based on the shape matching graphical
approach. On the other side, the position based dynamics algorithm was used to
model the performance of the endoscope body. The position of both sections is
determined by the user input control over rotation, insertion and flexion levels, and
also by the external collisions with environment objects. Moreover, it is important
to point out that the positions of both sections are mutually dependent, since they
actually constitute a solid body.

The control by the user of the three degrees of freedom of the endoscope impacts
directly on the shape of the virtual model. Flexion motion actuates the endoscope
tip, whereas endoscope insertion and rotation are performed from the insertion orifice
and affect the whole model. However, since the rotation of the endoscope would only
have a visual effect on the deflectable tip due to the spherical geometry of the solid
nodes, it has been considered that rotational motion only actuates the endoscope tip
for simplification.

In Section[2.2] the application of both algorithms for the modeling of the dynamics
of the virtual flexible endoscope is explained in detail.

2.2 Dynamics algorithm

For the development of the deformable virtual endoscope, dynamics based on the
position approach (Miiller et al.,; 2007) and the shape matching method (Miiller et
al., 2005) were implemented. The main difference between these dynamics simulation
methods in comparison to classical approaches is that the former works directly on
the position of the objects, omitting the velocity layer. Classical simulation methods
are based on force rendering. Total forces exerted on the objects are calculated in
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order to compute accelerations with the Newton’s second law of motion. Using a time
integration method, velocities and finally the positions of the objects are calculated.
Classical simulation methods for modeling deformable objects are reviewed in (Nealen
et al., 2006), such as mass-spring systems, the Finite Element Method (FEM), the
Finite Volume Method or the Method of Finite Differences.

One of the simplest methods is the mass-spring approach. In this method, the
object is composed of a set of point masses that are connected by springs. The
forces are modeled with the Hooke’s law. This approach is very simple to implement,
but it presents limitations, such as the difficulty of tuning the spring constants or
the inability of capturing volumetric effects directly, like volume conservation or
volume inversion prevention (Bender et al., [2015)). These limitations are not present
in the Finite Element Method, in which a deformable object is considered as a
continuous connected volume (Nealen et al., |2006). However, this method is more
computationally expensive.

The main application of the geometry based methods is interactive environments.
Because of their stability, robustness, simplicity and high level of control, they are
becoming very popular in computer graphics and in the game industry in the last
years. These characteristics make the position based methods suitable for developing
the virtual endoscope model for this project. One of the most important features
that the developed training platform has to present is a high frequency rendering, for
enabling the real time interaction of the user with the simulation and the integration
of a close loop haptic feedback.

Previous surgical simulations have been developed using position based dynamics.
In (Berndt et al., 2017), interactive tissue cutting with haptic feedback based in
this approach was introduced. In (Qian et al., 2017), a laparoscopic simulator
was presented modeled with position based dynamics, in which soft tissues and
interactions between them and surgical tools are rendered. The same approach was
used in (Camara et al |2016|) to implement a real time simulation platform for robot-
assisted partial nephrectomy that allows the interaction of the surgeon with anatomic
deformable models.

In sections [2.2.1] and [2.2.2] both geometry based approaches applied to the
modeling of the virtual endoscope are explained.

2.2.1 Imnsertion

As aforementioned, the simulation of the insertion movement is performed from the
insertion orifice, in which the motion is originated and from where it propagates
through the endoscope body. The position based dynamics method was implemented
to model the dynamics of the body section (Miller et al.,2007)). This graphic approach
is based on the modeling of virtual objects using directly positions instead of velocities,
in contrast to traditional simulation methods. This approach aims to achieve stability
and lower computational load with acceptable visual results.

The algorithm consists of a solver iterator whose objective is to compute the scene
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solution that satisfies all the constraints of the points composing the virtual object.
In order to fulfill this task, the constraints are repeatedly projected, that is, the
corresponding points of this constraint are relocated so as to satisfy the condition.
The constraints that have been set in the virtual endoscope model are vertical distance
constraints and flexibility degree constraints between adjacent nodes (see Figure ,
as well as external collision constraints. However, collision constraints generation and
response are performed outside of the solver loop, as suggested in (Miller et al., 2007)),
obtaining satisfactory results.

—
i-1,i ’pi,i+1)

Figure 2.6: Section of the virtual endoscope body implemented: vertical distance
constraints and flexibility degree constraints between adjacent nodes.

Let C(p) be an equality constraint function over the set of nodes positions p' =
[ﬁOT, ...,ﬁnT]T, n € [0, N — 1]. N is the total number of nodes that represent the virtual
discretized model. This equality constraint function is satisfied if C'(p) = 0. In order
to satisfy the constraint function C(p), a correction Ap that makes C(p'+ Ap) = 0
must be found. This correction can be considered as the displacement of a node
trying to satisfy the constraint function. This correction has to be in the direction of
VC(p) in order to achieve linear and angular momenta conservation if all the nodes
have equal masses. This equation can be expressed as

C(p+ Ap) = C(p) + V5O () - A= 0 (2.1)

Ap'is calculated as

A= AV,C(P) (2:2)

where ) is a scalar. By substituting Eq. [2.2]into Eq. A is calculated. Substituting
it back into Eq. the correction vector is obtained:
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e,
Ap = ‘vﬁc(ﬁ)‘QvﬁC(ﬁ) (2-3)

The correction vector Ap; for each node ¢ involved in C(p) is

Ap; = —sV5,C(p) (2.4)

@ s the same for all nodes involved in C (p).
En| Ve, CO)|
If nodes with different masses m; are considered, Eq. 2.2 can be expressed as

where s =

Aﬁl =A wsz;‘ZC(ﬁ) (2.5)

with w; = 1/m,; and the correction vector Ap; for each node i is

APy = —s w00 = ———CBO v o) (2.6)
> oh Wh |Vﬁh0(ﬁ>’

For every time step of the simulation, a fixed set of constraint functions
is established. It is comprised by vertical distance constraints Cp’(p7) (j €
[Ny —1,..., Ng — 2]) and flexibility degree constraints Cx*(5%) (k € [Ny — 1,..., Ng — 3]),
being Np the number of nodes composing the body and Np the number of nodes
composing the deflectable tip of the endoscope virtual model. Moreover, a special
degree constraint for the joint between the endoscope body and tip was set, C;(5”)
(p7 = [PNp—2,DNy—1,PNy])- At each time step, the corrections of nodes positions
involved in each constraint function (Aﬁg , Ap’ f and Ap’ ;] ) are calculated in a solver
iterator which tries to satisfy all the established constraints.

The vertical distance constraint function is

Cp? (57) = Cp? (71, 5ly1) = Cp? (B Fi+1) = |Fj, j+1| — d (2.7)

being p’;, j+1 = P;j — P j+1 and d the distance between the nodes with which the
constraint is satisfied (see Figure . The solver iterator projects the constraints
from the insertion point of the examined model to the endoscope tip inside the model.
It was considered that the nodes outside of the examined model have infinite mass,
since all of them have a fixed position controlled by the surgeon.

The gradients with respect to the node positions involved in the constraint are
calculated as

iy _ P~ P+

Yy, Ol (p7) = BP0 (2.8
195, 5+l
m Pj — Pjt1

VO’ (07) = == =——"—+ (2.9)

e 195, 5+l
The scaling factor for Cp?(p7) is sp’/ = %. Thus, the correction vectors

are
) w B i1

Apj = —————(|Fj j1l — )= (2.10)

wj + wji1 7, j+1]
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Figure 2.7: Geometric representation of the vertical distance constraint.

Wi+1

ﬁ Py, j+1
Apjpr=+—"7""—— R LERE
J W + Wjt1 )

. (2.11)
P, j+1]

(175, 41 — d
The flexibility degree constraint function is

Crr (") = CRF (P, P 1, P s) = Cr™(Fk, i1, Prv2) = /(Br kits Prst, ki2) — 0

(2.12)

being Pk, k41 = Pk — P k+1 and Pri1, k2 = Prs1 — P ry2 (see Figure2.8). J represents
the angle between the vectors with which the constraint is satisfied.

Figure 2.8: Geometric representation of the flexibility degree constraint.

This constraint function can be expressed as

Cr (P ks Drs1s Drr2) = D kot - Phtd, ka2 — [Pk kot] [Fri1, hio| cosd (2.13)

where the operator () represents the dot product of both vectors. As considered in
the vertical distance constraint, the solver iterator projects the constraints from the
insertion point to the endoscope tip. Moreover, the nodes outside of the examined
model are considered to have infinite mass. The gradients with respect to the node
positions involved in the constraint are calculated as

|Dk+1, k+2] 5

Vi CrF(0%) = Prtt, k2 — P, b1 1=
[Pk, k1]

(2.14)
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. Lo . . Dht1, k+2 . Dk, k+1
Ve CF(0%) = Pr—20 141+ D42+, k+1|j_7+| COSO—P ki1, k+2£7+| cos §
Dk, k+1] [P'k+1, k2]
(2.15)
. . . Dk, k+1
vﬁkHCFk(Pk) = =Dk, k+1 T Pk+1, k+27£ +1l cos & (2.16)
|pk+1,k+2|
The scaling factor for Cp* (%) is
ko Dk, k+1* Dht1, k+2 — [Pk, kt1] [Prt1, k42| cosd 517
SF= k(= |2 k(|2 kﬂc?(')
wi, |V, Cr" (%) + wig1 | Vi, CFF (0F)|” + wir2 [V, CRF (5F)]
Thus, the correction vectors are
APy = —sp" wp Vi, Cr*(5) (2.18)
APjy1 = —sp” V.. Crr (" 2.19
Pr+1 SF Wk+1Vp,,LUF (p) ( )
APjyo = —sp” Vs, Crr(p* 2.20
Ptz = —sp Wp+2Vi, ,Cr"(0") (2.20)

The ideal angle between vectors is § = 0°, in order to minimize the total flexion
of the endoscope model.

The special degree constraint function for the joint between the endoscope body
and the deflectable tip is

Cy(p7) = Cr(FNp—2, D Np—1,0Np) = /(FNp—2. Np—1 X DPNp—1, Np» R1z) — 0% (2.21)

being PNy 2, Np—1 = PNp—2 — P Np—1 and PNy—1, Np = PNy—1 — D Np- The operator
(x) represents the cross product of two vectors. This constraint function can be
expressed as

Cr(PNp—2:PNp—1,PNyp) = (DNp—2, Np—1 X PNp—1, Np) - Rz
— |P'Nyp—2, Np—1 X PNp—1, Ny | [R1z| cos 0° (2.22)

= (PNp—2, Np—1 X DNp—1, Np) - Rie — [P Np—2, Np—1| [P'Np—1, Np| SIN(ideat)

where the operator (-) represents the dot product of both vectors, and d;geq; is the
angle between the corresponding vectors in the ideal shape of the endoscope tip
without colliding. The geometric notion behind this constraint function is that the
angle between vectors p'n,—2 ny—1 and Py, —1, N, has to be the angle between the
ideal nodes vectors, calculated in the shape matching algorithm (see Section .
Moreover, the vector resulting from the cross product between vectors p'n,—2, ny—1
and p'n,—1, Ny has to be parallel to the z axis of the local reference frame of the
so-called reference node (i = Ny — 1) (see Figure 2.9). The rotation of this local
reference frame is represented by the rotation matrix R; calculated in the shape
matching algorithm.
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i=NT-2
>
PNt-2,NT-1
reference node
i=NT-1 y
>
X PNt-1,NT

i=NT

Figure 2.9: Geometric representation of the junction contraint.

Analogously to the previous cases, the gradients with respect to the node positions,
VﬁNT72CJ(ﬁJ), VﬁNT*lC'J(ﬁJ) and Vg, Cy(p”), the scaling factor s; and the
correction vectors, Ap'n,—2, Apn,—1 and Ap'n,, are calculated. In this constraint
case, the node in the endoscope tip (i = Np — 2) is considered to have infinite mass
so that the shape matching algorithm remains unaltered. This junction constraint
between the endoscope body and the tip provides position feedback from the tip to
the body when a collision in the deflectable tip occurs.

Once the projected positions p; have been calculated, the integration scheme
implemented was the following

7 = piA_txi (2.23)

;= P (2.24)

where ¥; is the velocity of the i-th node and #; is the final position of the i-th node
after the current time step.

2.2.2 Flexion and rotation

Both flexion and rotation actuate the deflectable section of the endoscope tip.
Dynamics of the tip is modeled using a shape matching algorithm (Miiller et al., |[2005]).
At every time step, the tip nodes try to reach previously computed goal positions g;
(i € [0,..., Ny — 1], being Np the number of nodes composing the deflectable tip of
the endoscope virtual model). The goal positions are calculated as

gi = R(f? - a_:(c)m) + Tem (2-25)
where :f? are the nodes positions of the ideal shape tip, 72, is the center of mass of

the ideal shape tip, Z.n, refers to the center of mass of the actual shape, and R is a
3x3 rotation matrix that has to be computed every time step.

In order to efficiently calculate the goal positions g; at every time step, the scheme
depicted in Figure is followed. The so-called reference node (i = Ny — 1) is
considered to have infinite mass and acts like a reference for locating the remaining
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reference node

Every time step:

shape (1) Body dynamics based on position
matching {
algorithm Py // Tip dynamics based on shape matching :
et (2) CalculateR, o
(3) Calculate goal positions: g = R1(X°;'X0c...)+;‘:..,

(4) Compute collisions
(5) If collision occurs (binary search):

6) loop
(7) Calculate R, o
ition 8) Calculate goal positions: g’ = Rz(x"i-x"m)+§:m
ps;lsed ] : ) Compute collisions
dynamics ~ (10) endloop

Note:
X_ = position of reference node
X° = position of ideal reference node

om

Figure 2.10: Simplified scheme followed for the flexion and rotation graphical
computation.

tip nodes, whose masses are finite. The position of the reference node is previously
determined by the position based dynamics algorithm, since it is also considered
as part of the endoscope body. This method ensures that the tip will always be
attached to the flexible body. Thus, the center of mass of the actual shape Z., can
be considered as the reference node position (Ze, = Zn,—1). Likewise, the center of
mass of the ideal shape 20  is the position of the ideal reference node (20 = :E?VT_I).
The rotation matrix R; represents the local rotation of the reference node. The
rotation matrix Ry is computed when penetration of the deflectable tip into external

objects occurs.

In order to compute the rotation matrix Rs, external collisions of the endoscope
tip with environment objects are taken into account. When the tip penetrates an
external object at a time step, the developed algorithm recursively iterates to find a
final position where the tip nodes are located inside the object surface, maintaining
the endoscope tip shape. This algorithm is based on a balanced binary search tree
paradigm, in order to reduce the number of iterations (see Figure . The algorithm
minimizes the distance between the penetrating tip position and the final tip position,
preserving the initial shape of the tip at the current time step.

The ideal nodes positions a‘:’?

the flexible ureteroscope tip (Zhang et al., 2014)). The model considers a discretized

are calculated by applying forward kinematics of

endoscope. The position #0(i € [0, ..., Ny — 2]) of the ideal node i can be calculated
as
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Figure 2.11: Simplified example of the implemented algorithm based on a binary
search principle to compute the rotation matrix Ro, with a balanced binary tree of
four levels.

_,0
Do pet
3?? — f?ef.y + R(1 — cos(ax — if3)) (2.26)
f?ef.z + Rsin(a —if)

where 8 = ﬁ, R= g, Nr is the number of nodes composing the virtual endoscope

tip, « the flexion degree (0 < a < 270), L the length of the distal tip and f?ef the
=0 _ =0

xref - $NT—1)'

are recomputed every time the flexion degree of the

known position of the ideal reference node (
The ideal nodes positions )
endoscope tip («) is reconfigured by the user interaction.
Once the goal positions g; have been calculated, the integration method imple-

mented was the following modified Euler scheme

Tt + AL = 5 () + yﬁi(t);fi(t) (2.27)
Bt + At) = F(t) + At (t + Ab) (2.28)

where ¥; is the velocity of the i-th node, #; is the position of the i-th node and ~ is a
parameter which simulates the stiffness of the object (0 <~ < 1). The higher value
of 7, the higher stiffness the object presents.

2.3 Algorithm implementation

The virtual system was developed using the C++ simulation framework CHAI3D
(CHAI3D, 2018), an open-source and multiplatform environment designed to in-
tegrate tactile and visual sensations in real time. It uses the OpenGL framework
for 3D graphic rendering. CHAI3D includes several libraries for computer haptics,
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visualization and interactive real-time simulation, which make it a very useful
platform for developing the integration of virtual environments with force feedback.

As shown in Figure the basic architecture is composed of two different
periodic tasks: the computational and the graphic rendering. The computational
task has to calculate, at every time step, the final positions of the nodes of the virtual
flexible ureteroscope and capture the user interaction inputs. The graphic rendering
task has the objective of updating the visual scene.

v I
Computational Graphic
loop rendering loop

\ /

Shared memory
space

Figure 2.12: Basic architecture of the developed simulation program.

Both tasks are handled by two POSIX threads with different priorities. The
computational loop is assigned the highest priority, because the execution of this
task, which involves user interaction, requires the highest possible frequency. On the
other side, the graphic rendering task is assigned a lower priority. The minimum
frequency required for this graphic update is 25 fps.

2.3.1 Collision detection

The collision detection method must notify whether two objects are intersecting
during the simulation. In the case of the developed training platform, the collision
approach has to detect which nodes are penetrating external objects at each time step.
The collision detection method implemented provided by the CHAI3D framework is
based on an axis aligned bounding box hierarchy. In this approach, virtual objects
are wrapped into basic shapes in order to quickly check intersection between them.
Particularly in this case, axis aligned bounding boxes (AABB) are used (Weller, 2013)).
Therefore, objects are organized creating a hierarchical tree topology. Small objects
are wrapped in different bounding boxes and then in larger bounding volumes that
contain other wrapped objects. In the final tree, each node is linked to a bounding
volume that wraps all primitives of children nodes (see Figure [2.13)). When detecting
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Level 1

Level 2

Level 3

Figure 2.13: Basic principle of the bounding box hierarchy 1 2013).

collision in a bounding volume hierarchical tree, intersection between an endoscope
node and the object root node is checked. If intersection occurs in a node, its children
nodes are then examined. This procedure is recursively performed until the intersected
primitive is determined. Children nodes of bounding volumes that do not intersect
are not checked. With this method, the complexity of the detection algorithm may
be reduced.

Figure[2.14]shows the AABB based collision detector implemented for the training
platform. Only nodes of depth 4 are depicted in the figure. Maximum depth of the
created hierarchical tree for the three-dimensional ureterorenal model was 19.

2.3.2 Collision response

Regarding the collision response method used for the endoscope body collisions, the
force rendering approach “finger-proxy” of the CHAI3D framework was applied to the

implemented graphic algorithm (Ruspini et al., [1997). This force model is based on

the idea of a virtual proxy that represents the real cursor movements towards a goal.
This virtual proxy presents the same behaviour as a real pointer would have in real
life; while haptic exploration, it does not penetrate external objects and lies on their
surface during collisions. In free space, both proxy and goal positions are the same.
When an external object avoids proxy direct motion to the goal, the algorithm tries
to reduce the distance between the two points, moving the proxy along the object
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ﬂ
]

{
1

Figure 2.14: Nodes of depth 4 in the axis aligned bounding box hierarchical tree of
the implemented three-dimensional ureterorenal model.
external surfaces until it reaches a position with the lower possible distance to the

goal (see Figure [2.15). The proxy is considered as a point that can be moved inside
the configuration space composed of the configuration-space obstacles, which consist

of all points within one proxy radius of the original object surfaces (see Figure [2.16]).

goal

Figure 2.15: The “finger-proxy” algorithm tries to reduce the distance between the

proxy and goal positions.
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. PHYSICAL POSITION ‘ PROXY POSITION

Actual Obstacle Configuration Space Obstacle

Figure 2.16: Configuration space obstacles and constraint planes (Ruspini et al.,
1997).

This principle can be written as an optimization problem as follows

minimize | — p|| subject to
itz <0,

v <0,
(2.29)

itz <O0.

where p'is the difference vector between the proxy position and the real user’s position,

T is the new proxy position that has to be solved, and ﬁ;f

, 0 < i < m, are the unit
normals of the constraint planes built around the object surfaces.

Although the computational cost of this algorithm is higher than other alternative
methods, like the potential field model, it solves some limitations like discontinuities

in the object surface or pop-through of thin objects (Zilles and Salisbury, [1995]).
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CHAPTER

3

FORCE FEEDBACK

3.1 Introduction to the developed haptic system

Traditional open surgery allows direct tissue examination by touching. However,
tactile and kinesthetic information perceived by the surgeons decreases when they
manipulate the tissues using surgical instruments and tools to perform minimally
invasive interventions. Several recently developed surgical robots incorporate force
and tactile feedback, with the main objective of reducing the loss of haptic feedback
related to most of conventional minimally invasive interventions. In order to increase
the tactile perception and the immersion of the surgeon in the urologic procedure
carried out in the developed virtual reality platform, a haptic system was designed
and implemented to provide force feedback to the specialist.

The developed haptic device provides 3 DOF input and output for the control of
the 3 DOF of the endoscope (insertion, rotation and flexion). This means that the
position of the 3 DOF manipulators can be read and forces in these 3 DOF can be
provided to the user. The haptic device that has been implemented is composed of
two different controllers, one for each hand, following the surgeons feedback provided
on the design phase (see Section . The location of each subsystem depends on the
surgeon preferences:

e The haptic controller 1 provides 1 DOF for the manipulation of the endoscope
tip flexion, as well as the activation button for the lithotripsy laser.

e The haptic controller 2 provides 2 DOF for the control of the endoscope insertion
and rotation.

For the development of a force feedback loop between the implemented virtual
reality training platform and the developed haptic device, the following procedure
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is executed. Firstly, the position of the controllers is sent to the simulator. This
position directly controls the location of the final virtual end effector, constituted by
the deflectable endoscope tip. The new location of the endoscope is then rendered in
the virtual environment. Computation of the exerted virtual forces on the endoscope
tip is performed. The final forces are finally sent back to the corresponding haptic
controller, which provides the force feedback to the user. This impedance force closed
loop can be observed in Figure[3.1} In order to ensure the stability of the haptic loop,
the minimum execution rate must lie in the range of 500-1000Hz.

3DOF POSITION

/\

%

MICROCONTROLLER
VIRTUAL ENVIRONMENT

3DOF FORCE FEEDBACK
HAPTIC CONTROLLERS

Figure 3.1: Simplified scheme of the developed impedance force closed loop.

The haptic controllers are the physical interface that enables the user to interact
with the virtual environment. The haptic manipulators are mechatronic systems
that include mechanical parts and electronic components. They have two different
functions: sending location to the virtual environment and exerting computed forces
to the user. Therefore, as every haptic system, they are comprised of sensors and
actuators. The hardware system of the haptic controllers is composed of the following
electronic components:

e A microcontroller board Arduino Due based on the Atmel SAM3X8E ARM
Cortex-M3 CPU (32 bits) H

e Three direct current (DC) brushed electric motors provided by gearheads and
optical /magnetic encoders: two Faulhaber DC Gearmotors 26198012SRE| with a
reduction ratio of 22:1 and an IE2-16 encoder for insertion and flexion endoscope
control and one Faulhaber DC Micromotor 1516E012SRP] with a reduction ratio
of 41:1 and an IE2-16 encoder for the rotation of the endoscope.

"https:/ /store.arduino.cc/usa/arduino-due
https://www.faulhaber.com/fileadmin/Import/Media/EN_2619_SR_TE2-16_DFF.pdf
3https://www.faulhaber.com/fileadmin/Import/Media/EN_1516_SR_DFF.pdf
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e Two X-NUCLEO-THMO04A1 dual brush DC motor drive expansion boardd]
based on the DMOS dual full bridge L6206

e A tactile DIP push button for the activation of the lithotripsy laser, whose
signal is correctly low pass filtered to prevent switch bounces.

In this haptic system, the push button and the optical/magnetic encoders act as
sensors. They have the function of sensing the position of the motor shaft or the
activation of the laser. On the other hand, DC motors work as actuators, providing
the computed final forces to the surgeon.

In the following Section characterization of the electronics components of
the force feedback system is discussed. In Section the integration of the final
hardware system with the virtual endoscope model is explained.

3.2 Hardware architecture description

3.2.1 DC motors

As stated in Section two Faulhaber DC Gearmotors 26195012SR 22:1 + IE2-16
are used for the insertion and flexion degrees of freedom. These motors include an
integrated optical encoder of 2 channels and 16 lines per revolution. The gearbox has
a reduction ratio of 22:1. Therefore, 1408 pulses are provided in a revolution out of
the gearbox. This means that the resolution per pulse is 0.256 degrees. Table

presents the characteristics of these motors, provided by the manufacturer datasheet
(see Appendix [C]).

Parameter Value  Units
Nominal voltage Uy 12 |4
Terminal resistance R,, 31.5 Q
Rotor inductance L,, 1600 x 1076 H
Rotor inertia Jy, 0.68 x 1077 kgm?
Mechanical time constant t,, 7.9 %1073 s
Electrical time constant £, 5.13 x 107° s
Back-EMF constant kp 16.4 x 1073 Vs/rad
Torque constant k&, 16.4x 1073  Nm/A

Table 3.1: Parameters of Faulhaber DC Gearmotors 2619S012SR 22:1 + IE2-16 (see
Appendix .

The electrical and mechanical time constants are calculated as t, = Ly,/R,, and
tm = Ry X I /K2,

“http://www.st.com/en/ecosystems/x-nucleo-ihm04al.html
https://www.st.com/en/motor-drivers/16206.html
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From Table the analytical model of the motor is calculated (Félix Monasterio-
Huelin & Alvaro Gutiérrez, 2018)). The transfer function in angular velocity of a DC

motor is
K/
G, (s)= n 3.1
) = e ) s+ Ipal) )
where
k
K], = —= 3.2
= (32)
1/1 1 1 [(1 1N\ knk
PLo=—5 —+ ) *3 ———] —4 m (3.3)
te  t )2\ \te JinLm
and t) = é—:”n. The viscous friction coefficient is estimated as B, = ‘t]—z - k}b{;’".
Therefore, the transfer function in angular velocity of the motor is
K/ 150735294.12
Gy (s)= m = (3.4)

(s +|p1])(s + [p2l) ~ (s -+ 19372.39)(s + 127.61)

This transfer function can be simplified if the electrical time constant is very small
in comparison to the mechanical time constant. Therefore, the transfer function in
angular velocity of the DC motor can be expressed as

~ . Kn 7730
G, (8) = (s+pm) (s+126.77) (35)

where K,,, = pmGém(O) = pmm and p,, = 1/t,,. The module of the

calculated transfer function ‘Gé (s)‘ and its simplification )éé (s)’ are depicted in
Figure [3.2

40

Calculated model
Simplified model

20 -

-20 [

Module

-40 b

-60 -

80 ‘ ‘ ‘ ‘ ‘
10° 10° 102 108 10* 10° 108
Frequency (Hz)

Figure 3.2: Module of the transfer function in angular velocity of the motor for

insertion and flexion.
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For the rotation endoscope control, one Faulhaber DC Micromotor 1516E012SR
+ 16A 41:1 + TE2-16 is used, as stated in Section The encoder of this motor is
magnetic, and it is composed of 2 channels and 16 lines per revolution. The gearbox
has a reduction ratio of 41:1. Therefore, 2624 pulses are provided in a revolution out
of the gearbox. This means that the resolution per pulse is 0.137 degrees. Table
presents the characteristics of this motor, provided by the manufacturer datasheet

(see Appendix [D).

Parameter Value  Units
Nominal voltage Uy 12 \%4
Terminal resistance R, 115 Q
Rotor inductance L,, 900 x 106 H
Rotor inertia J,, 0.23 x 1077 kg m?
Mechanical time constant ¢, 60 x 1073 s
Electrical time constant ¢, 7.83 x 1076 s
Back-EMF constant kj 6.61 x 1073 Vs/rad
Torque constant ky, 6.61 x 1073 Nm/A

Table 3.2: Parameters of Faulhaber DC Micromotor 1516E012SR + 16A 41:1 + IE2-
16 (see Appendix @

The electrical time constant is calculated as t. = L,/ Ry,.

Analogously to the previous motors, the analytical model of this motor is
calculated by using the data of Table The calculated transfer function in angular
velocity of the DC motor is

K 319323671.5
08 = I (s Fpa) (5 & 127761.26)(s + 16.67) (3.6)

This transfer function can be simplified if the electrical time constant is very small

in comparison to the mechanical time constant. Therefore, the transfer function in
angular velocity of the DC motor can be expressed as

~ K 2499.055
G? (s) = "= 3.7
o) = i)~ (5 1 16.67) (87)

where K,, = pmGZ-m(O) = memeLW and p,, = 1/t;,. The module of the

calculated transfer function ‘G; (s)‘ and its simplification ’ég (s)’ are depicted in
Figure 3.3

3.2.2 DC motor driver

The nominal voltage required for the properly functioning of the used DC motors is
12V, specified in Tables[3.T]and However, the microcontroller board Arduino Due
is able to output only 3.3V through the I/O pins, providing also a very low maximum
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Figure 3.3: Module of the transfer function in angular velocity of the motor for
rotation.

output current that is not enough to drive the DC motors (15mA). Therefore, a DC
motor driver is needed in order to correctly control the DC motors. Since three
different motors have to be controlled, two X-NUCLEO-IHM04A1 dual brush DC
motor drive expansion boards are used. These expansion boards are based on the
DMOS dual full bridge L.6206. They allow the control of the rotation speed and the
rotation direction. This is performed by the pulse width modulation (PWM) of four
DMOS transistors, that are assembled in a special electronic configuration called H
bridge (see Figure [3.4). This circuit allows the activation of both transistors @1 and

VCC

l

Qi Q3

()

Q2 Q4

Rs

Figure 3.4: Simplified H bridge circuit.
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Q1 Q2 Q3 Q4 State
ON OFF | OFF | ON Motor runs clockwise
OFF | ON ON OFF | Motor runs counter-clockwise
ON OFF | ON OFF Motor brakes
OFF | ON OFF | ON Motor brakes
OFF | OFF | OFF | OFF Motor coasts

Table 3.3: Possible states of the H bridge configuration with a DC motor.

Q4 while transistors Q2 and @3 are in cutoff mode, applying a positive voltage to
the motor. This voltage is reversed when transistors Q2 and ()3 are activated and
transistors Q1 and @4 are in cutoff mode. This configuration allows the motor to run
forwards and backwards by digital control, without performing assembling changes.
Depending on the signals applied to the transistors, the motor can run clockwise,
counter-clockwise, brake or coast (freely run). The possible H bridge states can be
observed in Table B.3]

The signals applied to the DMOS transistors are PWM signals. The speed of the
motor is controlled by the duty cycle of these PWM signals. The signals applied to the
transistors are generated by the Arduino Due by correctly configuring the Peripheral
B and selecting the signal frequency and duty cycle. The chosen modulation frequency
is 40kHz, which is adequately attenuated by both types of motors (see Figures

and .

3.2.3 Mechanical design of the haptic system

The development of the mechanical part of the haptic system was performed by
3D printing. 3D printing technology is becoming more and more popular in the
recent years. This additive manufacturing process allows the user to produce custom
products at low costs with readily available supplies. Moreover, it facilitates and
speeds up the development and modification of model designs. However, it has also
some limitations, such as not enough precision required to some applications, reduced
choice for materials or surface finishes, and limited strength or resistance to heat
(Berman, 2012). For the objective of this project, 3D printing technology meets
the expected requirements for the development of a first prototype, although other
technologies may be required for advanced versions.

The CAD models for the final pieces were firstly designed with the 3D design
and modeling software Autodesk 123D. Then, the pieces were printed with a 3D
printer Prusa i3 Hephestosﬂ The printed pieces were assembled with the electronic
components and validated. Several prior designs of the haptic controllers were
previously developed and tested until the final versions for these haptic prototypes
were achieved. The mechanical design and assembly of the haptic controllers

Shttps://reprap.org/wiki/Prusa_i3_Hephestos/es
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prototypes were developed following the steps depicted in the flowchart of Figure

3.0

Design of Design of
haptic controller 1 ] haptic controller 2
(1DOF) (2DOF)
Print 3D model of Print 3D model of
haptic controller 1 haptic controller 2
Assembly of Assembly of
haptic controller 1 haptic controller 2 END
No Passes Yes | | No Passes Assembly and

integration of

B
validation: final haptic system

validation?

Figure 3.5: Flowchart of the design and assembly process of the final haptic system.

Final results of design and assembly steps of the haptic controller 1 are shown
in Figures [3.6a] [3.6c] and [3.6¢l Final results of design and assembly steps of the
haptic controller 2 are presented in Figures [3.6b] [3.6d] and [3.6f] The final integrated
mechatronic system assembled in the final step can be observed in Figure [3.7]

The fabrication of these custom prototypes of the haptic controllers enables the
study and validation of the developed training platform with the implemented degrees
of freedom providing force feedback. The validation phase is explained in Chapter [4]
In Section the integration of the final mechatronic system with the virtual reality
simulator is addressed.
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(e) (f)

Figure 3.6: On the left, final designed 3D CAD model for controller 1 (a and c¢) and
final 3D printed and assembled haptic controller 1 (e). On the right, final designed
3D CAD model for controller 2 (b and d) and final 3D printed and assembled haptic
controller 2 (f).
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Figure 3.7: Final mechatronic system.

3.3 Integration with the training platform

For the integration of the developed training platform with the haptic controllers, an
impedance force closed loop between both systems was implemented. The position
of the controllers sensed by the motor encoders is sent from the mechatronic system
to the virtual platform using the Arduino Due. This position directly controls the
location of the deflectable endoscope tip. The new position of the virtual endoscope is
then rendered in the simulated environment. After that, the exerted virtual forces on
the endoscope tip during the movement are computed. Finally, the calculated forces
are sent back to the Arduino Due, which activates the corresponding DC motor in
the haptic controllers to provide the force feedback to the surgeon. The magnitude
of the exerted force, controlled by the duty cycle of the PWM signals applied to the
DC motor, is proportional to the force calculated in the virtual environment. The
different steps of this haptic loop can be observed in the flowchart of Figure |3.8

\

Read position C.’o.mp l,“:e Collision
from encoders P osition in the happened?
virtual platform
Apply force to the
user through Compute force
motors

Figure 3.8: Flowchart of the implemented haptic loop.
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The communication between the haptic controllers and the virtual reality
platform, which is running in a computer, is performed by the Arduino Due. The
Arduino Due is connected to the CPU by the serial port. The C++ program opens an
available serial port to read and write data through it. In order to reduce the amount
of time spent in the communication, the configured baud rate is 115200 bits/s, for
both reading and writing. The frames of bits are composed by 8 data bits without
parity bits. The range of motion of the haptic controllers for the inserion and flexion
degrees of freedom is ¢ € (—58.8,58.8)°, whereas the range of motion of the rotation
control is p € (0,360)° (see Figure 3.9). The number of different positions in the
range considering the resolution of the motors encoders can be observed in Table
in which the required number of bits for the communication is also stated. Therefore,
2 bytes per degree of freedom have to be transmitted from the Arduino Due to the
computer. In addition, an identifier consisting of 2 bits for the three DC motors
is used in the transmission. The first 2 bits of each data byte are reserved for the

identifier (see Figure [3.10]).

~. .

Figure 3.9: Range of motion of insertion and flexion control (left) and rotation (right).

Range of Encoder resolution Number of Bits
motion (°) (pulses/rev) pulses in range required
Inserti
HSErHon 117.6 1408 456 9
and flexion
Rotation 360 2624 2624 12

Table 3.4: Required number of bits for transmission.

The received position information is traduced into movement of the virtual
endoscope. The computed force in the virtual platform with the new position
is then transmitted to the Arduino Due, which applies the proportional signal to
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POSITION FRAMES OF BITS: Data (8 bits)
| |
Start Stop
o Do 1 POSo | Posi | Posz | Poss | Pos4 | POSs o
Start Stop
ot Do D1 prosé | pos7 | pPoss | pPoss | posio | posii ¥
FORCE FRAMES OF BITS:
S;‘i’l” D0 IDI | FORCEo0 | FORCE1 | FORCE2 | FORCES | FORCE4 | FORCE5 Slf;’tp

Figure 3.10: Frames of bits for the serial communication used for position (up) and
force (down) transmission.

the corresponding motor of the haptic controllers. One byte is used for the force
communication, where the first 2 bits are used as identifier of the three DC motors,
and the following 6 bits are used to send the computed force (see Figure. 26 — 64
different forces can be provided to the user.

The control architecture developed is based on a virtual spring implemented in
the haptic controllers, particularly in the insertion and flexion degrees of freedom.
This allows relative motion of the haptic controllers, returning to the resting position
once the user stops manipulating them. Moreover, the computed force is added to the
spring model, resulting in the control scheme of Figure For the rotation degree
of freedom, no virtual spring model was implemented, since the complete range of
motion matches the possible rotation of the virtual endoscope. In the developed
control scheme, the error signal e(t) obtained from the subtraction of the resting

ua(t) '
K |«—— F(t) (virtual computed force)

-
J
2
<
\
9
\
3
N

+/ s(s+pm)

A
+

Kp
uj(t) e(t)

r(t) (resting position)

Figure 3.11: Control architecture for the integration of force feedback in the virtual
platform.
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reference position r(¢) and the current position of the motor y(t) is used for the virtual
spring model, achieved with the proportional control of the motor. The signal wu(t)
represents the total control signal in [Volts| applied to the motor, resulting from the
sum of the individual control signals u;(t) and ua(t). The signal u;(t) is the control
signal obtained from the proportional control of the motor, using the proportional
constant K, that is expressed in the units [%} The signal ug(t) is the control

signal calculated with the virtual force from the simulation, using the experimental

constant K, expressed in the units [%] . Thus, the following relations are obtained:
e(t) =r(t) —y(t) (3.8)

u(t) = Kp-e(t) (3.9)

up(t) = K- F(t) (3.10)

u(t) = uy(t) + ua(t) (3.11)

However, when implementing this scheme, several limitations were encountered.
The minimum voltage signal that has to be applied to activate the used DC motors is
not negligible. This means that these motors provide a deadband in which the signal
applied is not high enough to move the rotor of the motor due to the internal torque.
This leads to a dead angle range that does not allow the haptic controller to reach the
resting position when external motion ceases. This effect may deteriorate the user
experience.

One possible solution to this problem is the increase of the proportional constant
Kp in the virtual spring model. With this solution, the dead angle range decreases.
However, the total range of motion of the haptic controller also decreases, since higher
opposite forces are applied with smaller difference angles. Another solution that was
tested is the use of a different DC motor which provides a smaller deadband due
to internal torque. The DC motor used was the A-max 32 - 12V|Z| with a planetary
gearhead GP 32 A 23:1E| and the incremental encoder Encoder HEDS 5540 ﬂ Several
validations were carried out with this DC motor, in which the force feedback closed
loop was implemented between the virtual platform and this motor. However, this
solution was not applied since the haptic perception when freely interacting with the
motor shaft was not satisfactory and smooth enough. Another possible solution to
this problem can be the integration of a mechanical spring in the mechatronic system,
instead of a virtual spring model. This requires the redesign of the haptic controllers
to assembly the proper torsion spring. For the validations carried out in Chapter
higher proportional constant Kp were used.

Regarding the calculation of the virtual forces applied to the deflectable endoscope
tip while controlling the virtual endoscope with the haptic system, the implemented
force rendering approach is based on the same idea of the “finger-proxy” method

Thttps://www.maxonmotor.com/medias/sys_master /root /8825411862558 /17-EN-162.pdf
Shttps://www.maxonmotor.com/medias/sys_master /root /8825547882526 /17-EN-335-336.pdf
“https://www.maxonmotor.com/medias/sys_master /root /8827036074014 /17-EN-413-414.pdf
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(Ruspini et al., [1997) for calculating the exerted forces. In the latter force model, a
virtual proxy represents the real cursor movements towards a goal. The position of
the virtual proxy and the virtual cursor in free space is the same. When an external
object avoids proxy direct motion to the virtual cursor, the proxy position is calculated
by moving the proxy along the external surface of the object and minimizing the
distance to the virtual cursor. Therefore, the proxy never penetrates the surrounding
objects, and stays on the surfaces, whereas the virtual cursor can be located inside
the obstacles. The implementation of the force computation can be easily done with
the Hooke’s Law F' = k x Ax, where k is the object’s stiffness and Ax is the distance
between the proxy position located at the surface of the object and the virtual cursor
position, which is penetrating the object surface. Figure[3.12]shows the proxy position
of a simple haptic tool, in blue, and the virtual cursor position going through the
object, in red. The length of the vector between them (Az), in gray, is proportional
to the force provided to the user. By modifying the stiffness coefficient k£ of this
model, different materials can be modeled.

In this case, in order to calculate the virtual force that has to be finally provided
by the haptic controllers when the endoscope tip is colliding, Ax is calculated as the
distance between the position of center of mass of the computed endoscope tip located
at the surface of the object and the position of the center of mass of the endoscope
tip penetrating the object surface before the collision response (see Figure . The
position of the center of mass is calculated as follows

" > T

Lo, = S~ (3.12)
where Z; and m; are the position and the mass of the node ¢ composing the tip,
respectively.

The calculated force is then sent to the Arduino Due, which converts this force
into voltage for the signal that is going to be applied to the motors. This conversion
between force and voltage is achieved with the constant K (see Figure . By
modifying this constant, the haptic system can present different behaviours. If the

B CHAI3D - O X

\

Figure 3.12: Proxy (in blue) and virtual cursor (in red) of the “finger-proxy”
algorithm. Az (in gray) is used for the force calculation with the Hooke’s Law.
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Figure 3.13: Force calculation implemented based on the Hooke’s Law.

setup environment requires palpation or examination of structures with different
stiffness performed by the end effector, low values for the constant K are preferred.
On the contrary, if the exploration by the end effector is carried out in environments
that may be easily damaged by touch, high values of this constant are preferred to
prevent tissue injury. The selection of this constant was performed experimentally
for the validations carried out in Chapter [4
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CHAPTER

4

VALIDATION

In this Chapter, the validations performed on the implemented training platform are
described. They are divided into two different categories: validation carried out on
the virtual flexible endoscope model and validation performed on the final training
platform, including the force feedback close loop. The first category of validation
aims to test the correct performance of the dynamics implemented to model the
virtual endoscope, using the 3D mice as input controllers. The second category of
validation has the objective of checking the proper execution of the developed force
feedback between the assembled mechatronic haptic controllers and the virtual reality
endoscopy environment resulting from the previous validation. In sections[4.1]and
both validations are addressed respectively.

4.1 Dynamics rendering validation

In this validation, the following features of the developed virtual reality platform were
assessed:

e Computational rate.

e Visual rendering: refresh rate and visual plausibility.

In order to test the performance of the simulated flexible endoscope, different static
tridimensional scenarios were created. These scenarios were composed of pipeline
shaped objects with different configurations in which the endoscope is controlled with
the 3D mice. These scenarios try to replicate in a simple way the natural shapes of
a human urinary tract. Previously created STL models where imported in CHAI3D.
The imported objects are polygon meshes, composed by a set of vertices and triangles
creating a polyhedron. A high transparency level of the set material was configured,
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in order to allow visual exploration of the inside of the objects from front view. Both
endoscopic and front views were rendered in different windows.

Figure [£.1] shows front views of the visual plausibility of the endoscope model
implemented in three different scenarios (Scenarios 1, 2 and 3), with non-anatomic
appearance.

|

Figure 4.1: Performance of the simulated endoscope model in three different scenarios
(from left to right: Scenario 1, 2 and 3, respectively).

The frequency of the computational loop was measured in seven different
experiments. In each experiment, a user interacted with the training platform during
an interval of 15 seconds in each scenario. In this validation, the number of spherical
nodes comprising the virtual endoscope was 37. Figure[d.2]depicts the results obtained
in terms of computational rate.

Regarding the execution rate, the computational loop frequency is higher than
3kHz in 91 % of the cases and lower than 1kHz in 1.04 % of the cases, as shown in
the graphs. Concerning the time intervals longer than 2 ms (frequencies lower than
500 Hz), it could be observed that they do not cause a detectable visual impact.

In addition to the non-anatomic scenarios, navigation through a three-dimensional
ureterorenal model was implemented (Scenario 4) for creating an accurate and realistic
training platform. The 3D model was previously acquired with a CT scan on a real
urinary tract. It was then imported in CHAI3D as a polygon mesh.

In this scenario, the training platform provides two different views in different
windows, emulating the real surgical setting: the endoscope monitor displaying real
time intraoperative images and a remote front view of the patient body equivalently
to the radiographic acquisition (see Figure . The equivalent X-rays view is only
updated when required by the surgeon and allows the specialist to know the current
exact location of the endoscope. Moreover, the simulation of the laser litotripsy was
implemented (see Figure . Different calculi locations and morphologies can be
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Figure 4.2: Mean computational frequency results obtained with seven experiments
of 15 seconds in scenarios 1, 2 and 3.

B CHAIZD

Figure 4.3: Implemented virtual reality environment user interface, including
endoscopy (right) and radiography (left) screens.
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B CHAIBD

Figure 4.4: Simulation of the lithotripsy procedure.

presented to the surgeon, in order to simulate multiple clinical scenarios.

Like in the previous scenarios, the frequency of the computational loop was
measured in seven different trials of 15 seconds each. The number of spherical nodes

comprising the virtual endoscope was 37. Figure depicts the results obtained in
terms of computational rate.

Regarding the computational rate, the frequency is higher than 3kHz in 90.7 %
of the cases and lower than 1kHz in 0.97 % of the cases. Concerning the frequencies
lower than 500 Hz, as in the previous scenarios, they did not have any visual effect.

100 Computational frequency in Scenario 4

Time of experiment (%)

fJQQ Q,'\QQQ ! ! 7
N N \60 rLQQ rLE)Q
Frequency (Hz)

Figure 4.5: Computational frequency results obtained with experiments of 15 seconds
in Scenario 4.

As observed in Table the performance of the algorithm for the four scenarios
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% of computational rate (Hz)

. 500— 1000— 1500— 2000— 2500—
Seenario <500 00 4500 2000 2500 3000 o000
1 0312 0294 019 0246 0669 0754 97.536
2 0.337 026 0218 0604 1289 1.483  95.809
3 0.521 052 1.208 2392 2094 1513  91.752
4 0475 0.496 2432 2815 1.698 1.415 90.67

Table 4.1: Comparison mean percentage of execution time running at the different

frequency ranges in Scenarios 1, 2, 3 and 4.

is similar. However, lower frequencies are reached more often in the third and fourth

environments. It was determined that there is a relationship between the execution
time and the number of collided nodes that have to be handled. Figure shows
the relationship between the mean execution frequency and the number of colliding

nodes in experiments of 15 seconds with a user in the four scenarios. It can be

observed that lower mean computational frequencies are achieved when the number

of collided nodes is higher. This effect is expected, since the most time-consuming
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Figure 4.6: Relation between mean computational frequency and number of nodes

colliding.
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task is the collision detection and handling when the virtual endoscope model reaches
a position where the nodes are colliding with a complex obstacle and the constraints
are not satisfied. This effect can be observed in the computational rates of Scenario
3 and 4. This behavior is also expected, because the geometries of Scenario 3 and the
ureterorenal model are more complex than that of the other environments, leading to
a higher number of collisions and constraints that have to be handled. As a result,
lower computational rates are reached during a higher execution time percentage, as
shown in Table In addition, it is important to emphasize that this relationship
also depends on the current shape of the virtual endoscope model and how unsatisfied
the constraints established between the nodes are. There may be cases in which the
constraints got satisfied by the algorithm, although many nodes are colliding, leading
to higher computational frequencies after finding that solution. This effect can be
observed in the relationships of Scenario 1 and Scenario 3 in Figure in which
higher mean frequencies are reached with four and five colliding nodes, respectively.

Regarding the frame rate, no significant differences between the scenarios were
observed. However, the update rate differs considerably between the following display
modes: the first mode consists of a visual interface with real-time endoscopic view and
updated radiographic view by pressing a key; the second mode renders both views in
real time. Mean percentage of execution time reaching different frame rates are shown
in Table for experiments of 15 seconds with a user in Scenario 4 for both display
modes. It can be observed that with the rendering of a view, frame rates above 50
fps are reached during the total execution time of the simulation. On the contrary,
when rendering both the endoscopic and radiographic views in real time, the frame
rate is approximately half of the previous case. The frame rate is always below 40 fps,
and sometimes it reaches update frequencies below 25 Hz. In this case, the minimum
refresh rate for the human eye to perceive movement (25 fps) is not achieved in some
cases. This is because the amount of visual information that has to be rendered is
higher and the priority of the graphic loop is lower than the computational loop.
In the first view mode, the minimum refresh rate is preserved and the simulation is
also more similar to the real surgical scenario, in which the radiographic images are
acquired when required.

% of frame rate (fps)

25— 30— 40— 50—
Mod 25 60
ode < 30 40 50 60

End()?COplC. 0 0 0 0 38.017 61.983
real-time view

Bothrealtime g0 5767 01243 0 0 0
VEwWS

Table 4.2: Mean percentage of execution time running at the different frame rates in
Scenario 4 for both display modes.
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4.2 Haptic feedback validation

In order to test the proper execution of the developed force feedback between the
final mechatronic system and the virtual reality endoscopy environment resulting
from the previous validation, a second validation was carried out. The objective of
this validation was the evaluation of:

e The computational time of the force calculation task.
e The computational time of the communication task.

The user interface presented in Figure [£.7] was developed and provided to the user.
In this new interface, the radiographic view displays a real-time graph with the force
provided to the user for each DOF of the endoscope.

Since Scenario 4 presented the lowest computational frequencies in the last
validation, the experiments of the current validation were performed in this scenario.
The mean computational time required for the calculation of the force and the
communication with the Arduino Due is presented in Table[4.3] for seven experiments
of 15 seconds with a user in Scenario 4. As observed in these results, the realization
of these two tasks takes around 30 % of the total computational time, taking the
communication task around 99.8 % of the total time. However, the virtual endoscope
rendering remains as the most time-consuming task.

(B9 CHABD

NSERTION

Figure 4.7: Implemented virtual reality environment user interface for the force
feedback close loop (radiographic view).
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Task Mean time (%)
Force calculation + communication 29.5901
Communication 29.5321

Table 4.3: Mean time required for force calculation and communication.

Table depicts the results obtained in terms of computational rate with the
implemented closed-loop force feedback. Computational rates above 3kHz are
reached around 61 % of the total time, whereas execution frequencies below 1 kHz
are achieved in 1.54 % of the cases. These cases were not significantly perceived
in the haptic perception. In this case, lower frequencies take a higher percentage
of the total execution time, in comparison to the training platform running without
haptic feedback. This may be caused by the communication between the virtual
environment and the haptic controllers. However, a minimum frequency for a stable
haptic feedback (1 kHz) is preserved in 98.458 % of the cases.

% of computational rate (Hz)
500— 1000— 1500— 2000— 2500—
Scenario < 500 > 3000
cenatio 1000 1500 2000 2500 3000

4 0.21 1.332 1.964 5.814 14.305 15.421 60.953

Table 4.4: Mean percentage of execution time running at the different frequency
ranges in Scenarios 4 with force feedback.
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5

CONCLUSIONS AND FUTURE
WORK

In this Chapter, conclusions drawn from the experiments and validations performed
on the developed virtual reality haptic platform are discussed. In addition, possible
future lines of research resulting from this Master’s thesis are addressed.

5.1 Conclusions

As explained in Chapter [I many robotic surgical systems have been designed for
MIS interventions up to now, which offer many advantages for patients and surgeons.
The safety and feasibility of robot-assisted minimally invasive surgery has been
demonstrated for different medical interventions. However, just a few of robotic
surgical systems have been proved to work on flexible ureteroscopy. It is within this
gap where the LITHOS project emerges. The LITHOS project provides a novel system
that allows the remote control of the flexible endoscope by the use of robotics as an
alternative to traditional ureterorenoscopic interventions. The main objective of the
implementation of this robotic surgical system is to meet the needs of both patients
and surgeons, offering a solution to the drawbacks associated to the conventional
flexible ureterorenoscopy technique from the urologists point of view. This surgical
robotic system will be composed by a patient site and a surgeon console, which
provides the urologists with a more ergonomic workplace, remote from radiation
sources used to acquire intraoperative images.

In this Master’s thesis, the implemented virtual training platform for LITHOS
project has been presented. It comprises the same interface of the robotic system,
including the endoscope controllers, endoscopic and radiographic screens and laser
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activation for lithotripsy procedures. First, the dynamic model for the virtual
flexible endoscope was implemented using the same principles of the position based
approach and the shape matching method. The resulting virtual reality environment
is controlled by two 3D mice. After that, the integration of the developed simulation
platform with a force feedback closed loop was developed. Two mechatronic
controllers were designed and assembled to provide haptic feedback to the user when
steering the virtual flexible endoscope.

Both the dynamic model of the flexible ureteroscope and the final haptic system
were validated by undertaking several experiments to evaluate their performance. The
first validation aimed to assess the computational rate, the visual plausibility and the
refresh rate of the virtual reality environment in different scenarios, including the
navigation through a three-dimensional ureterorenal model. The second validation
had the objective of testing the performance rate of the force calculation and
communication when the haptic feedback was established between the designed
controllers and the virtual platform.

Regarding the first validation, the obtained results in terms of execution time
determine that the training platform developed presents different computational
rates depending on the complexity of the implemented environment and on the
number of collisions and constraints that have to be handled. However, in this
initial study it could be observed that this does not have any detectable visual
impact. Computational frequency is higher than 3kHz in 91 % of the cases whereas
the simulation update rate is always above 50 fps with the display mode of the
user interface similar to the real surgical scenario. These outcomes show that the
developed virtual reality endoscope model and platform are suitable and plausible for
the urologic surgeon training. Concerning the second validation, the performance
of the assembled haptic devices is adequate, taking into consideration that this
implementation aimed to develop a first prototype of haptic controllers for the virtual
reality platform. With regard to the force feedback calculation and communication
between the simulated environment and the Arduino Due, the data transmission takes
around the 30 % of the execution time. Even so, the dynamics algorithm of the virtual
endoscope is the most time-consuming task. Concerning the computational rates,
lower frequencies are achieved during a higher percentage of the total execution time,
in comparison to the training platform running without haptic feedback. This result is
expected taking into account the computational time required for the communication.
However, minimum frequency for a stable haptic feedback (1kHz) is preserved in
98.458 % of the total execution time.

As a conclusion, the developed virtual environment presents a correct and feasible
performance in this development initial stage and offers a suitable tool for the training
of urologic surgeons manipulating the LITHOS system in flexible ureterorenoscopy
interventions. This environment also provides a useful platform for the surgical
planning of future fURS interventions.

During the development of this Master’s thesis, the article with title “Virtual Re-
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ality Training Platform for Flexible Ureterorenoscopy Interventions with a Minimally

Invasive Surgical Robot” (Peral Boiza et al.| [2017) was published in the Congreso
Anual de la Sociedad Espanola de Ingenieria Biomédica 2017 (CASEIB 2017).

5.2

This

Future work

Master’s thesis has presented a first approach of a virtual reality training

platform for the use of the LITHOS robot in flexible ureterorenoscopic interventions.

From this initial work, some future work lines emerge:

A clinical validation has to be undertaken in order to determine the reduction
of the learning curve of the surgeons in flexible ureterorenoscopic interventions.
The evaluation of the increase of the dexterity of urologists using the LITHOS
robot has to be carried out.

The study of different approaches for the modeling of flexible materials that
could be implemented on the rendering of the endoscope deflectable tip is
proposed.

The development of dynamic environments may be appropriate to test the
implemented training platform in a more accurate scenario. These realistic
environments may include deformable tissue. However, the rendering of
deformable objects that comprise a high number of nodes may reduce the
performance of the training platform when including the haptic feedback.
Therefore, further studies should be undertaken in this line.

Due to the important subjective component of this platform, further studies
of the haptic perception for the assessment of the developed haptic feedback
provided to the user are proposed. Evaluation of the tactile sensation in different
participants may be performed in order to find a generalized subjective feedback
of the provided force.
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A.1 Introduction

The main objective of this Master’s thesis is the creation of a virtual reality platform
for the training of surgeons in ureterorenoscopic interventions using the surgical
robotic system of the LITHOS project. The use of computer-assisted systems for
performing minimally invasive procedures offers greater precision and can increase
the surgeon dexterity (Fuchs, 2002). However, it is required that the surgeons learn
to use these innovative systems and the learning curve associated with these type
of interventions is generally prolonged. The development of surgical simulations for
medical training aims to provide solutions to these limitations. These virtual reality
training environments have to be certificated and validated, in order to evaluate
their efficacy, utility and feasibility. Moreover, the creation of training programs
for surgeons is required and challenging. The simple use of a surgical simulator is
not enough to ensure the learning and training of surgeons, and specialized training
curricula have to be developed for each type of intervention.

The positive impact of the surgical simulation over the surgeons have been
repeatedly reported. Its advantages include improvements in the efficiency and skills
of the surgeon, learning curve reduction, improved educational experience, reduction
in costs and easy access to different types of clinical scenarios (Al Bareeq et al.,
2008)). The main target group of this Master’s thesis is the urologic surgeons that will
perform flexible ureterorenoscopic interventions with the final robotic system of the
LITOS project. However, the same model proposed in this project can be applied in
the implementation of training simulators of others surgical procedures.

Figure represents the impacts in relation to the area of influence and the life
cycle phase of the product developed in this Master’s thesis.

Ethical and . . Environ-
. Economic Social
professional mental
aspects aspects
aspects aspects
Production Use of third- Low—cz;tddemgn
and testing party software implementation
. CHAI3D with P Accossibil
Packa.gmfg _ BSD License ceessipt %ty Use of PLA for
and distribution for all; design .
3D printing
Use and Low-cost for all
maintenance maintenance
Reuse.and Easily reusable
recycling

Figure A.1: Impacts in relation to the area of influence and the life cycle phase of the
product.
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A.2 Description of significant impacts associated with
this project

In this Section, the impacts in relation to the area of influence determined in Figure
[A 1l are addressed.

Regarding the ethical and professional aspects, the use of the third-party software
CHAI3D (CHAI3D, 2018) for the implementation of the virtual reality training
platform has to be considered. CHAI3D is a C++4, open-source and multiplatform
simulation framework designed to integrate tactile and visual sensations in real time.
CHAI3D includes several libraries for computer haptics, visualization and interactive
real-time simulation, which make it a very useful platform for developing the
integration of virtual environments with force-feedback. This framework uses the BSD
license, which is a permissive free software license. It allows the redistribution and
use of the software, with or without modification, provided that the redistributions of
source code retain a specific copyright notice, list of conditions and disclaimer. Thus,
the use of third-party software is allowed in the proposed project and does not pose
copyright concerns.

With regard to the economic aspects, one of the objectives of this Master’s thesis
is the creation of a surgical virtual reality simulator with a low-cost design and
implementation. This explains the use of 3D printing as production technology in
this first prototype. The maintenance of the simulator is also low-cost and simple.
The software component of the virtual environment can be easily maintained with the
release of consecutive updates. Regarding the reuse and recycling of the platform, the
printed parts can be easily recycled (see Section, whereas the software component
does not really need a recycling procedure. Moreover, the versatility and flexibility
of the model proposed in this project allow its reapplication to the implementation
of training simulators of others surgical procedures.

Concerning the social aspects, the design of this virtual reality platform aims
to be accessible to everyone, using low-cost resources and open-source software.
The main target group of this project is the urologic surgeons performing flexible
ureterorenoscopic interventions with the final robotic system of the LITOS project.
Therefore, the feedback of urologists has been taken into account, in order to design
a system that meets the real necessities of the target group.

Regarding the environmental aspects, the use of 3D printing technology has a
direct impact on the environment. In this project, the printing material used was
polylactic acid (PLA), a biodegradable material derived from renewable resources,
such as corn starch. The use of this material to produce the mechanical parts of the
final prototype can be beneficial in several aspects, in comparison to the use of other
resources (see Section .

All the explained aspects have been considered in this Master’s thesis, aiming
to develop a final system that complies with the regulations and is environmentally
conscious, law-abiding and accessible to everyone.
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A.3 Detailed analysis of a significant impact

In this Section, the environmental impact of the use of 3D printing as manufacturing
technology is analyzed in detail. 3D printing is an additive manufacturing process
in which three-dimensional objects are created by building layers of liquid resin
(Berman, 2012). This process allows the user to produce custom products at low
costs with readily available supplies. It facilitates and speeds up the development
and modification of model designs. However, it has also some drawbacks, like not
enough precision required to some applications, reduced choice for materials or surface
finishes, and limited strength or resistance to heat. For the objective of this project,
3D printing technology meets the expected requirements for the development of a
first prototype. The environmental impact of this technology, that is becoming more
and more popular in the recent years, has to be analyzed.

In a study developed in 2013 (Cuboyo, [2018), the environmental impact of
traditional injection molding manufacturing and 3D printing was compared. Results
showed that the environmental impact of 3D printing depends on the electrical
consumption of the 3D printer, since high quality printers usually present higher
electrical consumption. Moreover, the study showed that the environmental impact of
3D printing is lower when compared to injection molding for low volume production
(<1000 parts). Classic manufacturing is not adequate for low volume production
in terms of environmental impact, and 3D printing cannot compete with injection
molding when producing high volume of products. Regarding the material saving in
the production phase, 3D printing technology enables the creation of pieces without
the use of additional molds like in traditional production. In addition, 3D printing
can produce lighter pieces which also reduces the fuel consumption in the distribution
process.

In the development of this Master’s thesis, polylactic acid (PLA) was used as
printing resin. It is a biodegradable material derived from renewable resources, such
as corn starch. It presents the resin identification code 7 of the Society of the Plastics
Industry. It can be recycled and composted. In addition, this material has been
proven to be less toxic than other alternatives, like acrylonitrile-butadiene-styrene
(ABS) (Wojtyta et al., 2017).

As a conclusion, although the manufacturing technique used in this project
presents some limitations, it is more environmentally conscious than other alterna-
tives. Moreover, it allows the custom design of the pieces according to the necessities
of the users, providing also low-cost products accessible for everyone.

A.4 Conclusions
To sum up, the study of the impacts of the proposed Master’s thesis shows that the

final prototype has a positive direct effect over the target group and does not affect
negatively the society nor the environment. The decisions taken in the design and
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implementation of the project have contributed towards the development of a low-cost
product accessible to all, meeting the real needs of the final users. In addition, the
final result is environmentally friendly and coherent with the professional and ethic
principles.
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B. Economical budget

Figure shows the calculated economical budget of the project developed in

this Master’s thesis.

[Labour cost (direct cost)
hours €/hour TOTAL
500 10,00 € | 5.000,00 €
|Materials cost (direct cost)
) Months of Years of
Purchase price .. TOTAL
use depreciation

Personal computer 2.000,00 € 6 4 250,00 €
2 x SpaceMouse Compact 307,02 € 6 4 38,38 £
2 x Faulhaber DC Gearmotors 192,00 € 6 4 24,00 €
Faulhaber DC Micromotor 124,00 € 6 4 15,50 €
Tactile DIP push button 0,65 € 6 4 0,08 €
Prusa i3 Hephestos 299,00 € 6 4 37,38 €

TOTAL MATERIALS COST 365,33 €
Overhead cost (indirect cost) 15% over DC 804,80 €
Industrial benefit 6% over DC+IC 370,21 €
Consumables
BQ Filament PLA 1.75mm 1kg | 56,97 €
SUBTOTAL BUDGET 6.597,31 €
Applicable VAT 21%| 1.385,44 €

[TOTAL BUDGET

| 7.982,75¢€]

Figure B.1: Economical budget of the project.
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FAULHABER DC GEARMOTORS
261950125R, 22:1 + 1E2-16 - MOTOR &
ENCODER SPECIFICATIONS



Series 2619...SR

Values at 22°C and inal voltage

Nominal voltage

Terminal resistance R
No-load speed (motor) No
Speed constant kn
Back-EMF constant ke
Torque constant km
Current constant ki
Slope of n-M curve An/AM
Rotor inductance L
Rotor inertia J

22 FAULHABER
DC-Gearmotors ~ 100mNm

Precious Metal Commutation
with integrated Encoder

'/

For combination with
Drive Electronics:
Speed Controller

012 SR 024 SR IE2-16
6 12 24 Volt
8 31,2 118,6 Q
6 700 6900 7 200 min™!
1130 582 304 min'/V
0,884 1,72 3,29 mV/min!
8,44 16,4 31,4 mNm/A
0,118 0,061 0,032 A/mNm
1 060 1090 1110 min-'/mNm
420 1600 5800 uH
0,68 0,68 0,68 gcm?

Housing material

Geartrain material

Backlash, at no-load

Bearings on output shaft

Shaft load max.:

- radial (5 mm from mounting face)
- axial

Shaft press fit force, max.

Shaft play:

- radial (5 mm from mounting face)
- axial

Operating temperature range

IAIAIA AN

INIA

plastic
metal
4

3,5
2
10

0,07
0,25
0..+70

brass / ceramic bearings| ball bearings, preloaded
(standard)

(optional)

10,5 N

5 N

10 N

0,03 mm

0 mm
°C

reduction ratio
(rounded)

8:1
22:1
33:1
112:1
207 :1
361:1
814:1
1257:1

Note: output speed at 5000 min-! input speed. Based on motor 2607 ... SR.

Orientation with respect to motor terminals £10°

3x M2 3,5deep 3x 21,48 4 deep

For notes on technical data and lifetime performance
refer to “Technical Information”.
Edition 2018

output torque
output weight | continuous intermittent direction | efficiency
speed with operation | operation | of rotation
up to motor (reversible)
Nmax Mmax Mmax
min-' g mNm mNm %
635 25 9 30 = 81
223 26 23 75 * 73
151 26 30 100 = 66
44 27 93 180 # 59
24 27 100 180 = 53
14 27 100 180 = 53
6 28 100 180 = 43
4 29 100 180 = 43
0 0
©26-0,15 9258 ©26-0,3
¢ 0
212-0,05
| p
M ©3-0,02
1
19,9203
2,3
mL 4,1+0,3
\
9,5+03| 1
‘ 21,5 0,5 10,9 0,3

2619S...SR... I[E2-16

Page 1/2

© DR. FRITZ FAULHABER GMBH & CO. KG
Specifications subject to change without notice.



2> FAULHABER

'/

Integrated optical Encoder IE2-16

Lines per revolution N 16

Signal output, square wave 2 channels
Supply voltage Upp 3,2..55 V DC
Current consumption, typical (Uop =5V DC) Ipp typ. 8, max. 15 mA
Output current, max. allowable (at Uout < 1,5V) lour 5 mA
Pulse width " P 18045 °e

Phase shift, channal Ato B" ) 90+45 °g

Signal rise/fall time, max. (CLoap = 50 pF) tr/tf 2,5/0,3 us
Frequency range?, up to f 4,5 kHz

) Ambient temperature 22°C (tested at 1kHz)
2 Velocity (min'") = f(Hz) x60/N

Features

In this version, the DC-Micromotors have an optical encoder with
two output channels. A code wheel on the shaft is optically captured
and further processed. At the encoder outputs, two 90° phase-
shifted rectangular signals are available with 16 impulses per motor
revolution.

Full product description
Examples:
2619S006SR 8:1 IE2-16
26195024SR 1257:1 IE2-16

The encoder is suitable for the monitoring and regulation of the
speed and direction of rotation and for positioning the drive shaft.

The supply voltage for the encoder and the DC-Micromotor as well as
the two channel output signals are interfaced through a ribbon cable
with connector.

Output signals/ Circuit diagram/Connector information

Output signals Output circuit Pin Function
with clockwise rotation as seen from 1 Motor -
the shaft end 2 Motor +
3 GND
4 Upbp
L P /ﬁ%\ 5 Kanal B
2 Channel A \EJ 6 Kanal A
o Ubp
€
< J
® channel A8 150 =10
= PVC-Ribbon cable
ch e e 6 conductors 0,09 mm?
annel
6.1 I HEE
i
Rotation L ===
" , 12,2 |
* An additional external pull-up resistor
Admissible deviation of phase shift: can be added to improve the rise time. 642
: Connector
o Caution: lour max. 5 mA must not 531 DIN-41651
= °©_ — % °|< 45° be exceeded! W=
AD =|90 P 180°|< 45 a1 254

For notes on technical data and lifetime performance
refer to “Technical Information”.
Edition 2018

Page 2/2
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FAULHABER DC MICROMOTOR
1516E0125R + 16A 41:1 4 [E2-16 -
MOTOR & ENCODER
SPECIFICATIONS



2 FAULHABER
DC-Micromotors ~~~~~~~~~~~ 04mNm

Precious Metal Commutation

'/

For combination with

Series 1516

Gearheads:
15/5(S), 16A

1
1 Nominal voltage 1 \%
2 Terminal resistance R 1,11 3,25 14,7 31,2 115 Q
3 Output power P2 max. 0,45 0,25 0,29 0,23 0,25 w
4 Efficiency, max. M max. 59 48 50 45 47 %
5 No-load speed No 14 400 14 200 15 000 15 000 15 600 rpm
6 No-load current (with shaft @ 1,5 mm) lo 0,075 0,057 0,027 0,021 0,011 A
7 Stall torque Mu 1,2 0,68 0,73 0,59 0,62 mNm
8 Friction torque Mr 0,07 0,07 0,07 0,07 0,07 mNm
9 Speed constant kn 10 159 7 827 3659 2 800 1445 rom/V
10 Back-EMF constant ke 0,098 0,128 0,273 0,357 0,692 mV/rpm
11 Torque constant km 0,94 1,22 2,61 3,41 6,61 mNm/A
12 Current constant ki 1,064 0,82 0,383 0,293 0,151 A/mNm
13 Slope of n-M curve An/AM 12 000 20 800 20 600 25 600 25 100 rom/mNm
14 Rotor inductance L 16 27 140 240 900 uH
15 Mechanical time constant Tm 39 45 56 56 60 ms
16 Rotor inertia J 0,31 0,21 0,26 0,21 0,23 gcm?
17 Angular acceleration Ol max. 39 32 28 28 27 -103rad/s?
18 Thermal resistance Rth1/Rth2 | 8/45 KW
19 Thermal time constant Twi/Tw |2/200 s
20 Operating temperature range:
— motor -30 ... +65 (optional version -55 ... +125) °C
- rotor, max. permissible +65 (optional version +125) °C
21 Shaft bearings sintered bearings ball bearings ball bearings, preloaded
22 Shaft load max.: (standard) (optional version) (optional version)
— with shaft diameter 1,5 1,5 1,5 mm
- radial at 3 000 rpm (3 mm from bearing) 1,2 5 5 N
—axial at 3 000 rpm 0,2 0,5 0,5 N
— axial at standstill 20 10 10 N
23 Shaft play
— radial < 0,03 0,015 0,015 mm
— axial < 0,2 0,2 0 mm
24 Housing material steel, zinc galvanized and passivated
25 Weight 10 g
26 Direction of rotation clockwise, viewed from the front face

Recommended values - mathematically independent of each other
27 Speed up to Ne max. 12 000 12 000 12 000 12 000 12 000 rpm

28 Torque up to Me max. |0,4 [0,4 |0,4 |0,4 |0,4 | mNm
Orientation with respect to motor G@
terminals not defined
6x 0 0 -0,004 0

21,3 3deep 913 ©15-0,043 214,8 ©6-0,05 @1,5-0,009 22,38 -0,04
[Bleo.3]A
for M1,6 ©]20,05 | ©]00,07]A]
@3,5 |7] 0,02] #]0,04]
DIN 58400
m=0,2
G F I J 1 _ 129
- 210 x=+0,35
@ I:
‘ 2,2
1 L 1,1 2,1
21 || 60,3 4,303
i -
15,8 8,1+0,3
1516 T...S 1516 E ... S

© DR. FRITZ FAULHABER GMBH & CO. KG
Specifications subject to change without notice.

For notes on technical data and lifetime performance
refer to “Technical Information”.
Edition 2012 - 2013



Encoders

'/

2> FAULHABER

Magnetic Encoders

Series IE2 — 16

Lines per revolution
Signal output, square wave

Supply voltage

Current consumption, typical (Vpp = 12 V DC)
Output current, max. admissible

Phase shift, channel A to B2

Signal rise/fall time, max. (C.oap = 100 pF)
Frequency range , up to

Inertia of code disc

Operating temperature range

" Velocity (rpm) = f (Hz) x 60/N
2 Tested at 2 kHz

N 16
2

V bp 4..18

| bp typ. 6, max. 12

I out 15

[0 90 £ 45

tr/tf 2,5/0,3

f 7

J 0,11
-25...485

Features:

16 Lines per revolution
2 Channels

Digital output

m
N
1
—
o

channels
V DC
mA

mA

°e

us

kHz
gcm?

°C

Ordering information

Encoder type number lines
of channels | per revolution in combination with:

IE2 - 16 2 16 DC-Micromotors
1336 ... CXR,
1516 ... SR, 1524 ... SR,
1717 ... SR, 1724 ... SR,
1727 ...C, 1741 ... CXR,
2224 ... SR, 2232 ... SR, 2342 ... CR,
2642 ... CR, 2657 ...CR,
3242 ... CR, 3257 ...CR, 3272...CR,
3863...C, 3863..CR

Features

These incremental shaft encoders in combination with the FAULHABER
DC-Micromotors are used for the indication and control of both shaft
velocity and direction of rotation as well as for positioning.

The encoder is integrated in the DC-Micromotors SR-Series and

extends the overall length by only 1,4 mm!

with connector.

Solid state Hall sensors and a low inertia magnetic disc provide two
channels with 90° phase shift.

The supply voltage for the encoder and the DC-Micromotor as well as
the two channel output signals are interfaced through a ribbon cable

Details for the DC-Micromotors and suitable reduction gearheads
are on separate catalogue pages.

Output signals / Circuit diagram / Connector information

Output signals
with clockwise rotation as seen
from the shaft end

r Channel A

Amplitude

E

Admissible deviation of phase shift:
)

Channel B

Rotation

A¢=‘90°- * 180°|<45°

For notes on technical data and lifetime performance
refer to “Technical Information”.
Edition 2012 - 2013

Output circuit

5/6

. e Channel A/B

e GND

** An additional external pull-up resistor
can be added to improve the rise time.
Caution: loyt max. 15 mA must not
be exceeded!

Page 1/7

Pin Function

1 Motor - *
2 Motor + *
3 GND

4 Vpp
5
6

/ channel B
channel A

PVC-Ribbon cable
6 conductors 0,09 mm?

150 <10 m
*Note: The terminal resistance
of all motors with precious
metal commutation is increased

6.1 1 DE(h=(D=(] by approx. 0.4 Q, and the.max.
] HED allowable motor current in
I combination is 1A. Motors with
1 2,2 graphite commutation and
42 brushless motors have separate
6 motor leads and higher motor
531 current is allowed.
Connector
DIN-41651
grid 2,54 mm

© DR. FRITZ FAULHABER GMBH & CO. KG
Specifications subject to change without notice.
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