-N
l

3///
=/ \\\

+ UNIVERSITATDE
- BARCELONA

Final Degree Project

Biomedical Engineering Degree

Integration of Haptic Feedback in Robotic
Surgery: Enhancing the Performance of the
URb5e Robotic Arm

Barcelona, 5 de juny de 2024
Author: Jan Sampol Ramirez

Tutor: Dr. Manel Puig i Vidal












Abstract

In recent years, there has been a remarkable technological leap that has allowed the
progressive integration of cutting-edge innovations in the medical field. In this context,
robotic surgery has emerged as a fundamental and pioneering tool that fuses computer
science, electronics, and medicine. Its major expansion has been significantly driven by
the Da Vinci Surgical System. Although it has been positively received by the medical
community, it has certain limitations that prevent it from reaching its full potential. Among
these limitations, the lack of haptic feedback and the high acquisition cost stand out.

In the light of these considerations, the project has been initiated with the objective
of developing new solutions to the problems and limitations currently encountered by this
technology. To this end, the study design adopts a comprehensive approach to tackle the
identified shortcomings, structured into two distinct phases. The first stage involves the
development of software and hardware to enhance the performance and functionality of
the surgical system, which comprises a URbe robotic arm and a series of surgeon-operated
controllers. In the subsequent stage, haptic technology is integrated into the robotic arm,
followed by comprehensive testing to verify its functionality.

The results indicate the development of an economical system with an acceptable level
of robustness and fluid communication, allowing for comfortable and intuitive operation
by the surgeon. In addition, it has been possible to transmit with precision and in real
time the force exerted by the surgical tool on the tissue to the surgeon, via a vibratory
actuator and a graphic interface that offers a visual and audible representation of the force
exerted. These two implementations enhance the surgeon’s performance and increase the
safety of the procedure.

Keywords: Robotic surgery, Haptic feedback, URbe, EndoWrist, Da Vinci Surgical
System, Low-cost surgical system
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Introduction

1.1 Robotic surgery

Medical technology has undergone a great evolution throughout the last few years, leading
to the progressive implementation of the latest advances in the different fields of medicine.
This informatics revolution has contributed to the generation of new medical disciplines,
such as nanotechnology [13], robotic surgery [14] and artificial intelligence-based tech-
niques [15], in addition to improve the already existing diagnostic, treatment and surgical
modalities.

In this context, robotic surgery emerged in the 2000s with the combination of computer
science, electronics and medicine [16] to become a fundamental and pioneering tool in the
surgical field. Evidence of its importance are the operation rates and the rise of this type
of surgeries to the detriment of traditional ones. In the Iberian Peninsula, a total of 100
surgical robots have been in operation in different hospitals and health centres, performing
a total of 60,000 operations since the installation of the first device [17]. The eagerness of
the healthcare sector to invest and improve this facet of medicine has led to a year-on-year
growth in the number of operations (2021 closed with an increase of 37% over the previous
year). Moreover, in centres such as the Hospital Clinic, the percentage of robotic surgeries
in certain fields has risen to 11% of total operations [18].

Therefore, robotic surgery refers to surgical technology that places a computer-assisted
electromechanical device in the path between the surgeon and the patient. "Telepresence
remote manipulators" could be a term used to refer to this concept, since this type of
technology does not usually operate without the explicit control of a human operator [19].
Hence, the introduction of surgical robots aims to improve surgical activity from several
standpoints. On the one hand, it intends to overcome errors and traditional difficulties [13,
20] such as tremor, instrument limitations or non-ergonomic positions [21]; meanwhile, the
manual labour strengths are enhanced, increasing the accuracy and precision of movements,
and improving the surgeon’s adaptability to the working environment [20].

The fact that this new surgical technique has been received so positively by the medical
community has facilitated the specialisation of this technology according to the type of
surgery. Therefore, surgical robots can be divided into several categories, from which we
can highlight laparoscopic surgical robots, neurosurgery robots, orthopaedic surgical robots
and microsurgery robots [20].

1.2 Laparoscopic surgical robots

Laparoscopic surgery has been constantly evolving since its appearance in 1987 [20, 22|,
as minimally invasive surgery is crucial in modern medicine. The inclusion of three-
dimensional cameras in the procedure and the use of robotic devices has led to improved
surgical results and a decrease in postoperative complications [13].

Currently, the Da Vinci® robotic surgical system from Intuitive Surgical, Inc. is the
most prevalent robotic surgical system in operating rooms worldwide [22], generally used in
laparoscopic minimally invasive surgery, urology, gynaecology and general surgery [20]. It
is a slave robot, as it has no autonomous movement capability and is absolutely dependent
on the surgeon’s knowledge and skills.
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Its structure is specifically designed to mimic the movements of the doctor’s joints, and
is therefore intended to resemble the anatomy of human arms. Da Vinci® consists of a
number of elements, of which the master console, the slave robot, the instrumentation and
the imaging system are the most important.

The master console serves as communication between the robot and surgeon, who
is placed on the control table and observes the operating field through the binoculars
included in the console. By its side, the slave robot usually consists of three arms, one of
which contains the manipulator for the camera and the others the articulated instrument
manipulators that reproduce the surgeon’s hand movements performed from the master
console [23]. These robotic arms offer 7 degrees of freedom of movement in the three
Cartesian planes. This allows a total of 117649 movements, which represents 0.019% of
the capacity of the human arm. This is close to the percentage used by a surgeon during an
operation and represents a considerable improvement over the 0.00012% that traditional
laparoscopic surgery provided [23].

The Da Vinci® system provides the surgeon with intuitive control, a wide range of
motion and 3D visualisation. However, the major drawback of this surgical method is the
lack of haptic feedback [20].

1.3 Benefits and complications of robotic surgery

As is evident, the implementation of this emerging technology has generated a series of
improvements, which facilitate the surgeon’s work, improve the preceadures results and
contribute to the safety of the patient [20]. On the one hand, when compared to open
surgery, robotic surgery means a reduction in operating time and less hematic loss, as
well as greater precision on the part of the surgeon. On the other hand, in relation to
laparoscopic surgery, a reduction in the rate of conversion to open surgery is indicated and
greater preservation of nerves and delicate structures is achieved [13].

Nevertheless, this technology has great room for improvement and is not without com-
plications and drawbacks. The large dimensions of the robot require larger operating
rooms, which prevents institutions with limited space from having them available. More-
over, in certain types of surgery, such as bariatric surgery, the use of surgical robots has
led to an increase in operating time and infection rates. However, one of the main disad-
vantages, specifically in the Da Vinci® device, is the absence of haptic sensation. This is
defined as tactile feedback from the console to the surgeon’s hand. This lack could lead
to technical errors, such as excessive use of force when manipulating tissues, or increased
operating times [21].

In addition, the failure of the equipment and software during surgeries can change the
surgeon’s plan and compromise the safety of the surgery. Considering results from several
test studies [24], robot malfunctions have been reported between 0.4% and 4.6% of all
robotic surgeries performed.

1.4 Economic aspects of robotic surgery

Despite all the advantages that this surgical system offers, its widespread adoption has been
limited by the high costs associated with it. The acquisition cost of the da Vinci system is
approximately €1.7 million, plus around €125,000 for annual maintenance. These initial
and recurring costs represent a significant barrier for many hospitals and health centres,
especially in regions with limited financial resources [25].

2
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However, compared to other surgical techniques, robotic surgery offers some cost sav-
ings, although it also incurs additional costs. For example, robotic-assisted prostatectomy
has been shown to save $487 compared to laparoscopic prostatectomy and $1,726 com-
pared to open radical prostatectomy, not including the cost of purchasing the robot. The
reduction in surgical time and hospital stay, as well as the reduced need for medication
and transfusions, are factors that may contribute to these savings, but amortisation of the
cost of the robot and consumable instruments remain important costs [25].

Hence, it can be seen that the introduction of robotic surgery could lead to large savings
for healthcare institutions in the long term, provided that the purchase price of robotic
systems decreases significantly. The entry of new competitors into the market could help
to reduce these costs, making robotic surgery more accessible.

1.5 Minimal invasive surgery procedure

In recent decades, there has been significant advancement in the field of minimally invasive
surgery. This method emerged as a way of diagnosing and treating procedures involving the
pleura, lungs and mediastinum. However, the constant appearance of innovative techniques
has made it possible to extend this form of surgery to other structures of the thorax [26].

Currently, the medical community shows a clear preference for a series of procedures
to perform minimally invasive surgery. These are single-port laparoscopy and the afore-
mentioned robotic surgery. Both have a similar surgical structure, but the instruments
and techniques used during the procedure vary. This is performed through a small incision
called port, which is used to introduce the laparoscope and the necessary surgical instru-
ments [27]. In order to make this cut, the surgeon uses trocars, an instrument that allows
perforation of the musculature and fascia of the abdominal wall with a sharp edge |22].

Single-port surgery can be performed in many different procedures, such as laparoen-
doscopic single-port surgery (LESS) and radical prostatectomy (LESS-PR). Traditional
single-site surgery has a learning curve and longer procedure times due to limited space
for laparoscopic instruments to move. The transition to single site robotic surgery with
the da Vinci Surgical Robot® has reduced that learning curve in addition to providing the
advantages discussed above [22].

1.6 Objectives

Having introduced the topic of robotic surgery and, more specifically, the functionalities
of the Da Vinci surgical device, we can identify some of the weaknesses of this technology
on which we can make some improvements. In this way, future surgeries will be able to
offer better results and greater safety for the patient.

Among the shortcomings of this surgical methodology lies the high adquisition cost
of the technology involved, which prevents many low-income hospitals from being able to
perform this type of surgery. In addition, we also find a lack of haptic sensitivity in the
current systems. Therefore, a system will be developed to bring robotic surgery closer to
all hospitals, with adequate manoeuvrability and agility, and with the implementation of
haptic technology. The main objectives are presented below:

Main objectives:
— Development of a robust, low-cost surgical system.

— Modification of the robotic arm control system in order to improve manoeuvrability
and communication between modules.
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— Improve the software to facilitate the surgeon’s work, making the movements as
similar as possible to those that would be performed in a conventional operation.

— Enhance the assembly system between the EndoWrist and the URbe robotic arm to
streamline the process of changing tools during the surgical procedure.

— Provide the system with haptic sensitivity, introducing actuators in the surgeon’s
control that inform about the force that is being applied to the tissue.

— Design a graphical interface to facilitate the surgeon’s work, showing the orientation
of the arm and the gripper, as well as a real-time indicator of the force exerted.

— Deepen in the subject of robotic surgery and learn about its evolution and future
improvements, with the aim of carrying out implantations that allow for the ad-
vancement of technology.

1.7 Limitations of the project

This project has certain limitations partly related with the context in which it is developed.
This is due to the fact that it will be carried out in a short period of time, only five months,
and that the student’s experience in the field of robotics is quite scarce.

So, the limitations can be summarised as follows:

— Limited time, which reduces the chances of developing a system as robust as desired.
— Little experience in the robotics sector.

— The Universitat de Barcelona only owns one UR5e robotic arm, so our surgical system
will only have one point of action, when the ideal would be to be able to translate
the movement of both hands of the surgeon into two different robotic arms.

1.8 Characteristics of the project development

This project will be carried out at the Faculties of Physics and Medicine of the University
of Barcelona, over a period of five months, starting in mid-January and ending in early
June. On the one hand, the Physics Faculty will develop the entire electronic and hardware
system, using its own facilities. In addition, it will also be possible to carry out the test
tasks of the project, assembling the system to the UR5e robot.

On the other hand, at the Faculty of Medicine, thanks to one of the subjects of the
fourth course of the Biomedical Engineering degree (Medical Applications to Engineering)
we will have the opportunity to see the Da Vinci surgical device of the Hospital Clinic
during an operation. Therefore this experience will allow us to become more familiar with
the system and to be able to detect some more limitations of this surgical method.

The development of the project will be carried out with the help of Dr. Manel Puig i
Vidal, who will offer guidance and follow-up throughout the course.



Background

2.1 First surgical robots

Throughout history, humans have sought ways to improve the outcome of surgical activ-
ities by constantly implementing novel techniques. With the improvement of technology,
surgeons have been provided with increasingly sophisticated and precise tools that have
led to better surgical results. One of the most significant advances in this field has been
the development of surgical robots, which have revolutionised the way in which surgical
interventions are performed.

The first industrial robot, called Unimate, appeared on the market in 1961 by General
Motors. This technology served as a benchmark for the development and production of
robotic devices capable of facilitating and improving human performance [28]. However,
it was not until 1985 that the first robotic surgical procedure was performed, in which
the Programmable Universal Manipulation Arm (PUMA) device was used to carry out a
stereotactic brain biopsy. This robot, designed by Victor Scheinman in 1978 [1], consisted
on an adapted industrial robotic arm that was used to position the biopsy needle, elimi-
nating tremor and improving precision [28]. The successful results achieved in that first
surgery led to its implementation in different surgeries at the Imperial College in London
during 1988.

This technology evolved into different devices that were finally approved by the Food
and Drug Administration (FDA). The prostate robot (PROBOT), the surgeon-assistant
robot for prostatectomy (SARP) and the UROBOT were some of its successors. The
first two performed prostate surgeries whereas the last one was mainly used in urological
procedures [1]. In addition to the aforementioned devices, ROBODOC appeared as a tool
to perform hip replacement surgeries, allowing precise casting of the femoral head to allow
prosthesis placement [28|.

All these devices were designed specifically for a particular procedure and specialty, and
their main objective was to achieve the highest possible accuracy. However, the most widely
used robotic surgery system today has its origins in a different concept, telepresence [28].
Robotic telesurgery appeared as a solution to the need to perform long-distance surgery on
astronauts. It developed a stereoscopic display unit with 3D vision called Head-Mounted
Display (HMD), which was combined with data gloves that allowed the user to interact with
the virtual world [29]. Despite the technical infeasibility of implementing this technology
in space operations, it served to establish the foundations of telepresence surgery. On
that basis, the HMD was replaced by monitors and the data gloves by surgeon-controlled
handles, in order to develop a functional device. After generating high expectations in
the Society of American Gastrointestinal and Endoscopic Surgeons (SAGES), the first
prototype of a surgical robot with telepresence was designed and assembled [1].

2.2 Widespread surgical robots
Currently, there are three types of robots in the surgical field according to their level
of autonomy: active, semi-active and master-slave systems. Active systems perform a

series of pre-programmed functions autonomously under the supervision of a surgeon. The
PROBOT and ROBODOC devices discussed above are examples. Semi-active systems,
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on the other hand, combine and complement the preprogrammed actions of the robot
with those of the surgeon. As for the master-slave systems, they lack preprogrammed
elements and depend entirely on the surgeon’s activity. The AESOP surgical system,
Endoassist, ZEUS and Da Vinci® robots, the most widespread devices in their respective
era, incorporate this type of system [30].

2.2.1 AESOP

The Automated Endoscope Optimal Positioning System (AESOP) was developed by Com-
puter Motion Inc. founded by Yulin Wang in 1990. AESOP was the first surgical robotic
system approved by the FDA in 1994. It was a robot with a master-slave system designed
to grasp and guide a laparoscope under the surgeon’s control [28]. For this purpose, AE-
SOP used a voice-controlled 4 Degrees of Freedom (DOF) robotic arm [3], eliminating thus
the need of an assistant to perform this task [1].

One of the main advantages of AESOP was the improvement in accuracy, as eliminating
the need for an assistant to hold the camera provided more stable and precise control of
the laparoscope, potentially improving surgical outcomes. In addition, the use of a robotic
arm to hold the camera reduced physical strain and fatigue for the assistant [1].

However, its functionality was mainly limited to controlling the endoscopic camera
and did not assist in other surgical tasks. Moreover, surgeons had to adapt to the new
system, which could initially slow down procedures while they were getting used to the
voice controls and the robotic arm [28]. A representation of the surgical system can be
found in 2.1.

2.2.2 Endoassist

It is a device very similar to the AESOP for holding and positioning the camera. It is
controlled by a sensor that detects the surgeon’s head movements, and by pressing a foot
pedal, the camera is positioned where the surgeon is looking. Although it was as good an
instrument as the AESOP, it was not as widely used. [31].

b
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Figure 2.1: AESOP sugical system [1] Figure 2.2: Endoassist sugical system [2]

2.2.3 ZEUS

It was in 1996 when ZEUS was introduced, a robotic surgery system that included AESOP
and 2 laparoscopic instruments with 7 degrees of freedom, which increases the dexterity
and improves the surgeon’s feel. The introduction of the AESOP system made it possible
to dispense with the surgical assistant holding the camera and changing instruments, thus
reducing errors and possible contamination of the camera by contact with the tissue. On
the other hand, the voice control of the arm enabled by the system gave the surgeon back
the ability to dominate the operating field as in an open operation [29].
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The ZEUS surgical system introduced a number of improvements and conveniences
that translated into better operating results. First, the ergonomic design of the remote
workstation eliminated awkward postures. Secondly, the 15-fold magnification of the image
by the system’s camera allowed for more accurate operation. Finally, it allowed motion
scaling to be adjusted and jitter to be reduced. Motion scaling reduced the surgeon’s
movement at the console to finer movements inside the patient, which increased the stability
of the operation and reduced operation errors [29].

Although the adaptation and learning time for this system was longer than for tra-
ditional laparoscopic surgery, the precision, comfort and results were notably improved.
However, despite all these advantages, two years after receiving FDA approval, the ac-
quisition of Computer Motion, Inc. by Intuitive Surgical Inc. resulted in a halt to the
development of ZEUS [1].

Figure 2.3: ZEUS sugical system [3]

2.2.4 Da Vinci Surgical System®

Intuitive Surgical Inc. developed an initial prototype of the current Da Vinci Surgical
System® during the early stages of the company’s formation. This was named Lenny, and
included 3 robotic arms, one of which was used for the laparoscope and the others incorpo-
rated non-interchangeable instruments with 7 degrees of freedom. The second prototype,
Mona, incorporated interchangeable instruments, but lacked an arm to hold the camera,
requiring a bedside assistant to hold the laparoscope. After solving the main problems
with the latter prototype, the first model of the Da Vinci Surgical System® was released
in 1999 [28].

Currently, the Da Vinci Surgical System® is the most widely used robotic device in the
surgical field. It is a master-slave device initially intended for cardiac surgery. However, the
first results did not meet expectations, and the da Vinci® ended up being used generally
in gynaecology and urology surgery, achieving very satisfactory results. It was not until
2000 when the FDA approved the device in human abdominal surgery. The technical
improvements presented by this novel device, such as high magnification three-dimensional
vision or precisely controlled EndoWrist instruments with seven degrees of freedom, made
the robotic platform more attractive for surgeons to use da Vinci in a wide range of surgical
procedures during the first decade of the millennium. In addition, this technology offered
stable imaging of the operative field, image magnification up to 10X, physiological tremor
filtering, and motion scaling up to 5:1 [1].

Due to the acquisition of Computer Motions by Intuitive Surgical, the technology
present in the ZEUS device could be used to improve the next generations of systems.
This facilitated the emergence of several generations of the platform: DaVinciS, Si, SiHD,
XandXi, SPandlon [28]. Throughout this evolution, it developed from a three-arm system
to a four-arm system. The first device to incorporate the four arms was the da Vinci S,
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with improved vision technology (including 3D HD) and easier setup. This was followed
by the da Vinci Si with further visual enhancements and upgradeable architecture, and
the da Vinci Xi with improved vision and laser guidance [30]. Despite the considerable
improvements of the new models compared to the previous ones, the concept and structure
of the robot have remained unchanged in the five generations marketed to date . It consists
of three distinct sub-systems: the patient-side cart, the surgeon’s console and the vision
cart [32].

On its side, the surgeon’s console is operated by the doctor, from which he has total
control of the wristed instruments on each of four arms located at the patient side and
observes video images of the operating area in a 3D HD quality [33]. This connection
with the surgical field is made by means of the principle of teleoperation. In this context,
the surgeon’s master interface and the surgical instruments are connected by means of a
control system. Since this is an electronic link, the control system software can modify
the signals to filter out the surgeon’s physiological tremor or reduce the surgeon’s move-
ments to improve accuracy. Moreover, the comfortable seating position and the arm rest
provides the surgeon ample support allowing him to comfortably manipulate the master
slave system [34]|. So, the surgeon’s control is composed of four different elements. The
master control, from which the surgeon controls the endoscope and the instruments placed
inside the patient; the serious viewer, which provides 3D imaging to the Surgeon Console
operator; the Left and Right Side Pods that give user interface functions for system con-
figuration; and the Footswitch Panel, that provides the user interface for instrument arm
repositioning, camera and focus control, and energy use during surgery [35].

Meanwhile, the patient-side manipulators are assembled on the patient-side cart by
means of a configuration structure. Each of these manipulators is capable of holding a
laparoscopic camera or a surgical instrument, which can be changed during the surgical
procedure by an assistant positioned next to the cart. The da Vinci trocars have a remote
centre feature that keeps the fulcrum of the trocar centred in the wall of the body to
minimise torque or excessive trauma of the surrounding tissue. This fact is especially
important in the chest whereby the remote centre keeps the trocar from rubbing on the
surrounding ribs [36]. Being in direct contact with the patient, the instruments work in
the sterile field, while the surgeon and his console can remain outside the sterile field [32].

The Endowrist Stapler and Vessel Sealer are some of the innovations that have been in-
troduced in recent generations. The Endowrist Stapler is a linear, endoscopic, articulating
mechanical stapler. It has a wide mobility articulation (108° on the horizontal axis and 54°
on the vertical axis), which allows reaching deep anatomical locations without sacrificing
precision and safety. The Vessel Sealer is an electrosurgical instrument capable of sealing
and cutting tissue structures. It is also extremely versatile and articulable and facilitates
safe and precise access to the surgical field [37]. These instruments are supported by the
Instrument arms, which have a wide range of motion in order to help simplify port setup
and provide greater reach into the patient anatomy [35].

Finally, we have the vision cart. This contains a central image processing unit for real
3D vision [34], which is composed of a 24-inch touchscreen monitor, an ERBE VIO dV
electrosurgical unit and a series of shelves for storing auxiliary surgical equipment [37].
To this unit belongs the endoscope, which can be a 12 mm 3D endoscope or a 5 mm 2D
endoscope. The light from the illuminator is sent through the shaft of the endoscope by
fibre optic cables and is projected onto the surgical site, and the heat transported by the
fibre optic cables reduces fogging on the lens [35].

8
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Figure 2.4: Da Vinci’s Patients-side cart, vision tower and surgeons console [4]

2.3 Endowrist instrument

Intuitive surgical’s Endowrist instruments are designed to provide surgeons with natu-
ral dexterity and the full range of motion for precise operation through tiny incisions.
Modeled after the human wrist, Endowrist instruments can offer an even greater range of
motion than the human hand. They allow the da Vinci® system to take surgical preci-
sion and technique beyond the limits of the human hand. Endowrist instrument’s internal
cables provide maximum responsiveness, allowing rapid and precise suturing, dissection,
and tissue manipulation. This tool provides 90° of articulation, motion scaling and tremor
reduction, intuitive motion and finger-tip control and, when coupled to the Da Vinci®),
provides 7 degrees of freedom.

The EndoWrist instruments are available in a wide selection of specialized tip designs
to enable a broad range of da Vinci® procedures. As da Vinci® surgery is adopted in new
specialties, EndoWrist models are being designed in order to address new clinical needs.
Among the wide variety of tools currently available, we find the energy instruments, which
are used to provide coagulation, cutting, and dissection of tissues.

On the other hand, we find the grasping instruments, that allow the manipulation of
a wide range of tissues, from fine, thin tissues such as peritoneum to dense, fibrous tissues
such as the uterus. For its part, needle drivers provide the ability to suture with the finest
of needles used in cardiovascular surgery as well as the thickest needles used in the repair
of uterine defects [38].

Intuitive Surgical’s catalogue includes two different dimensions of the tool, in order to
adapt to the surgeon’s needs. On the one hand, the 8 mm are intended for conventional
procedures, while a selection of 5 mm EndoWrist instruments provides the surgeon with
the ability to use smaller access ports [39].

A1

Figure 2.5: Assorted models of EndoWrist instruments [5]

2.4 Haptic technology

The introduction of minimally invasive robotic surgery was intended to overcome some of
the shortcomings of traditional instruments. However, this resulted in a complete loss of
haptic feedback from the surgeon, depriving him of any cutaneous or kinesthetic sensa-
tion [40]. This factor forced surgeons to rely solely on visual cues and their experience
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to perform the operative movements, which lead to an increase in operating time and an
increase in the number of errors. Therefore, an adequate tactile response allows precise
localization of anatomical structures, in addition to providing the necessary information
about the force exerted, which plays a key role in reducing injury to delicate neighbouring
structures [41].

In the 1990s, haptics research expanded significantly with the availability of high-
fidelity force feedback systems. Nowadays, much of the force feedback research is focused
on developing practical systems for application in several fields, one of which is medicine.
Although researchers have been studying tactile feedback for many years, there is currently
no commercial tactile display system that provides distributed information to the skin in a
compact package feasible for applications. Haptic feedback systems used in robotic surgery
consist of two key components: sensors and actuators. While sensors detect the forces
applied to the tissue by the surgical instruments, actuators transmit the signal detected
by the sensors to the surgeon’s fingertips. However, current actuators are not as accurate
as they should be, as they only provide simple information such as vibration and static
pressure [40].

When we talk about force feedback, we are referring to the measurement of the forces
applied to the patient by a surgical instrument and the provision of that force to the hand
through an actuator device. Currently, commercially available sensors are very effective in
many teleoperative operations, however, their characteristics such as size, cost or biocom-
patibility represent severe restrictions in the surgical environment. In addition, the fact
that robotic instruments have not been designed to detect the force performed has made
it difficult to incorporate these sensors. One approach to solving this problem could be to
redesign the instruments to accommodate the integration of this technology. Direct force
feedback to the surgeon’s hands can be achieved through the master manipulator motors,
which are programmed to recreate the forces sensed by the patient-side robot. However,
the robotic arm features seven degrees of freedom of which, some of them, are not actuated
on the master. This makes it impossible for the system to provide force feedback in some
directions, resulting in potentially detrimental effects [40].

On the other hand, tactile feedback is also a necessary resource throughout the surgi-
cal procedure, since palpation is a particularly relevant task to learn about the different
mechanical properties of the tissue. In addition to cost and biocompatibility limitations,
many sensors require some deformation to measure distributed information, requiring flex-
ible coatings, which also eliminate detailed local information [40]. Therefore, this is a
technology that currently has many limitations and complications but whose implementa-
tion is indispensable to greatly improve robotic surgery.

2.5 Project context

Once all the advantages and disadvantages of the Da Vinei Surgical System® are known,
we can conclude that its implementation has led to a great leap in the quality of surgery.
However, we have seen that this surgical system has a high acquisition cost, so that many
hospitals are deprived of using this new technology. In this context, our project is designed
to develop a surgical system with a lower cost than those currently available on the market,
but at the same time with a high level of reliability and comfort for the surgeon.

Once the system we have developed is as reliable as desirable, it will be provided with
an haptic sensitivity, one of the major disadvantages of robotic surgery today. In this way,
the surgeon would have real-time tactile feedback of the force he is exerting on the patient’s
tissues.
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3.1 Market evolution

Over the years, the introduction of new features in robots has allowed for their classification
into five distinct generations. Each generation comprises a set of devices that share similar
advantages, limitations, and technological advancements. These generations are outlined
below [42]:

— First generation (stereotaxic robots): The beginnings of robotic surgery date
back to 1985, with the appearance of the first PUMA surgical robot. This device
was used to perform a stereotactic brain biopsy and acted as a precursor to a mod-
ified brain tumour excision device known as Neuromate. Similarly, ROBODOC,
AcroBot14 and SCARA also belong to this first generation. These were introduced
in the field of orthopaedics to perform procedures that had a clear mathematical and
mechanical strategy.

The different components of this group had their origin in either industrial or non-
industrial environments. Moreover, they were all master-slave robots, in which the
robot acted as an extension of the surgeon and never performed tasks autonomously.
This was due to the fact that, at that time, a human surgical review was required
at the end of each step of the robotic surgery. The demand for these robots was
driven by the need for greater precision in delicate procedures where a small error
could have serious consequences. However, the limitations offered by the systems at
the time caused surgeons to be wary of the future of robotic surgery, and accused an
improvement in dexterity and flexibility in the operative tissue targets.

— Second generation (endoscopic robots): It has been with the introduction of the
second generation that the major expansion of robotic surgery to date has occurred.
The first device that can be considered from this group is the PROBOT at Imperial
College London, as it introduced soft tissue surgical capability. With the emergence
of this new capability, potential basic advantages of robotic surgery over traditional
MIS surgery were realised. These include improved visualisation through the use
of 3D consoles, increased tactile feedback or reduced difficulty of access to different
tissues and organ systems.

Two of the best known systems, Computer Motion’s ZEUS and Intuitive Surgical’s Da
Vinci, belong to this second generation. Despite the introduction of new endoscopic
platforms in the market, the Da Vinci system continues to maintain its dominance in
the market. This has been achieved thanks to its unique market for so many years and
the exclusive features that make it the most advanced device to date. This technology
is primarily applied to the specialties of urology, general surgery and gynaecology.
At the end of 2018, there were more than 4,600 Da Vinci robots worldwide, 3,010 of
which were in the United States. In Europe this number was 800, while in Asia it
exceeded 600 [43]. This large expansion of robots belonging to this generation was due
to their ability to perform minimally invasive procedures with greater precision and
less trauma to the patient. The possibility to perform complex tasks in hard-to-reach
areas also drove adoption.
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As these second-generation devices are the most widespread and established in clinical
use today, many of the latest technological innovations are being incorporated to
provide them with new capabilities to enhance the surgical experience.

— Third generation (bioinspired robots): The third generation of surgical robots,
most of them designed during the last decade, adopted the advances in biomimetics,
bionics and autobionics that had occurred since the 1950s. One of these was the
NOTES platform, which consisted of inserting surgical instruments through a natural
orifice in order to reduce the number of scars. By eliminating external incisions,
NOTES procedures could reduce patient trauma, the likelihood of infection, and
recovery time [44]. In addition, the evolution of the multiport MIS method into
Single Port Laparotomy (SPL) is noteworthy, which made it possible to reduce the
impact of surgical exposure. All this set of innovations combined allowed the use
of MIS instruments with articulated tips facilitating the use of these devices for the
treatment of multiple surgical pathologies.

This generation is made up of robots such as the i-SNAKE and the CardioArm from
Imperial College, both included in the flexible tendon-driven systems, or the Amigo
from Catheter Robotics Inc. and the Magellan from Hansen Medical Inc. belonging
to the catheter navigated systems. These new devices are being widely accepted by
the medical community, which sees a need to perform complex surgeries with fewer
incisions and less impact on the patient’s body.

— Fourth generation (microbots): This generation consists of these microscopic-
sized robots, which could be introduced into the body with a minimal surgical foot-
print to visualise and treat not only conventional surgical diseases, but also non-
surgical diseases such as infectious and immune processes that could be managed at
the cellular level. With the incorporation of advances in biomimicry, they will be able
to provide a higher resolution micrometre image in real time of the patient’s diseases
and anatomy.

Currently, capsule endoscopes, such as the PillCam® WCEs-Wireless Capsule Endo-
scopes, are under development. These generally function as passive mobile capsules
carried by the peristaltic motility of the gastrointestinal system while imaging the
gastrointestinal tract. The next generation of these microrobots would include new
advances in each of their components, from vision, locomotion, localization, power,
diagnostics and tissue manipulation [42]. On the other hand, we can find other ex-
amples such as responsive microgrippers, which can perform tissue biopsies without
the need for external connections, magnetically actuated microrobots, used in eye
surgeries, and ultrasound-driven microbullets, for deep tissue ablations [45].

— Fifth generation (autonomous systems): This latest generation is still concep-
tual, as it has not yet succeeded in developing a fully autonomous system to perform
individual pre-programmed tasks. The possibilities of this new system are immense,
as they can range from a humanoid-like cyborg platform to a swarm-like system with
comparable swarm intelligence.

3.2 Current market

During 2019, the global robotic surgical procedures market was valued at $ 5.32 billion.
Studies have predicted market growth that may reach $19.03 billion by 2027, exhibiting
a CAGR (compound annual growth rate) of 21.8 %. However, the COVID-19 pandemic
had a negative impact on the robotic surgery market, even causing a -14.3 % drop in 2020,
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due to the cancellation or postponement of robotic surgical procedures. According to the
CovidSurg Collaborative research study, a total of 28 million elective surgeries worldwide
were cancelled or postponed over a 12-week period due to the coronavirus outbreak. In
addition, the sale of surgical robots was severely affected. For example Intuitive Surgical
reported a 6 % decline in its first half 2020 revenue from the previous year [46].

Despite the hurdles this posed, the robotic surgery market has maintained similar
growth to that prior to the pandemic over the past two years. This is due to factors
including high demand for automation, increasing incidence of chronic diseases, growing
geriatric population, complexity of surgical procedures, and increasing demand for nonin-
vasive surgeries with more precision and flexibility [47].

Currently, there have been numerous mergers and acquisitions among medical robot
manufacturers. As aresult, there has been an increase in the number of robotic surgical pro-
cedures, faster market growth and the introduction of new technologies and applications.
In addition, several market players have developed strong distribution networks through
agreements and partnerships with distributors and hospitals in emerging and developed
countries in order to establish their position in the global market. All these ongoing and
future initiatives will accelerate the adoption of surgical robots globally and subsequently
drive the growth of the robotic surgical procedures market. An example of such initiatives
could be Intuitive Surgical and Stryker, both of which are constantly focused on innova-
tion and updating their portfolios with new and advanced product offerings. The former
announced in 2018 that the FDA had approved its Da Vinci SP system for urology [46].

The United States is currently the region with the highest dominance in the robotic
surgical devices market. This is due to the higher prevalence of chronic diseases, increasing
adoption of advanced devices, and the presence of favourable reimbursement policies for
robotic surgical procedures. As far as Europe is concerned, CAGR is expected to grow
due to the number of patients with urological and orthopaedic disorders, as well as due
to the launch and approval of new surgical systems [46]. On the other hand, Asia Pacific
will witness a huge growth in the market, due to the increasing demand in countries such
as India, Japan, China, combined with the growth of robotic surgery in that region. In
China, in particular, several national versions have appeared, which has led to a drop in
prices. In addition, the large investments being made in Asian countries make it easier to
pay for the costly procedures [47].

Against this backdrop of expansion, a number of companies have emerged that aim
to expand their customer bases across foreign countries and take advantage of strategic
collaboration, merger and acquisition initiatives to increase their market shares and prof-
itability [47]. However, in terms of income, the market is still dominated by Intuitive
Surgical due to its diversified product offerings, strong brand image, and extensive dis-
tribution networks in developed and emerging countries. Some of the companies making
space in this market could be Stryker Corporation, Accuracy Incoprored, CMR Surgical,
Renishaw PLC or Catalunya’s Rob Surgical [46].

3.3 Surgical robotic systems

As discussed in the previous sections, the market has been dominated by Intuitive Surgical
since the launch of its Da Vinci device in 1999. However, the expiration of some patents
in 2019 caused an opening of the market, which different companies have taken advantage
of to market several robotic surgery devices that could end Intuitive Surgical’s current
monopoly.
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Despite the rumours that have appeared about the new robots from companies as
important as Google or Johnsson and Johnsson, they have not yet obtained the necessary
approval to bring them to the market.

On the other hand, many companies have developed surgical robots to take advantage of
the new situation. These new robots bring other advantages, such as artificial intelligence,
better prices (although this remains to be demonstrated), 5G technology, more compact
models, or material that is not exclusive to the brand [48].

Today, in addition to the Da Vinci model, the most evolved and approved robots are
the following:

— Hugo RAS (HugoTM Robotic Surgical Assist System): This is a device
designed by Medtronic, a major company focused on the sale of medical devices.
It was designed to assist the surgeon in approaching minimally invasive surgeries,
specifically those within the field of urology, gynaecology and oncology [49]. It is a
system consisting of a console, a laparoscopic tower and four independent modules
that support the arms. The latter modules differ from the original Da Vinci design,
which consists of a single structure supporting the four arms. The console is open
with a three-dimensional viewing screen that requires glasses and has several foot
pedals similar to the da Vinci. As for the controls, these are similar to the small
ligasure handle, which provides a good grip. Also, the angle of movement of the
instrument is somewhat larger than the competition. However, there is a slight delay
in the transmission of the coagulation command. Overall, this device establishes a
non-inferiority relationship with the Da Vinci model, which is a great achievement,
since it is the first model to be marketed by Medtronic [48].

— Versius CMR Surgical: The Versius surgical robotic system, developed by CMR
Surgical, is designed to facilitate minimally invasive surgery. It features three mobile
instrument units that can connect to a variety of articulated surgical instruments.
Additionally, the system includes a console controller with a three-dimensional screen,
offering an interface similar to modern gaming consoles. The most outstanding feature
of this device, which makes it different from the Da Vici surgical system, is the
renunciation of foot pedals to allow the surgeon to perform all tasks with the hands.
One of the advantages of this technology is the lightness and good design of the arm,
which barely reaches 100 kg in total, including both the arm and the base. It is
fixed directly to the instrument, without the need to fix the trocar, which reduces
wall trauma, in addition to leaving room on the surgical table for surgeons and
assisting instrumentalists. However, there are some drawbacks, such as the difficulty
of handling the joysticks of the camera, which compromises the comfort and intuition
of the surgeon [50].

— Bitrack System: This system has been put on the market by the Barcelona-based
company Rob Surgery with the intention of improving the efficiency of current robots
through the use of unique technology, cost reduction and improved usability. It is a
device designed to perform a wide variety of abdominal and pelvic surgical procedures
with sub-millimeter pressure. In addition, the dynamic fulcrum and new automatic
functions reduce forces at the incision site and prevent possible unexpected move-
ments. Unlike the Da Vinci Surgical System, this one only consists of a robot and
a console. The former consists of 4 arms, which have 7 degrees of freedom and in-
corporate generic trocars and a vision system. As for the console, it consists of a 3D
screen and a large, ergonomic workspace.
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With this system, the company has offered a new approach to robotic surgery, hybrid
surgery. This is a technique which allows combining MIS and MIRS (Minimally
Invasive Robotic Surgery System) in the same procedure by means of a quick and
agile changeover. The fact that the high precision provided by RAS is not necessary
during the whole process makes this technique a breakthrough that facilitates the
surgeon’s work and saves time [51].

— Flex Robotic System: The Flex Robotic System is a device design by the company
Medrobotics Inc. intended for robot-assisted visualisation and surgical site access
to the oropharynx, hypopharynx, and larynx in adults, and has been developed to
broaden the scope of TORS offered by the da Vinci Si HD System. This is a system
that combines the flexibility of an endoscope to access surgical sites, as well as the
ability to harden itself to perform the operation. In the same way as the Da Vinci
system, this is also a master-slave robot, where all actions are performed by the
surgeon. The flexibility offers 102 degrees of freedom in angular movement, which
makes it possible to operate in regions that are difficult to access. One of its strong
points is the presence of tactile feedback, which allows the surgeon to have full control
of the tool. In addition, the surgical site is visualised using a 3D camera incorporated
into the distal end of the flexible endoscopic arm. However, the difficulty of system
configuration and preparation can affect operational efficiency in a busy surgical
environment [52].

— DLR MIRO: The DLR MIRO is a versatile robotic arm designed for medical appli-
cations, first introduced in 2008 by the DLR Institute of Robotics and Mechatronics.
It stands out for its compact size, with a weight of approximately 10 kg and a max-
imum length of 1.1 meters, and for its seven degrees of freedom. Unlike current Da
Vinci systems, this one incorporates modern haptic technology consisting of two hap-
tic devices that allow the surgeon to feel the force feedback. Among its advantages
is its fully torque-based control capability, which enables sensitive and precise move-
ments, as well as its versatility when combined with specialized instruments such as
the DLR MICA for various surgical procedures. However, a disadvantage is that its
technical complexity requires a basic understanding of the system by the user, which
can demand a considerable learning curve [53].

— Mako system: Already outside the Da Vinci field, we can find the Mako surgi-
cal system, designed by Mako Surgical Corporation and later acquired by Stryker
Corporation, which was launched to address the surgeon’s need for technical imper-
fections and enable consistent surgical outcomes in the field of orthopaedic surgery.
This is an image-based system where a CT scan is used during surgical planning to
help determine component sizing, placement and bony resection. In addition, the
robot provides haptic feedback to the surgeon to avoid bony resection outside of the
executed plan. With all these advantages, it has been possible to address technical
errors related to unicompartmental failures, such as misalignment or malposition of
the joint line due to excessive or insufficient bony resection. Studies have shown
that, compared with manual techniques, the Mako system has greater accuracy in
recreating posterior tibial tilt [54, 55].

Figure 3.1 shows an image of each of the surgical systems discussed above.
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Figure 3.1: Surgical robotic systems

3.4 Patents

As indicated in the section 1.6 Objectives, one of the goals is to provide haptic sensitivity
to the URbe robotic arm assembled with an EndoWrist tool. However, as this is a topic of
so much current interest, the number of patents that could hinder, slow down or increase
the costs of the research has increased considerably. There are currently a total of 3012
patents related to the Da Vinci surgical system, published by Intuitive Surgical Inc. on the
specialized patent portal Google Patents. However, if we narrow down the search, limiting

it to patents concerning haptic sensitivity, the number decreases to 904.

Among all the published patents, we find a large number that focus on developing
a system that allows the transmission of the reaction force exerted by the tissue on the

Gripper to the surgeon. Some examples can be seen below:

— Surgical Manipulator with Haptic Feedback (JP2020039898A): describes a surgical
manipulator that incorporates advanced haptic feedback. This system uses advanced
sensors to detect interaction forces between surgical instruments and patient tissues.
Haptic actuators generate forces on the surgeon’s hand controller, mimicking tactile
sensations. This improves surgical precision, reduces the risk of damaging sensitive
tissues, and provides a better sense of control and responsiveness during surgery. In
addition, the system is designed to integrate with existing surgical equipment, such as
the da Vinci system, enabling improvements without the need to replace equipment
[60].

Application of force feedback on an input device to urge its operator to command
an articulated instrument to a preferred pose (EP2775950B1): focuses on a force
feedback system for robotic medical devices. This system applies force feedback to
the surgeon’s input device, guiding it to move the instrument to a preferred pose. It
operates in two modes: normal, to maintain the optimal pose during surgery, and
retraction, to facilitate the transition to a safe pose. Key components include an
input guide, an instrument controller and a stereo camera for visualization [61].
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— Master control device with finger grip sensing (W02019217882A1): describes a mas-
ter control device with finger grip sensing. This device includes an elongated control
body with a surface sensitive to the force applied by the user’s fingers, equipped with
force sensors that detect pressure and generate signals based on the amount of force
detected. It also has position and orientation sensors for the control body [62].

As we can see, the published patents focus on a technology that is outside the scope
of the project. For this reason, the ones concerning haptic feedback will not cause us any
setback. On the other hand, patents related to other fields of robotic surgery, such as
robotic arm control or the integration of image-based processes, should also be analyzed.
This will allow us to orient our project to establish a research path for possible future
improvements.

— Method and system for moving plural articulated instruments in tandem back towards
entry guide (JP2017153998A): describes a method and system for moving several
articulated instruments backwards together towards the infeed rail. This is done
prior to changing the orientation of the infeed guide and instruments, providing
tactile indications and speed limits to assist the operator. Once the instruments
have been retracted, the entry guide can be pivoted without risk of damaging the
patient’s anatomy. [63]

— Preventing instrument /tissue collisions (US10695136B2): describes methods to avoid
collisions between minimally invasive surgical instruments and patient tissue. It uses
a real-time image of the surgical site superimposed on a previously recorded image
further distal. Surgical instruments are visible in the real-time image, and represen-
tations of the instruments are shown as they would appear in the recorded image,
allowing the user to view them outside the field of view of the real-time imaging
system [63].

However, the fact that patents expire 20 years after publication and that many of these
were launched together with the surgical device in 2001, has favoured the emergence of
many other systems that have taken advantage of the opportunity.

Currently, the characteristics of our project, such as the use of the URb5e robotic arm,
programmed using Python, the generation of haptic sensitivity through the use of a vi-
brating motor or the non-incorporation of image processing methods, exempt us from any
patent on the market. Therefore, we do not find any limitations in this aspect.

3.5 Future prospects

It is clear, therefore, that robotic surgery has undergone constant improvements over the
last three decades. Since the first industrial devices appeared in 1985, such as PUMA
or ROBODOC, there have been advances both in the size and anatomy of the robots
and in their intelligence and precision. However, current designs are far from flawless,
forcing researchers to find ways to improve their performance. Several fronts are currently
open, addressing this problem from different angles. Mainly, the aim is to improve the
ergonomics and design of the robot, reduce costs, improve the software and implement
advanced technology.

On the one hand, the desire to reduce invasiveness requires redesigning the current
models to achieve a more compact and resistant structure. In the case of single-port
interventions, it requires a new intracorporeal performer to overcome the current limita-
tions [64]. In addition, in general operations, advances are intended to allow automatic
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instrument exchanges and the elimination of power cables [28]. New robotic surgical sys-
tems are currently being developed and tested with unprecedented technological resources,
such as the Surgeon Eindhoven Operative Force Feedback Interface (SOFIE, Eindhoven
University of Technology, The Netherlands), with haptic feedback [1].

Another highlight in the future improvements of these devices is the use of the data
collected during all operations to achieve automatic learning by incorporating artificial
intelligence. In this way, the system could autonomously recognize the relevant anatomy
and perform surgical tasks appropriately [64]. This could offer a host of benefits, such
as improved quality, the possibility of early warning to prevent complications, or automa-
tion [28]. Although some such technology has already been developed, a great deal of
research is still needed in terms of design, biocompatibility, autonomy, monitoring and
control [65].

On the other hand, another key aspect for the correct functioning of the device is the
interaction between the robotic instruments and the surgical staff. The implementation of
an adequate human-robot interface and specific control strategies is fundamental for the
safety and optimal outcome of the surgery. Recent studies aim to achieve a robotic system
that enhances cooperation with the surgeon by providing not only superhuman dexter-
ity, but also real-time guidance, sensing and integrated decision making of intraoperative
images. To this end, MRI-compatible surgical robots will enable the use of real-time func-
tional 3D imaging in the operating room to provide an unprecedented level of surgical
navigation, dexterity, and comfort [65].

Finally, it will be necessary to reduce the cost of robotic equipment to allow faster
adoption [1]. Because of the additional materials, the cost of this type of surgery is very
high. In certain operations, such as total laryngectomy, a 90% increase over traditional
surgery has been reported (€3,581 vs. €6,767). While in robotic surgery the costs come
from the instruments themselves, in conventional surgery they are related to the personnel.
With these values, it has been calculated that about 300 surgical operations per year are
necessary to achieve cost equivalence between the two techniques [66].
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Conceptual engineering

In this section, an analysis of the different alternatives to build the final device is going
to be carried out, taking into account both their advantages and disadvantages. This will
help to choose the best options, either software or hardware, and to acquire an overall view
of the project. As for the software, factors such as price, student experience and ease of
use will be taken into account. On the other hand, as far as hardware is concerned, the
different components that can be used and their different characteristics will be numbered.
In addition, the impossibility of using the Da Vinci surgical robot, due to its high cost and
low availability, a robotic arm will be chosen from among those available on the market.

In order to make the selection, it is first necessary to know how the device will work.
It will be made of four modules, which will be wirelessly connected to each other and
will provide the robot with controlled movement. Figure 4.1 shows the relationship and
connection between all the components of the prototype.
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Figure 4.1: Connection between the different components of the prototype
Besides, it is necessary to know what are the functionalities of the four main modules:

— Pen User Interface (Master 1) and Forearm Master (Master 2): This prototype is
designed to have two Master devices. These will be the ones that the surgeon will
manipulate in order to control the surgical arm as well as the EndoWrist gripper. The
Pen User Interface will be controlled by the hand, whose movement will be translated
into the gripper, while the remaining one, the Forearm Master, will be located on the
forearm, controlling the movement of the robotic arm.

Figure 4.2: Pen user interface
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— EndoWrist Motion Panel (Servomotors): This element will be the one that will be
connected to the robotic arm and the one that achieves the movement of the En-
doWist tool. This movement will be performed by means of the activation of four
servomotors, which will operate according to the commands sent from the pen user
interface.

Figure 4.3: EndoWrist motion panel

— Control and Supervision Module (Computer): This last element allows the connection
of all the modules with the computer, and also allows the action of the two previous
ones to be visualised in the computer’s simulator programs.

Figure 4.4: Control and supervision module

As mentioned above, a connection is established between the four modules so that all
the objectives set out in the Introduction section can be achieved. These can be summarised
in Figure 4.5.
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EndoWrist
Motion Panel

— Forearm Master —

Figure 4.5: Connexion between modules

4.1 Software

Software development is a fundamental aspect for the success of our project. Therefore,
it is necessary to make the right choice of language and platform. In addition, it must be
distinguish between the software used for the development and creation of code that allows
the modules to be correctly connected and the desired functions to be executed, and the
design software that enables the creation of PCB.

4.1.1 Programming software

In order to choose the best program, different parameters have to be taken into account:
cost, type of language used and the student’s previous experience using that language.
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— Arduino: It is an electronic prototyping platform that allows users to easily cre-
ate interactive projects and physical devices. Its most important pros include its
accessibility, as it is easy to learn and use, as well as being a free tool. It also of-
fers a wide range of compatible boards and modules, and an extensive open source
library to build on existing projects and components. However, some cons of Ar-
duino include its limitation in terms of processing power and memory, which can
restrict the complexity and scope of projects. In addition, programming is done in a
proprietary C/C++-based language, which may require some level of programming
knowledge [67].

— Python: It is a high-level programming language recognized for its clear and readable
syntax. Some of its most notable features include an extensive standard library,
versatility in diverse applications, a large developer community and ease of learning.
Python is highly productive and offers agile programming. However, some cons are
that it may require more memory and processing resources compared to low-level
languages, and certain applications that require high speed may be better suited for
other languages [68].

— Matlab: It is a programming environment and development platform used primarily
in the field of mathematics and engineering. Its pros include its wide range of spe-
cialised tools and libraries for numerical computations and data analysis, making it
a powerful choice for research and technical development. MATLAB offers a syntax
that is easy to learn and use, which speeds up the programming process. However,
its commercial licence limits its accessibility for some users, and its performance may
be inferior compared to other general-purpose programming languages [69].

— LabVIEW: It is a visual programming and system development environment that is
widely used in control, acquisition and automation applications. It includes its visual,
block-based approach, which makes it easy to create programs by interconnecting
graphical elements. LabVIEW offers a wide variety of tools and libraries for data
acquisition, signal processing and instrumentation control, making it a popular choice
in engineering and research lab environments. However, some cons of LabVIEW
are its initial learning curve, as it requires familiarity with the visual approach and
programming paradigm. In addition, LabVIEW is a proprietary tool, which entails
licensing costs and vendor lock-in [70].

— RoboDK: It is a robot simulation and programming software used in the field of in-
dustrial robotics. Its pros include its ability to simulate and program a wide range
of robots from different manufacturers, allowing users to visualise and optimise au-
tomation processes before implementing them in the real world, as well as offering
an intuitive and easy-to-use interface. However, this program features a commercial
licence that increases the cost of the project [71].

Program | Cost (€/year) | Language | Experience
Arduino Open source C# 6 month
Python Open source Python 3 years
MATLAB 860 MATLAB 2 years
LabVIEW 536 LabVIEW | 1 month
RoboDK Open source — 3 month

Table 4.1: Comparison between programs
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4.1.2 PCB designing Software

The same criteria will be used to choose the designing software, but the programming
language section will be omitted, and the difficulty of use will be added.

— KiKad: is an open-source software tool for creating electronic diagrams and designing
printed circuit boards. The benefits of KiCad include its open-source nature, which
allows users to access and compile the code on their own computers, its freeware
nature, which makes it accessible to hobbyists, and its open-ended nature, with no
restrictions on size or available features. One of the disadvantages of KiCad is its
somewhat steep learning curve. In addition, some 3D component designs available
online may be corrupted, making them difficult to import [72].

— Proteus: is an application for the execution of electronic equipment construction
projects in all their stages: electronic schematic design, software programming, printed
circuit board construction, simulation of the whole assembly, debugging, documen-
tation and construction. Among the advantages, we can highlight its simulation
capacity, which avoids the construction of new prototypes for testing, thus saving
time and costs. In addition, its modular structure allows the acquisition of function-
alities according to development needs, maximising investments in the tool. On the
other hand, it is a programme with a steeper learning curve than most. [73].

— Bagle: is an electronic design automation software that allows PCB designers to seam-
lessly connect schematic diagrams, component placement, PCB routing and content
from an extensive library. As advantages, it offers a neat interface, making it easy
to create and edit PCB layouts. In addition, it has a wide variety of libraries avail-
able, allowing users to access components and symbols needed for their projects. In
addition, it offers a free, full version, which means that users do not need to invest
in a professional version to access all the features and functionality of the software.
In contrast, simulation is done through Spice, which requires an external program to
carry out the process, as well as 3D visualisation, which is more laborious than other
programs |74].

Program | Cost (€/year) | Difficulty of use | Experience
KiKad Open source Medium No experience
Proteus 200 Medium No experience
Eagle Open source High No experience

Table 4.2: Comparison between PCB designing programs

4.2 Hardware

As discussed above, the hardware analysis is based on the comparison of robotic arms and
the choice of suitable electronics for the fabrication of the designed device.

4.2.1 Robotic arm

A robotic arm is a programmable device whose main functions and behaviour resemble
those of a human arm. The operation of the robotic arm is almost that of a human
arm and can be understood as a complete mechanism or part of a more complex robotic
system. The parts of these mechanisms are interconnected by means of joints that can
have a rotary motion or a linear displacement. The robotic arm consists of a mechanical
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structure, transmitters, actuators, sensors, terminal elements and controller. The physical
constitution of most industrial robots is similar to the parts and upper extremities of the
human body [75]. In addition, it is important to introduce a robotic arm modality called
cobot, which is a robot created to physically interact with humans in a collaborative work
environment.

In the case of the latest models of the Da Vinci Surgical System, they feature four
robotic arms with seven degrees of freedom each. Since we cannot count on one of these
devices, we will have to opt for a single individualised arm from those available on the
market. The best options are presented below.

4.2.1.1 URS5e

The URbe is the medium-sized collaborative robot in the Universal Robots range. It fea-
tures a payload of 5 kg and an action radius of 850 mm, which, together with its flexibility,
makes it a perfect device for automating lightweight processing tasks. The overall purposes
of the development of this collaborative robot are versatility and adaptability. The cobot
URbe is designed to integrate seamlessly into a wide range of applications.

Universal Robots’ UR5e cobot is easy to program and configure, collaborative and safe,
and represents the perfect balance between size and power. This easy-to-access technology
allows users with no programming experience to quickly set up and operate the cobots
using an intuitive interface with 3D visualisation [76]. On the other hand, if the desired
functionalities exceed the possibilities of the software offered by the company, this sys-
tem offers the option of controlling the robotic arm remotely. By means of an Ethernet
connection, we can control it using previously created programs.

As for the robot’s technical features, it is important to mention the six rotating joints
that give it 6 degrees of freedom, as well as its high rotational speed (1800/s) and its
low weight of only 20.6 kg. Regarding the price, it is close to 30.000€, which could be a
disadvantage if the University of Barcelona did not have one and it had to be acquired.

Figure 4.6: URbe robot [6]

4.2.1.2 Kuka 210 robotic arm

The KUKA industrial robot is a robotic arm known for its load-carrying capacity and its
flexibility to add additional axes. It has 6 joints which, like the UR5e robot, give it 6
degrees of freedom [77]. Currently there are a large number of models which are suitable
depending on the function that needs to be performed. The KR 3 Agilus model from Kuka
Arm, for example, is particularly suitable for moving small components and products in a
minimum of space. It has a payload of 3 kg and a maximum reach of 541 mm [7]. This
would be a good option to carry out the project, considering its cost of 20.000 €.
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Figure 4.7: Kuka 210 robotic arm [7]

4.2.1.3 SWIFTITM CRB 1300 robotic arm

The SWIFTITM CRB 1300 robotic arm is a high-speed industrial cobot that combines
industrial-grade performance and innovative safety, enabling a combination of collaborative
safety, high performance and precision. In addition, it offers a maximum tool centre point
speed of more than 6 metres per second, and boasts high accuracy. Besides these features,
it has payload options from 0.5 kg to 11 kg, a weight of 75 kg and 6 degrees of freedom [78].
This robotic device has a total cost of 37,500 € [79].
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Figure 4.8: SWIFTITM CRB 1300 robotic arm [8]

4.2.2 Quirurgic Gripper

To check the correct functioning of the software as well as the hardware components, we
will connect the EndoWrist motor panel to a minimally invasive surgical forceps. The main
idea is to use the original EndoWrist to maximise compatibility with the Da Vinci surgical
device. However, other tools will also be analysed for better performance.

4.2.2.1 Virtual Incision by Vicarious Surgical

The Vicarious surgical system is a nimble, small tool that allows incisions as small as
1.2 ¢cm, when most robotic forceps make them about 1.8 cm. In addition, it has great
mobility, allowing movements in all directions, even backwards. The pivot centred within
the abdomen is designed to allow the surgeon to work from any direction through any
entry point. It also features immersive 3D visualisation and provides advanced stereoscopic
images of the patient’s anatomy and full responsiveness to the surgeon’s movements. This
system could be compatible with the Da Vinci [80].
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Figure 4.9: Virtual Incision gripper [9]

4.2.2.2 Homis Surgical System by Memic

The Hominis Surgical System presents a concept unlike anything seen before, as it is the
first and only FDA-cleared surgical robot to feature miniature humanoid-shaped arms with
shoulder, elbow and wrist joints that allow for high dexterity and articulation. Multiple
instruments can be inserted into the body through a single portal and the articulation
offers optimal access and working angles. In addition, it requires a very small footprint
and costs significantly less than conventional robotic systems [81].

/

Figure 4.10: Hominis gripper [10]

4.2.2.3 EndoWrist tool by Intuitive Surgical

As for the EndoWrist instruments, when these are assembled with the Da Vinci arm (or
the URbe in our case) they provide 7 degrees of freedom. These are: In out, Rotation,
General Yaw, General Pitch, Roll 1 and Roll 2, and Pitch and Yaw.

The movements corresponding to the entry/exit of the abdomen (In out), the rotation
of the tool (Rotation), and the rotation around the fulcrum point (General Pitch and
General Yaw) are performed by the movement of the robotic arm. On the other hand,
by controlling the tool tip, we find four additional movements, the opening/closing of the
gripper (Roll 1 and Roll 2) and the exclusive turns of the tool tip (Pitch and Yaw). These
degrees of freedom are controlled by a mechanism that consists of a part that is directly
coupled to the da Vinci robotic arms and interfaces with the EndoWrist tool’s rotation
mechanisms, as seen in Figure 4.11. It will be the servomotors that, controlled by the user
pen, will cause the gears of the system to rotate and move the tool tip [82].

Using this system, the EndoWrist features 180-degree swing and 360-degree rotation
capabilities. Moreover, the EndoWrist line of instruments features a variety of specialised
tip designs, including forceps, needles and scissors; monopolar and bipolar electrocautery
instruments; scalpels and more. EndoWrist instruments are available in 5 and 8 mm
diameters to meet surgeons’ needs [83].

Wristed Yaw

Wristed Pitch

Figure 4.11: EndoWist rotation mechanism Figure 4.12: Tools movement [11]
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4.2.3 Servomotor

The servomotor is one of the essential components of the project, as it is used to move the
Endowrist gears. Since the gripper has four degrees of freedom (switch, yaw, roll 1 and roll
2) and taking into account the structure of the EndoWrist, a total of four servomotors will
be necessary. These will generate torque and speed depending on the current and voltage
supplied. The torque applied must be sufficient for the grippers to have enough force to
carry out the different actions. The possible options are presented below:

Servo Motor Unit Cost (€) | Weight (g) | Torque (Kg/cm) | Rotation Range
TowerPro MG996R. 10,22 55 10 180
Sunfounder SF180M 6 9 2,5 180

SG90 3 9 1,8 180

Table 4.3: Comparison between possible Servomotors

4.2.4 IMU sensor

The inertial measurement unit (IMU) is a very important component in inertial guidance
systems. An IMU works by detecting motion, including motion type, speed and direction,
using a combination of accelerometers and gyroscopes. The IMU can be selected based on
its degrees of freedom as developed by the manufacturer, with 3,5,6 and 9 DOF models
available [84]. This device will be in charge of registering the surgeon’s hand movement in
order to transfer it to the servomotors. Although there is a wide variety of these on the
market, we have selected a list of those that we have found most interesting.

IMU Unit cost (€) | Weight (g) | Power (V) | Degrees of Freedom
ICM-20948 13,2 0,7 1,71-3,6 9
MPU 9250 12,99 2,72 24-3,6 9
MPU 6050 5 2.1 2436 6

Table 4.4: Comparison between possible IMUs

4.2.5 Microprocessor

Since the three elements of the project must be connected to each other wirelessly, it will
be necessary to use a microprocessor, which is a programmable digital integrated circuit
that has a wide range of functionalities. It is composed of a central processing unit (CPU),
memories (ROM and RAM) and input and output lines (peripherals). Of the large number
of microprocessors on the market, we will focus on those that offer Internet of Things (IoT)
features, are small and have low power consumption.

Microprocessor | Unit cost (€) | Memory (kB) | Bluetooth | Operating voltage (V)
ESP32 11 520 Yes 22-36
STM32F4 Series 23 384 Yes 1.8-3.6
Atmega328P 13 2 Yes 1.8-5.5

Table 4.5: Comparison between possible Microprocessors
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4.2.6 Vibration motor

To achieve haptic feedback, we need to select devices that let the surgeon feel the force
applied to the patient’s tissue. In robotics, there are two main feedback mechanisms: force
feedback and vibrotactile feedback. As discussed in the section 6.1 Haptic Technology, the
robot’s design makes force feedback impractical, so we opt for a vibrotactile system using
a buzzer and vibration motor.

As it is intended to monitor the force exerted during the operation, and not to activate
the vibration device due to excessive force, which the computer’s speaker already indicates,
the motor will vibrate more with increased force on the tissue. Excessive vibration should
be avoided to prevent hindering surgical activity and affecting the doctor’s precision.

Vibration Motor Unit cost (€) | Weight (g) | Voltage (V)
Seeed Studio 105020003 3 8.8 3-H
PWM Vibration Motor Module 6 16 3-5.3
WE-DA-159 1.2 2 3-5.3

Table 4.6: Comparison between possible Vibration Motors

4.3 Testing material

Once the design has been finalised, it will be necessary to test it to see if it is performing
well. Therefore, a material that resembles the characteristics of the skin and perform a
suturing procedure has to be selected. For this purpose, we have chosen to use three-layer
suture pads made of silicone. This kid also offers Trusilk 75 cm needles, which are ideal for
suturing. In addition, a material simulating the patient’s outer skin will also be needed,
into which a hole will be drilled to simulate a MIS port through which the EndoWrist will
be inserted.
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Figure 4.13: Testing system suture material Figure 4.14: Outer skin material

4.4 Final election

Taking all of the above into account, a pre-selection of the materials to be used in the
project can be made, which can change throughout the project if the situation requires
it. In some cases, the characteristics of each element will be set aside, and the one with
greater access will be chosen, as it is provided by the university. A good example of this
could be the URbe robotic arm, which is located in the Robotics Laboratory. The different
elements selected are in Table 4.7, and an extended explanation of the different reasons for
choosing them are presented below.

In terms of programming software, the Python, Arduino and RoboDK programs have
been selected. The choice of Python is due to the wide experience available in this pro-
gramme compared to the others. It is also compatible with RoboDK, which will make
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our work much easier, using Virtual Studio Code as a working environment. As far as
Arduino is concerned, it is one of the most widely used environments for the development
of software for microprocessors, using the Arduino IDE platform. It contains a wide variety
of libraries and a comfortable and accessible interface that will allow us to program the
ESP32 easily.

KiKad has been chosen due to the experience and predisposition of the tutor Dr.
Manel Puig i Vidal, since the student has no experience in this type of programme. After
comparing the characteristics of the different environments proposed, it was decided to use
Kikad as the PCB design software.

As for the robotic arm, as mentioned above, the University of Barcelona has a URbe
arm in the Robotics laboratory at the Faculty of Physics. Therefore, taking into account
that its performance is considerably good, the use of this system has been chosen to carry
out the project.

The chosen surgical gripper is the EndoWrist, more specifically the needle driver model.
This is due, on the one hand, to the fact that the relationship with the Hospital Clinic
gives us the opportunity to obtain some units of this tool and, on the other hand, to the
great variety of tools that Intuitive Surgical has developed. This provides great versatility
to the project, since once the system is finished, it can be used with a multitude of tools
according to the surgeon’s needs.

The Sunfounder SF180M has been chosen among the different servomotor models due
to its low cost and size and the torque it is capable of applying. It is powerful enough
to generate the rotation of the EndoWrist’s gears. Despite the initial idea of using the
SG90 9G model, it does not have enough torque to rotate the EndoWrist gears, so a more
powerful one has been chosen.

The IMU selected was the MPU 9250, as only this model directly provides the RPY
angles thanks to its Digital Motion Processor (DMP), which can perform sensor fusion.
The other models only provide rotational speeds and accelerations, and it is necessary to
calculate the RPY angles from these values. In addition, it has a small size and weight
and a great precision in angle reading.

Regarding the microprocessor, the ESP32 is an excellent choice for an IoT projects
due to its combination of affordability, performance, and built-in Wi-Fi capabilities. Its
integration of Wi-Fi enables seamless communication between modules, facilitating data
transfer and remote control functionalities. Additionally, its low power consumption allows
us to keep the controllers connected to an external battery with a very high autonomy.

Component ‘ Item selected
Software
Programming Software | Arduino, RoboDK, Python
Designing Software FreeCAD
PCB Designing Software KiKad
Hardware
Robotic arm URbe
Quirurgic Gripper EndoWrist
Servomotor Sunfounder SF 180M
IMU sensor MPU 9250
Microcontroller ESP32
Vibration Motor WE-DA-159

Table 4.7: Final selection of the components
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Having contextualised the proposal, presented the objectives and analysed what could
be the best options, this section will describe the process that has been carried out through-
out the implementation of the project.

In order to understand all the tasks we have carried out, these will be divided into four
main blocks. On the one hand, the design of the Hardware that will form the Master-slave
device will be presented. On the other hand, the development of the software responsible
for improving the maneuverability of the surgical system will be addressed.Additionally,
the improvements made in the assembly and mounting framework between the different
components enhance the effectiveness and performance of the prototype will be reviewed.
Finally, the development of the system that will allow the haptic feedback integration will
be explained.

5.1 Hardware development

Before proceeding with the explanation of how this section has been realised, Figure 5.1
presents the diagram showing the connections between all the elements that make up the
prototype.
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Figure 5.1: Protorype Connection Diagram

As shown in the diagram above, the system has four electronic modules whose ESP32
communicate with each other via Wifi, providing a fast and efficient data exchange. The
MAC adress of each of the microprocessors allows us to unequivocally identify each com-
ponent, which guarantees secure transmission between the different modules.

In order to meet the objectives set out in the section 1.6 Objectives and to be able to test
the correct operation of the device once the project has been completed, all the electronic
modules are needed in order to offer all the desired functionalities. When the project
was taken up, the prototype consisted of a single Master that managed the orientation of
both the gripper and the Endowrist. Moreover, it did not incorporate any actuator that
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could inform the surgeon of the force being exerted on the tissue. On the other hand, the
EndoWrist Motion Panel had to be upgraded to improve its performance. Therefore, both
PCBs had to be redesigned in order to incorporate all the elements that would allow us to
obtain the desired functionalities. In addition, a new Master (Forearm Master) had to be
added to control only the EndoWrist position, reserving the Gripper position for the Pen
User Interface (Master 1).

5.1.1 Master’s PCB

First of all, it is essential to clearly understand the function of each of the masters.

Pen User Interface, also known as Master 1, is the component that the surgeon will hold,
simulating the tool used in the surgical field. It will have two main functions. The first will
be to transmit the position and orientation of the surgeon’s hand to both the EndoWrist
Motion Panel and the Control and Supervision Module . In this way, we will be able to
translate the position of the sugeron’s wrist into a rotation of the four servomotors that
will move the gears of the Endowrist, obtaining the same orientation in the gripper. In
addition, the gripper will be opened and closed by controlling the buttons on the remote
control. Furthermore, by sending the information to the computer, we will also be able
to carry out the simulation, as well as generate a graphic interface with useful data for
doctors. On the other hand, it will also transmit information recieved from the EndoWrist
Motion Panel about the force the surgeon is applying to the tissue. This will be done by
means of a vibration motor.

Forearm Master, also called Magster 2, will be placed on the surgeon’s forearm. It will
transmit the position and orientation of the device to the computer, so that commands can
be sent to the robotic arm. On the other hand, since the orientation of the gripper depends
on the difference between the orientations of the forearm and the hand, it must also be
sent to the servomotors so that they can take its orientation into account. In addition,
by using buttons, the tool can be raised and lowered according to the requirements of the
operation.

5.1.1.1 Position and Orientation reading

As reading the orientation of the Master is its main function, we need to know the process
by which the values that characterise this position are obtained, which can be sent to the
different devices of the prototype. For this purpose, the IMU is employed, which uses the
Roll, Pitch and Yaw (RPY) angles to describe all possible orientations in three-dimensional
space. Roll is the rotation around the X-axis, Pitch is the rotation around the Y-axis, and
Yaw is the rotation around the Z-axis. The IMU measures linear acceleration and angular
velocity in these three axes using accelerometers and gyroscopes. providing an accurate
and stable estimate of the 3D object orientation using the RPY angles [85].

Yaw

Roll

D
Pitch f\

Figure 5.2: Roll, Pitch and Yaw angles Figure 5.3: IMU sensor
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Therefore, by holding the Master in such a way that the XYZ axes of the IMU, rep-
resented in Figure 5.3, coincide with those of the surgeon’s hand, seen in Figure 5.2, the
orientation of the hand can be represented very accurately.

5.1.1.2 Pen User Interface design

Once the functionalities this module should have are known, it in necessary to create a
PCB that allows us to connect all the necessary elements. The Figures 5.4 and 5.5 show
the PCB design and the final board.

)

Figure 5.4: Pen User Interface PCB design ~ Figure 5.5: Pen User Interface final board

In order to be able to operate the device in a wireless and versatile way, the ESP32 will
be powered using a Power Supply. In this way, the entire circuit will receive the necessary
current and voltage to work correctly without the need to be connected to a computer or

plug.

The module consists of two push buttons, an IMU sensor, a vibration motor and the
ESP32. To provide a clearer understanding, the Table 5.1 lists all the connections estab-
lished on the board. Since it is needed to process the data coming from the sensors (IMU)
and buttons, as well as send a PWM to the actuator (vibrator motor), all components are
connected to the ESP32.

Signal Pin Usage
IMU SCL 29 12C serial clock
IMU SDA 26 I2C serial data
IMU INT 24 Interrupt

Vibration IN 30 PWM
Vibration VCC 16 Power Supply

SW1 10 GPIO

SW2 11 GPIO

GND 14, 17 Ground

Table 5.1: Pen Unser Interface PCB connections

In addition, for a more detailed analysis of the circuit, a schematic of the circuit can
be found in the Appendix .7.

5.1.1.3 Forearm Master design

As for the Forearm Master, since it has very similar functionalities and requirements to
the Pen User Interface, it presents a very similar design, although a little simpler as it does
not require the inclusion of haptic technology (vibration motor). Figure 5.6 and 5.7 shows
the PCB design and the final board.

In the same way, this device is connected to a Power Supply that offers autonomy and
comfort. Moreover, the connections of this module are the same as those of Pen User
Interface (Table 5.1), except for the vibration motor, which is not included in Forearm
Master.
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Figure 5.6: Forearm Master PCB design Figure 5.7: Forearm Master final board

5.1.2 EndoWrist Motion Panel PCB

As in the case of the Masters, it is also necessary to know what will be the functions of the
servomotors in order to be able to design the PCB correctly. To begin with, they have to
receive indications from the two masters in order to be able to adjust the rotation angle.
We also need to send Pen User Interface the torque values of each of the servomotors,
which will give us an idea of the force exerted on the tissue.

5.1.2.1 Torque reading technology

In order to know the force that is being exerted on the tissue or suture thread, we will
calculate a value that will be proportional to the torque of the servomotor. This parameter
will be the current, which we will read using Shunt resistors. These must have a small
value (1.5 ) so that the current can flow through it without a problem. The Shunt resistor
generates a voltage proportional to the current flowing through it according to Ohm’s Law:

Vshunt =1 Rshunt (5-1)

To measure the Vipynt, we will use the analogue-to-digital converter (ADC). The digi-
tised value provided by the ADC, ADC\1e, is converted into voltage by means of Equation
5.2. This equation allows us to convert a digitised value to an analogue voltage, which en-
ables us to apply Ohm’s Law to obtain the current.

ADC
Vade = Twallue X Vief (5'2)
Where 2" is the resolution of the ADC (2'2 in our case) and V, is the ADC reference
voltage (3.3V in our case).

With this, we can obtain the current through the Shunt resistor by isolating the Ohms
Equation.

ADC 1
Ipulsatile = <2n_wa11ue X Vref) X Rsh . (5.3)
un

However, the waveform of this current is pulsed, taking values between 0 and I,y due
to the nature of the PWM signals used to control the servomotors. When the PWM signal
is high, the current is Inax, and when the PWM signal is low, the current is 0. This results
in a pulsating current waveform.

If we want to obtain an analogue value, we must integrate the signal over a period of
time and then derive it again. This can be seen in Equation 5.4:

d t
Ianalogue = % (/ Ipulsatﬂe(T) dT) (5'4)
0

As stated, the torque applied by the servomotor is proportional to the current passing
through it. Then, knowing the value of the analogue current, we have a parameter that
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allows us to quantify the torque that the servomotor is exerting. If we wanted to obtain
the torque value, we would have to obtain the calibration factor.

5.1.2.2 EndoWrist Motion Panel board design

Once we know what functions it has to perform, how to calculate the torque and what
components we need, we can proceed to the design of the board. To do this, we will need
four servomotors, four 1.5 € resistors, an ESP32, a switch and a C-type PCB port. While
the switch will allow us to decide when to power the circuit without the need to unplug
the power cable, the type C port will let us connect a type C cable and obtain a 5V and
3A output. However, to achieve this purpose, two 5k resistors had to be placed between
GND and both pins CC1 and CC2.

With this, the servo PCB design (Figure 5.8 ) and the final board (Figure 5.9) can be
seen.

Figure 5.8: EndoWrist Motion Panel PCB  Figure 5.9: EndoWrist Motion Panel final
design board

As has been done with the connections on the Master board, all the connections that
have been made on this board are presented below.

Signal Pin Usage
Servomotor Signal 1 32 PWM input
Servomotor Signal 2 33 PWM input
Servomotor Signal 3 25 PWM input
Servomotor Signal 4 | 27 PWM input
Servomotor GND 1 36 Analog Read
Servomotor GND 2 39 Analog Read
Servomotor GND 3 34 Analog Read
Servomotor GND 4 35 Analog Read

oV 15 Power Supply

GND 14,17 Ground

Table 5.2: EndoWrist Motion Panel PCB connections

With these selected elements and the circuit in Figure 5.2, we have achieved a module
capable of receiving the necessary data and translating it into a rotational force strong
enough to cause the EndoWrist gears to rotate. As in the case of the Pen User Interface,
the schematic can be found in the Appendix .8.
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5.2 Assembling system

Having designed and manufactured the three PCB needed to carry out the project, it is now
important to devise some structures that allows the agsemblage of the four servomotors with
the EndoWrist gears, and another one that permits the correct locations and manipulation
of both Masters.

5.2.1 EndoWrist and Servomotors coupling

To understand the problem at hand, it is necessary to analyze the two structures being
coupled. On the one hand, we find the four servomotors arranged as shown in Figure
5.10a, to whose gears the circle shaped piece in Figure 5.10b can be attached by means of
a screw. The servomotors have been positioned in this way so that they could fit to the
gears of the EndoWrist.

UniveasitaTa € Slomteie
s BARCELONA Sof ompol Remits”

(a) Placement of the servomotors (b) Part assembled to the servomotor

Figure 5.10: Servomotor’s components

On the other hand, the components of the EndoWrist are the gears in Figure 5.11.
These, when rotated, will allow the gripper to move. The two gears on the right will
control Rolll and Roll2, which will open and close the clamp. The middle gear drives the
Pich, while the top left gear controls the Yaw.

Figure 5.11: EndoWrist Gears

As evident, a structure is needed to link the servomotors to the EndoWrist. For this,
some parts created with a 3D printer and designed by Daniel Alcaraz in [12] will be used.
These can be seen in Figure 5.12.

Figure 5.12: 3D pice [12]
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Once the pieces have been printed, a disc shaped magnet has been placed in each of the
holes that can be seen. One piece will be attached to each of the gears and to the discs of
the four servomotors. However, these parts must be positioned in a specific manner. The
gripper must be aligned in such a way that it is straight and, once in that position, hook
the parts as shown in Figure 5.13. In the same way, the parts of the servomotors must be
engaged with all servomotors with a 90° rotation, as shown in Figure 5.14.

V)

Figure 5.13: 3D parts anchored to the En-  Figure 5.14: 3D parts anchored to the ser-
doWrist vomotors

This system is designed in such a way that when the two elements are put together, the
pieces fit and the magnets hold them together. Its shape allows us to rotate the servomotor
part and, without displacement, generate the same rotation on the EndoWrist part. The
final system can be seen in Figure 5.15.

Figure 5.15: Coulpled final design

5.2.2 Masters subjection system

Since surgery is a procedure that can last for a long period of time, a system that provides
the greatest possible comfort for the surgeon must be developed. As for the positioning of
the Pen User Interface, it is not necessary to design any structure to hold it, as it will be
the surgeon himself who will hold it by hand, as a suturing tool.

However, the Forearm Master’s grip will not be as straightforward. It has to remain
fixed at a given position of the forearm so that it can reliably transmit the orientation of
the arm. For this purpose, a mesh armband has been designed which contains a Velcro
section to attach the Master to. In this way the surgeon can put on the comfortable cuff
and then insert the Master into the indicated section. Figure 5.16 and 5.17 shows the final
design of the fixture model.

B

T I—

Figure 5.16: Bracelet with Velcro section Figure 5.17: Master fixation final design
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5.3 Software developement

Once we have both the devices that make up the Master-slave prototype and, moreover,
the assembly structure, we can go on to develop the software that will allow us to make
all the hardware we have designed to meet all the requirements that we had set.

In this case, there will be two different sections. Firstly, the software uploaded to each
of the prototype modules will be found, which will be programmed with the Arduino IDE.
Secondly, we are going to create a Python program that, on the one hand, will allow us
to run a simulation in RoboDK and, moreover, will send the necessary commands to the
URbe robot.

5.3.1 Arduino code

Although the previous sections have shown how the modules communicate with each other,
the following is a flow of data that allows all devices to use the data they receive and update
it to send it to the other devices. This will help a lot in understanding the code.

Initial empty Renlen Pen User
data structure Interface and Servomotors Interface and Computer
Forearm Master Forearm Master
S1 status = 0 S1 status S1 status S1 status S1 status
S2 status = 0 S2 status 52 status S2 status 52 status
Roll =0 Roll Roll Roll Roll
Data structure = Pitch = 0 — > Pitch — Pitch . Pitch . Pitch
Yaw = 0 Yaw Yaw Yaw Yaw
Torque roll = 0 Torque roll = 0 Torque roll Torque roll Torque roll
Torque pitch = 0 Torque pitch = 0 Torque pitch Torque pitch Torque pitch
Torque yaw = 0 Torque yaw = 0 Torque yaw Torque yaw Torque yaw
Rotation of the Vi ol e Simulation and
Pen User = 5
servomotors UR5e moving

Interface

Figure 5.18: Data flow through the modules

As can be seen, we start from an empty data structure with the variables present in
Figure 6.9. To begin with, both Masters send the RPY values to the EndoWrist Motion
Panel, and the Pen User Interface also sends the S1 and S2 statuses. Once this data reaches
the EndoWrist Motion Panel, the RPY values will be used to rotate each of the servomotors
as will be explained later, and the Boolean S1 and S2 will be used to open and close the
gripper. Then, with the torques of the four servomotors read, the data structure will be
sent back to the Pen User Interface, which will use the torques to generate a vibration
using the vibration motor. Finally, all the data is sent to the to carry out the simulation
and move the URbe robot.

Although it may seem a slow process with many steps, the Wifi communication used
by the ESP32 is very fast and secure, so we can obtain a fluid communication and with
real time variables updating.

5.3.1.1 Pen User Interface Code

The Pen User Interface is one of the most important elements of the prototype, as it not
only reads the orientation of the surgeon’s wrist, but also provides haptic sensitivity to the
user.

36



—

5.3. Software developement 37

Since robotic surgery is a high-precision procedure, we must avoid large, jerky move-
ments at all costs. To do this, we must generate a programme that allows us to filter
out these movements and stop the gripper if they are detected. To do this, it has been
developed a code in which, if a difference of more than 10° is detected between two con-
secutive readings in any of the angles, the angle that has undergone the abrupt movement
remains fixed at the value before it. To regain mobility on this axis, the master must be
positioned at the angle at which it has been blocked, with the help of the graphic interface
that indicates which angle this is. Below is a short code fragment that performs the action
explained in the Roll angle. The complete commented code can be found the Appendix .3.

NewValueRoll=rpw [0];
valRoll=abs (NewValueRoll-01ldValueRoll) ;
if (valRoll>10 && valRol1<350) {
roll=01dValueRoll;}
else {
roll=NewValueRoll;}
0ldValueRoll=roll;

Listing 5.1: Angle protection code

As for the part concerning the vibration motor, it will be explained in the section 5.4
Haptic feedback system implementation.

5.3.1.2 Forearm Master Code

The Forearm Magter code mirrors the structure of the Pen User Interface. It sends data to
the EndoWrist Motion Panel and the Control and Supervision Module but doesn’t receive
torque values due to lacking a haptic system. It directly sends S1 and S2 values to the
computer for controlling the EndoWrist’s vertical movements with the UR5e arm. Morover,
this code also incorporates a safelty programme against sudden movements, in order to
prevent the robotic arm from injuring the patient. The complete code can be found in
Appendix 4.

5.3.1.3 EndoWrist Motion Panel Code

The EndoWrist Motion Panel code can be divided into two sections. On one side we find
the control of the rotation of the servomotors and, on the other, the calculation of the
torque of each one of them.

When we talk about rotation control, the safety loop that is executed once the pro-
gramme is started has to be mention. After having positioned the four servomotors at 90°,
they remain static until the Pen User Interface has not been aligned with RPY = 0. In
this way, any kind of undesired movement before starting the procedure are avoided. Once
aligned, the servomotors start to rotate and the surgeon can control the gripper.

Since the RPY readings of the IMU range from 0° to 360°, and it is desired to have a
movements in the range [-90, 90], the conversion shown in Listing 5.2 has to be performed.
This allows us to obtain positive angles up to 180 and negative angles up to -180 of both
Master 1 and 2 readings.

if (angle > 180 && angle <= 360) {
angle = angle - 360;}

if (angle2 > 180 && angle2 <= 360) {
angle2 = angle2 - 360;}

Listing 5.2: RPY angles re-escaling code
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Once the angles of both two Masters are on the scale it is needed, the difference between
them has to be computed. This is because the movement of the gripper does not depend
exclusively on the orientation of the Pen User Interface, but on the relative orientation of
the Pen User Interface with respect to the Forearm Master. If this were not taken into
account, a rotation of, for example, 45° of the forearm in Yaw, keeping the wrist aligned
with it, would generate a total rotation of 90° of the gripper. This is because, being
anchored to the EndoWrist, and the EndoWrist to the URbSe, the gripper would rotate the
same 45° of the robotic arm and, in addition, another 45° reading the orientation of the Pen
User Interface, generating a total rotation of 90°. When applying the angle difference, this
same movement, on detecting a 0° difference between both masters, would only generate
the 45° rotation induced by the robot, keeping the servomotors and, therefore, the gripper
aligned with the EndoWrist.

To this difference, 90° must be added, which will allow the servomotor to remain in
the centre when the reading is 0. Furthermore, in order to limit the movement to a range
of 1802, avoiding sudden and unexpected rotations, the movement of the servomotors will
be limited to an interval between -90 and 90° of the angle difference. The rotation code
can be seen in Listing 5.3.

angle_rel angle2 - angle;
angle_gir = angle_rel + 90;

if ( -90 < angle_rel < 90){
servo_angle.write(angle_gir) ;}

Listing 5.3: Servomotor rotation code

This, applied to the four servomotors, allows for a three-dimensional movement of the
gripper. However, it is necessary to control the state of the gripper (open or closed) by
using the Pen User Interface buttons S1 and S2. To do this, it will be establish that while
S1 is held down, the Rolll will increase the value of its reading by 30 degrees. In this way,
by keeping Roll2 unchanged, the gripper will be opened. When the button is released, both
readings are equalised and the gripper closes again. On the other hand, when S2 is pressed,
15 degrees are subtracted from the Rolll reading, causing one gripper to collide with the
other. This allows greater force to be exerted on the object being clamped, making the
suturing process safer and more reliable.

As for the second section of the code, the calculation of the torque, the steps explained
in the subsection 5.1.2.1 Torque Reading Technology has to be followed. In this way,
the analogue value of the current passing through the shunt resistor is obtained, which
is proportional to the torque exerted by the motor. The complete code can be found in
Appendix .5.

5.3.1.4 Control and Supervision Module Code

The Control and Supervision Module receives the data from the Pen User Interface and
the Forearm Master, so that the laptop can read them via the port and carry out both the
simulation in RoboDK and the movement of the URb5e robot.

5.3.2 Python code

The Python code will be the one that, reading the data from the port sent by the Computer
module, executes the simulation in RoboDK and transmits the commands to the robot.
The code is divided into several sections, which makes it much more convenient to handle
and easier to understand. First, there is a block where a connection is established with the
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URbe robot, provided that it is available, as well as configuring all the necessary parameters
to run the simulation.

This programme is characterised by the presence of several processes running in paral-
lel. This allows us to carry out several tasks at the same time without them interfering with
each other, thus obtaining a fluid programme with no downtime. For this,the Python’s
threading functionality is going to be used. This allows the concurrent execution of mul-
tiple threads within a single process. Each thread represents an independent sequence of
execution that can run in parallel with other threads. In addition, threads are especially
useful for I/O-bound operations, which are characterised by data input and output, and
are the ones that will be used in the project.

Hence, we find the reading of data from the serial port, which allows us to update them
in real time independently of the delays that may occur in the other processes. On the
other hand, there is the generation of the graphic interface, for which the TKinter library
has been used. Finally, the last process to be carried out is the suture process itself.

5.3.2.1 TKinter root

The graphic interface is an instrumental tool for the surgeon to perform the procedure in
a user-friendly manner. It consists of two screens that display the orientation of both the
Pen User interface and the Forearm Magter, allowing the surgeon to know when the safety
mechanism has been triggered by one of the angles remaining fixed at a value. In addition,
it also shows the state in which the robot is displayed, whether it is opening or closing
the gripper, in a motion mode, or moving up or down with respect to the Z-axis of the
EndoWrist.

Moreover, we can find four horizontal bars in which the torque exerted by each of the
servomotors is represented in real time. When any of the servomotors exerts excessive force
on the tissue, the bar turns red and an audible alarm sounds saying "Threashold reached
in Pitch", depending on the angle at which it is reached. In Figure 5.19 the TKinter root
is shown.

‘@ Q Suture process

Instruction

Moving the UR5e arm...

Gripper Orientation:

‘ R=272.0 P=359 W=53 |

Endowrist Orientation:

‘ R=179.0 P=359.0 W=134.0 |

Torque Roll 1 I ‘

Torque Roll 2 I ‘

Torque Pitch | ‘

Figure 5.19: Graphical interface
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5.3.2.2 Suture process

This threading is where both the sending of commands to the URb5e and the simulation in
RoboDK takes place. As with the movement of the sevomotors, in this case there is also a
safety loop to avoid starting the movement before the Forearm Master is properly aligned
with the initial position.

On the one hand, we find the simulation in RoboDK. As long as no button is pressed,
the program will read the RPY values of both masters and, after reading the Tool Center
Point (TCP) position of both the EndoWrist and the gripper in the RoboDK, it will
translate them into POSE through the multiplications of Listing 5.4.

TCP is defined as the reference point used for precise positioning of the robot in appli-
cations that require defined targets in Cartesian space. The TCP is set as a transformation
from the robot mounting flange and is crucial to ensure accuracy and efficiency in robot
programming and operation. In our case, since we want the EndoWrist to rotate around
the fulcrum point, where the tool will contact the skin, we will set the TCP coordinates
to (8, 2.5, 60) cm, due to the geometry of the EndoWrist.

endowrist_pose = transl(Xr, Yr, Zr)*rotz(W2)*roty(P2)*rotx(R2)
gripper_pose = transl(Xg, Yg, Zg)*rotx(pi/2)*rotz(W_gripper_rel)
xroty (P_gripper_rel)*rotx(R_gripper_rel)

Listing 5.4: EndoWrist and Gripper POSE code

Where Xr, Yr, Zr are the EndoWrist TCP coordinates, Xg, Yg, Zg are the gripper
frame coordinates and R gripper_rel, Y gripper rel, W_ gripper_ rel are the difference
between the angles recieved from the Pen User Interface and the Forearm Master.

The fact that, in both cases, they are a fixed frames, means that the order of multipli-
cation of the rotations along the axes is performed in reverse order of the graphic rotations.
In addition, in the case of the grippe frame, we first apply a 90° rotation along the X-axis
to correct the 90° that we have rotated the EndoWrist TCP in the initial program pa-
rameters. This must be done since the EndoWrist TCP is configured as the parent of the
gripper frame.

Moreover, the S1 and S2 buttons on the Forearm Master allow the EndoWrist to be
raised or lowered, by using a linear movement, a translation. Meanwhile, the S1 and S2
buttons of the Pen User Interface nest and un-nest the needle item to the Gripper frame,
simulating the opening and closing of the tool.In Figure 5.20 we can see the simulation of
the UR5e arm in the RoboDK program.

Figure 5.20: RoboDK simulation
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In the context of sending commands to the URbe robot, we have used sockets as a
means of communication. Sockets are an interface that facilitates communication between
processes, both on the same computer and on different devices over a network. Using
this technology, we establish a connection between the computer from which we issue the
commands and the URbSe robotic arm, connected via Ethenet, which allows us to send and
receive data bidirectionally, efficiently and in real time. Data is sent every 0.4 seconds,
thus allowing a constant update of the arm orientation, and a smooth movement of it.

However, this type of communication works in a different way from the one explained
above. In this case, we must transform the RPY angles read from Forearm Master to
Angle Vector. In order to do this conversion in a simple way we must use the Spatialmath
Python library. The code can be consulted in Appendices.

Nevertheless, if the RPY angles are converted to Angle Vector and then sent to the
robot, the movements performed with the Forearm Master would not correspond to those
carried out by the robotic arm. This is because, in order to achieve a similarity between
the movements, we must make a base change to match the frames of the IMU and the
robot flange, as exposed in Equation 5.5.

rollyrse 0 1 0 rollpyu
pitchypse | = | =1 0 0] | pitchpy (5.9)
YaWURse 0 01 yawny

When performing matrix multiplication, we obtain the equality of the Equation 5.6.
This allows us to express the orientation of the Forearm Master in the coordinates of the
robotic arm flange frame, thus generating exactly the same movement.

rollyrse pitchyyy
pitchypse | = | —rollvyu (56)
YaWyrse Yawimu

The spatial orientation of each of the frames is shown in Figure 5.21. In this way, the
correlation between the RPY axes of each of the frames can be seen graphically.

j‘ IMU Frame
.‘ \&i -

Figure 5.21: Graphical representation of both IMU and URb5e frames

Then, by making this base change and then transforming the RPY angles into Angle
Vector, we can send a command to the robot to move to the desired position and orienta-
tion. The complete code of both the suture process and the tkinter sections can be found
in Appendix .1 and .2 respectively.
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42 DETAIL ENGINEERING

5.4 Haptic feedback system implementation

As for the haptic technology we have introduced in our prototype, it can be found in both
the EndoWrist motion panel and the Pen User interface. Moreover, the Python code has
been programmed to display a graphical representation of this in real time. As we have
seen in the subsection 5.1.2.1 Torque Reading Technology, we have developed a system to
obtain a value proportional to the torque that the servomotor is exerting. This gives us
an idea of the force being applied to the tissue. These values are sent to the Pen User
Interface, so that the module generates a tactile sensation to the surgeon of the magnitude
of force being performed.

To achieve this, it is necessary to convert the current values to a range of 0 to 255. This
rescaling process is crucial to transform the data into a PWM signal. The PWM signal is
used to control the vibrating motor, modulating its vibration depending on the intensity of
the applied force. The higher the force, the higher the value of the signal within the range
of 0 to 255, which in turn increases the pulse width of the PWM signal and causes the
motor to vibrate more intensely. In this way, the motor is made to vibrate proportionally
to the detected force, allowing an appropriate tactile response.
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Experimental validation

Once we have designed, manufactured, programmed and assembled the entire robotic
surgery system, we can analyze its operation. We will check, on the one hand, the perfor-
mance of the haptic feedback technology and, on the other hand, the maneuverability of
the robotic arm.

6.1 Haptic feedback system performance

Once the haptic feedback system has been installed, we must check that it provides accurate
information according to the force applied to the tissue with the gripper. To do this, we
will analyze the results by steps. First, we will verify and check the readings of the current
intensity passing through the shunt resistor. And, subsequently, we can proceed to study
both the PWM values received by the vibrating motor and the information displayed on
the graphical interface.

To do the firts analysis, we will verify the operation of the Pitch servomotor, since
the variance between the four servomotors is negligible. A rotation of the servomotor will
be performed under two conditions. In one, the EndoWrist tool will be assembled and
allowed to move freely as a reaction to the movement of the motors. In the second case,
the movement of the tool will be subjected to a force when colliding with the tissue. The
differences between the two cases should then be analysed and whether they are significant
enough for this technology to be considered useful in transmitting the force being applied.

However, even if we refer to the first case as no obstacle, the EndoWrist itself is already
a resistance that hinders the rotation of the servomotor. To get an idea of the amount
of additional current that the servomotors must receive to reach the desired position by
rotating the EndoWrist gears, Figures 6.1 and 6.2 should be studied.

Pulsed Intensity without EndoWrist Pulsed Intensity with EndoWrsit

5 _ _‘ H —— Pulse Intensity —— Pulse Intensity

S | N i -
0 50 100 150 200 250 300 350 400 0 200 400 600 800 1000
Time (ms) Time (ms)
Figure 6.1: Pulse intensity without En-  Figure 6.2: Pulse intensity with the free En-
doWrist doWrsit

As can be seen, when the servomotors can move freely, they need only three current
pulses to reach the desired position. In contrast, when the tool is inserted, a larger amount
of current is required to carry out the same movement. On the one hand, the number
of pulses increases and, on the other, the intensity of these pulses also varies. After an
initial peak of increased intensity, as the servomotor attempts to reach the position at its
maximum speed, a series of peaks appear which decrease over time.
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44 EXPERIMENTAL VALIDATION

After a brief introduction of how the current received by the servomotors varies with the
introduction of loads, the performance of the haptic system can be analysed. As discussed
in the section 6.1 Haptic feedback implementation, the first measurement to be made is the
pulsating current that is sent to the servomotors via a PWM signal. The representation
of this can be seen in Figures 6.3 and 6.4.

Pulsed Intensity with EndoWrsit Pulsed Intensity with EndoWrsit and obstacle
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Figure 6.3: Pulse intensity without obstacle Figure 6.4: Pulse intensity with obstacle

As can be seen in the graphs above, the servomotors receive a pulsed current that is
difficult to quantify. Furthermore, there is a notable difference between the number of
peaks that the servomotor receives and the shape of these, depending on the load that it
supports during the movement. In the case of the free EndoWrsit, the servomotors need
less current to carry out the movement, so the number of pulses that reach it are fewer
than in the case of the EndoWrist that collides with the tissue. When talking about the
EndoWrist under load, it is worth noting the large number of current peaks that occur
during movement. These are caused by the servomotor’s inability to reach the desired
position.

However, we need a magnitude that allows us to quantify more accurately the force
being exerted. To do this, we are going to integrate the current reaching the servomotor
in a given period of time, thus obtaining the electrical charge. The two cases can be seen
in Figures 6.5 and 6.6.

Integrated Intensity (Electrical Charge) Integrated Intensity (Electrical Charge) with obstacle
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Figure 6.5: Electrical charge without obsta-  Figure 6.6: Electrical charge with obstacle
cle

By studying the electrical charge, very significant differences are found that allow us
to identify the force being used. As can be seen, the magnitude is multiplied by 40 when
an obstacle hinders the rotation of the servomotor. Nevertheless, this does not allow us
to know the real time force being exerted, since it represents the sum of the intensity that
is provided to the servomotor during a given time. Therefore, a stationary region on the
graph indicates that the servomotor is not exerting any force during that period.
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6.1. Haptic feedback system performance 45

To solve this problem, the signal obtained must be derivated, thus generating a rep-
resentation proportional to the force being applied. Figures 6.7 and 6.8 show this new
magnitude.

Analog Intensity without obstacle Analog Intensity with obstacle
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Figure 6.7: Analog intensity without obsta-  Figure 6.8: Analog intensity with obstacle
cle

As can be seen, both graphs have a similar trend. When the servomotor starts rotating,
it exerts a torque that allows the EndoWrist gear to move, with or without resistance, which
can be reflected in a rise in magnitude. On the other hand, when the movement stops,
the value returns to 0. In this case, the force applied by the servomotors is reflected in
real time. In addition, there is a noticeable difference between when the EndoWrist is
moving freely and when it is resisted. The intesity is multiplied by 4 in this case. If the
force exerted were greater, the difference would be even greater, which makes it possible to
differentiate quite accurately the intensity of the current and thus the force being exerted.

Once we have verified that the haptic technology is working correctly, we can proceed
to verify the correct functioning of the graphic interface, which shows us in real time a
value proportional to the torque. Since these values change depending on the force that
the servomotors have to carry out, a video has been inserted where the movement of the
EndoWrist is shown together with the graphic interface representing the force that it carries
out on the tissue.

Click here to be directed to the video showing the performance of the graphical interface.

’ Moving the URSe arm... ‘

Gripper Orientation:

l R=201.0 P=48 W=34 |

Endowrist Orientation:

Figure 6.9: Torque representation in the graphical interface

We can see how the technology we have developed detects the force exerted by the
EndoWrist on the tissue and, in addition, provides both a visual and audible alarm to the
surgeon when the tissue safety threshold is exceeded.
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46 EXPERIMENTAL VALIDATION

6.2 Robot maneuverability

After carrying out several attempts of the suturing process using the surgical system de-
veloped throughout the project, we have been able to obtain a good performance of the
system. Using both Masters, we have been able to control the orientation of both the
EndoWrist tool, by means of the movements of the UR5e arm and the gripper. Below is a
link in which you can see the operation of the final prototype.

Click here to be directed to the video showing the performance of the system.

In addition, Figure 6.10 shows the final device.

Figure 6.10: Final design device

Analysing the movements of both the robotic arm and the gripper in relation to the
movements carried out with the Forearm Master and the Pen Unser Interface, it is possible
to perceive a high precision in transferring the orientation of the surgeon’s arm to the
surgical system.

In addition, intermittent movement of the robotic arm can be identified. This is due
to the communication established between the computer and the URbe, via sockets. As
discussed in section 5.3.2.2 Suture process, a command containing both the orientation and
position of the Forearm Master is sent every 0.4 seconds, so the arm moves in 0.4 seconds
to the desired position and then resumes movement.
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Execution schedule

Once the project has been contextualised and the various activities to be carried out
have been presented, it is necessary to organise and plan these activities in order to com-
plete the project in the shortest possible time and with as few unforeseen events as possible.

7.1 WBS (Work Breakdown Structure)

First of all, we must hierarchically decompose the project in order to facilitate the iden-
tification of the different elements and deliverables of the work, thus making it easier to
organise and coordinate throughout the project.

Below is a breakdown of the project activities, which are grouped into six different
sections according to the nature of each of them.

Final Degree Project

of the report

implementation

1.4. Project
revision and
submission

and EndoWrist
coupling

feedback testing

Figure 7.1: WBS diagram of the project

1. Theoretical 2. Software 3. Hardware 4. Academic 5. Expermimental 6. Results
framework design design progress trials ’

1.1. Objectives 2.1. Arduino 3.1. Master-slave 4.1. Project 5.1. Master-slave 6.1. Results and
definition code prototype familiarization prototype testing analysis

| development construction (Arduino, C#...) | |

1.2. Background | | 5.2. UR5e and )
and market 2.2. RoboDK 3.2. PCB board EndoWrist 6.2. Conclusions

analysis code simulation design testing
1.3. Preparation 2.3. Sockets 3.3. Servomotors 5.3. Haptic

7.2 WBS Dictionary

In the following section we present all the necessary information on the various activities
that make up the WBS. The WBS code is presented, as well as the name of the activity
itself and a brief description of it. On the other hand, the acceptance criteria, the expected
deliverable and the resources that have been used are also shown. Finally, we introduce
the estimated cost, together with the time needed to carry out the activity.
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48 EXECUTION SCHEDULE
WBS code 1.1

Name Objectives definition

Description Establish the objectives of the project, both the main ones and the

desirable ones.

Estimated cost (€)

140 (student) + 60 (tutor)

Estimated duration (h)

7 (student) + 2 (tutor)

Deadline

17/01,/2024

Table 7.1: "Objectives Definition" entry in the WBS Dictionary

WBS code 1.2
Name Background and market analysis
Description In-depth study on the evolution of robotic surgery from its origins to the

present day, in addition to the analysis of future trends and the current
market situation.

Estimated cost (€)

600 (student) + 120 (tutor)

Estimated duration (h)

30 (student) + 4 (tutor)

Deadline

07/02/2024

Table 7.2: "Background and market analysis" entry in the WBS Dictionary

WBS code 1.3
Name Preparation of the report
Description This task will be transversal throughout the entire work. It will consist

of the preparation of the report to be delivered at the end of the project.

Estimated cost (€)

1300 (student) + 330 (tutor)

Estimated duration (h)

65 (student) + 11 (tutor)

Deadline

22/05/2024

Table 7.3: "Preparation of the report" entry in the WBS Dictionary

WBS code 14
Name Project revision and submission
Description Check the structure, grammar, spelling, correspondence of references,

results and conclusions of the work to submit the final version.

Estimated cost (€)

180 (student) + 300 (tutor)

Estimated duration (h)

9 (student) + 10 (tutor)

Deadline

05,/06,/2024

Table 7.4: "Project revision" entry in the WBS Dictionary

WBS code 2.1
Name Arduino code development
Description Modification of the Servomotor’s code and development of the code for

both Master 1 and Master 2, to allow communication with the Computer
and the servomotors, as well as the correct reading of the RPY angles.

Estimated cost (€)

500 (student) + 300 (tutor)

Estimated duration (h)

25 (student) + 10 (tutor)

Deadline

28/02/2024

Table 7.5: "Arduino code development" entry in the WBS Dictionary
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7.2. WBS Dictionary 49
WBS code 2.2

Name RoboDK code simulation

Description Transfer of the Arduino code to the RoboDK Software to check the

correct operation of this, and the relevant modifications of the Python
code to improve the functionalities of the programme.

Estimated cost (€)

500 (student) + 330 (tutor)

Estimated duration (h)

25 (student) + 11 (tutor)

Deadline

27/3/2024

Table 7.6: "RoboDK code simulation" entry in the WBS Dictionary

WBS code 2.3
Name Sokets implementation
Description Translated the functional python program of the RoboDK to the Sockets

communication system in order to improve the communication between
the Master devices, the Computer and the UR5e robot.

Estimated cost (€)

300 (student) + 180 (tutor)

Estimated duration (h)

15 (student) + 6 (tutor)

Deadline

10/04,/2024

Table 7.7: "Sokets implementation" entry in the WBS Dictionary

WBS code 3.1
Name Construction of Master-slave prototype
Description Design of a prototype that facilitates the work and usability of the con-

trols, in the same way that allows us to obtain better results.

Estimated cost (€)

300 (student) + 150 (tutor)

Estimated duration (h)

15 (student) + 5 (tutor)

Deadline

20,/03/2024

Table 7.8: "Construction of Master-slave prototype" entry in the WBS Dictionary

WBS code 3.2
Name PCB board design
Description Design of a board for the control of the servomotors, which has an ESP32

microprocessor that allows communication with the other modules.

Estimated cost (€)

240 (student) + 180 (tutor)

Estimated duration (h)

12 (student) + 6 (tutor)

Deadline

25/02/2024

Table 7.9: "PCB board design" entry in the WBS Dictionary

WBS code 3.3
Name Servomotors and EndoWrist coupling
Description Refinement, of the current coupling system between the servomotor plate

and the EndoWrist to improve the motion transmission between the two.

Estimated cost (€)

240 (student) + 120 (tutor)

Estimated duration (h)

12 (student) + 4 (tutor)

Deadline

17/04/2024

Table 7.10: "Servomotors and EndoWrist coupling" entry in the WBS Dictionary
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WBS code 4.1

Name Project familiarization

Description To understand the operation of the different programs that will be used

throughout the project, as well as the different hardware components.

Estimated cost (€)

300 (student) + 120 (tutor)

Estimated duration (h)

15 (student) + 4 (tutor)

Deadline

31/01/2024

Table 7.11: "Project familiarization" entry in the WBS Dictionary

WBS code 5.1
Name Master-slave prototype testing
Description Check if the communication between the Masters, the computer and the

servo board is as desired.

Estimated cost (€)

360 (student) + 180 (tutor)

Estimated duration (h)

18 (student) + 6 (tutor)

Deadline

03,/04/2024

Table 7.12: "Master-slave prototype testing" entry in the WBS Dictionary

WBS code 5.2
Name URbe and Endowrist testing
Description Checking the correct functioning and mobility of the UR5e arm, as well

as the Endowrist gripper once assembled with the robot.

Estimated cost (€)

400 (student) + 150 (tutor)

Estimated duration (h)

20 (student) + 5 (tutor)

Deadline

24/04/2024

Table 7.13: "URBe and Endowrist testing” entry in the WBS Dictionary

WBS code 5.3
Name Haptic feedback testing
Description An analysis of the measured torque values, as well as the study of both

pulsatile and integrated current measurements. Besides, a revision of
the performance of the haptic actuator and the accuracy of the graphical
interpreter of the torque.

Estimated cost (€)

300 (student) + 180 (tutor)

Estimated duration (h)

15 (student) + 6 (tutor)

Deadline

08,/02/2024

Table 7.14: "Haptic feedback testing" entry in the WBS Dictionary

WBS code 6.1
Name Results and analysis
Description Analysis of the results obtained in the different simulations and calcula-

tion of different parameters of interest.

Estimated cost (€)

300 (student) + 150 (tutor)

Estimated duration (h)

15 (student) + 5 (tutor)

Deadline

22/05/2024

Table 7.15: "Results and analysis" entry in the WBS Dictionary
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7.3. PERT (Program Evaluation and Review Technique) 51

WBS code 6.2

Name Conclusion

Description From the analysis of the results, a series of conclusions will be drawn to
analyze the success or failure of the project.

Estimated cost (€) 240 (student) + 150 (tutor)

Estimated duration (h) | 12 (student) + 5 (tutor)

Deadline 29/05/2024

Table 7.16: "Conclusion" entry in the WBS Dictionary

7.3 PERT (Program Evaluation and Review Technique)

With the different activities classified by blocks, it is much easier to relate them to each
other in order to carry out the PERT. The PERT diagram is a tool that facilitates the
scheduling, organisation and planning of project tasks in detail. It provides a visual repre-
sentation of the schedule and breaks down the individual tasks. Below are the correlations
between the activities entered in the WBS diagram.

e Previous | Duration | Early | Early

Definition 1D activities | (weeks) | start | finish
Objectives definition A — 1 0 1
Background and market analysis B A 3 1 4
Project familiarization C A 2 1 3
Master’s code development D C 4 3 7
RoboDK codes simulation E D 4 7 11
Servomotors board design F C 2 3 )
Master-slave prototype construction | G D F 3 5 10
Master-slave prototype testing H G 2 10 12
Sockets implementation I E 3 11 14
Servomotors/EndoWrist coupling J H 1 12 13
URbe and EndoWrist testing K ILJ 1 14 15
Haptic feedback testing L K 2 15 17
Results and analysis M L 2 17 19
Conclusion N M 1 19 20
Project revision and submission O N, P 1 20 21
Preparation of the report P B 15 4 16

Table 7.17: Project timeline
With this information, we can now make the PERT diagram. For this, we will have to

calculate the last time and the early time. These will allow us to know which activities
make up the critical path and which ones have slack.
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Figure 7.2: PERT diagram

In Figure 7.2 we can identify the critical path, which follows the red arrows. This will
allow us to know which activities to pay attention to and prioritise so that delays do not
occur. In addition, we have been able to calculate the total time the project would take if
everything goes according to plan. This time would be 21 weeks.

7.4 GANTT diagram

Similarly, with the duration of each of the activities and the relationship between them, we
can create a GANTT diagram. In this, each bar represents a specific task and its length
indicates the expected duration of that task. The GANTT diagram shows critical activities
in red, while those with slack are shown in blue, with the slack time represented in grey.

DURATION OF THE PROJECT (WEEKS)
0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22

Start of the project
Objectives definition @ Critica m@Flexible
Background and market analysis 1
Project famiiarization |

Arduino code developement 1
RoboDK codes simulation 1

PCB board design |

Master-slave prototype construction 1
Master-slave prototype testing 1
Sockets implementation 1

Servomotor/Endowrist cou pling

URS5e and EndoWrist testing
Haptic feedback testing
Results and analysis

Condusion

Project revision and submission

Preparation of the report

Figure 7.3: GANTT diagram

As we can see in Figure 7.3, the critical activities are the following: Objectives defini-
tion, Project familiarization, Master’s code development, RoboDK code simulation, Sock-
ets implementation, UR5e and EndoWrist testing, Results and analysis, Conclusions and
Project revision and sumbission.
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Thecnical viability

After having discussed the different aspects of our project, in this section we will address
the technical feasibility of the project by means of a SWOT analysis. This practice will
allow us to evaluate and recognize the different internal and external aspects that may
affect the development of the project from a technical perspective. To do so, we will
identify the internal strengths and weaknesses, as well as the external opportunities and
threats that could determine the final result. In Table 7.1, strengths are represented as
positive internal aspects, weaknesses as negative internal aspects, opportunities as positive
external aspects and threats as negative external aspects. With this we will be able to
acquire a global vision of the context in which it is included and of the aspects that we
will have to take into account to achieve the success of the project.

8.1

8.2

Positive Aspects Negative Aspects
- Compatibility - Hardware limitations
Internal Factors - Low cost - Time and experience
- Continuous development - Economic constraints
- Expanding market - Competitive market
External Factors - Academic training - Regulations and patents
- Investment - Acceptance

Table 8.1: SWOT of the project

Threats

Competitive market: Over the last few years, many companies and research centres
are tackling this field of robotic surgery. This is resulting in a very competitive
market where ultimately only those devices that are more precise will be the ones
that succeed.

Regulations and patents: The clinical market is one of those with the most regulations
and restrictions, in order to ensure the proper functioning of medical devices and the
health of patients. Compliance with all these requirements can mean an increase in
both project cost and time.

Acceptance: The introduction of a new surgical system on the market may lead
doctors to opt for an already known and proven mechanism, such as the Da Vinci.

Weakness

Hardware limitations: The fact that we have to adapt the hardware we are developing
to the preset configuration of the Endowrist tools makes compatibility difficult and
may compromise the transmission of motion or communication.

Time and experience: The time we have to carry out the project and the little
experience in programming and robotics of the student limits our possibilities to
create a device that meets all the objectives and desirables exposed in the Objectives
section.
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8.3

8.4

Economic constraints: The lack of budget hinders the development of the project
and prevents us from acquiring sensors with the best sensitivity on the market, which
would result in a much more precise arm movement.

Opportunities

Expanding market: The market growth that has been taking place in recent years
makes it easier to obtain information on the subject and to acquire electronic material
and components.

Academic training: The fact that it is a low-cost system and that robotic surgery
techniques are currently being taught among medical students, makes it easier for
some institutions to become interested in our device.

Investment: The growing demand for surgical technologies could drive investment in
research and development in this field, which could lead to significant advances and
new applications.

Strengths

Compatibility: The usage of the original Da Vinci EndoWrist tool allows our sur-
gical robotic system to be used with a large number of tools that the company has
developed. This gives us great versatility and flexibility when performing procedures.

Low cost: The system is designed to have a much lower production cost than current
surgical systems on the market. With this, we could bring robotic surgery to hospitals
with fewer resources.

Continuous development: Possibility to further enhance the system to upgrade the
performance and introduce improvements as required.
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Economical viability

The economic aspect is fundamental to evaluate the financial and economic viability of
the project, as well as to know where the product can be positioned in the market. In this
section an analysis of the costs will be made, including the hardware and software used,
as well as the student’s and director’s salary. In accordance with the teaching plan for the
Final Degree Project of the Biomedical Engineering degree, a minimum of 300h is required
from the student. In addition, it will be assumed that the director will end up investing a
total of 100h in the project.

Below is a table with the total cost of the project broken down according to the different
fields of the project.

Concept Unit Price (€) ‘ Quantity | Total Cost (€)
Software
Python 0 1 0
Arduino 0 1 0
KiKad 0 1 0
RoboDK 0 1 0
Hardware
URb5e 30.851 1 30.851
EndoWrist 4500 1 4500
IMU MPU-9250 12.22 2 24.44
ESP32 board 11 4 44
Servomotors Sunfounder SF 180M 6 4 24
Resistors 0.09 6 0.54
Switch 0.04 1 0.04
C-type port 6 1 6
Vibration Motor 1.2 1 1.2
Push Button 0.32 4 1.28
Power Supply 20 2 40
Suture practice pad 15 1 15
Elastic bracelet 6 1 6
PCB fabrication 20 2 40
Computer 1000 1 1000
Salary
Student 20€ /h 300h 6000
Director 30€/h 100h 3000
Estimated total cost of the TFG project 45553.5 €

Table 9.1: Cost breakdown of the TFG project

9.1 Hardware and Software Analysis

As far as the software is concerned, the fact that we have the licences provided by the
university has allowed us to significantly reduce the final cost of the project, as we can
use the different programmes free of charge. On the other hand, 77.6% of the total cost of
the project corresponds to the price of the URb5e robotic arm and the EndoWrist tool. As
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the robot was available at the robotics laboratory of the Universitat de Barcelona and the
EndoWrist was loaned by the Hospital Clinic, a total of 35,351 euros were saved.

In addition, a significant part of the project cost, amounting to 9,000 euros, goes to
the salaries of both the student and the tutor.

Therefore, if we focus exclusively on the cost of the development and manufacture of
the hardware, we obtain a value of 202.5 euros, considering that a computer was already
available.

9.2 Conclusions on System Viability

As for the complete robotic system, it has been manufactured for a total of 36553.5€.
However, although the proposed solution is technically feasible and the price of manu-
facturing and development is affordable, it is crucial to analyse its economic viability in
comparison with established robotic surgical systems such as the da Vinci. For its part,
the da Vinci system, despite its high acquisition and maintenance cost, has proven to be an
efficient and reliable tool in a wide variety of surgical procedures. Moreover, its dominant
position in the market and the support of multiple clinical studies and certifications make
it a reference system in robotic surgery.

After analysing the performance results of the developed system, we can conclude that
it works remarkably well. Nevertheless, in order to be competitive, it needs to demonstrate
robustness and superior performance in real clinical conditions. This would mean focusing
not only on manoeuvrability and haptic technology, but also on other aspects such as in-
creased precision in tasks like suturing or the ability to withstand intensive and continuous
use in diverse surgical environments. System durability and reliability are critical aspects
that must be rigorously validated through extensive clinical studies and certification pro-
cesses.

Hence, for the system to be considered viable, the solution must be integrated into
a complete, multifunctional system that can perform a wide range of surgical procedures
with efficiency similar to that of existing systems. Nonetheless, the presented prototype is
a good start towards such a final device.
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Legal aspects

10.1 Legal protection of robotic surgery

Surgical robotics has undergone a great evolution over the last few years, establishing
new treatment models and new ways of practising and performing surgery. This change
has caused the capacity of adaptation of the current legal institutions to overflow, which
are being modernised to avoid being an obstacle to the development of this new tech-
nology. The current regulation of intellectual property that has shielded general robotics
is not managing to fill the gaps that robotic surgery is generating, which creates certain
issues of discussion that had already been raised in general robotics. From questioning the
patentability of the robot or the procedure it performs, to considering whether a protection
mechanism can stifle advances in this field.

Intellectual property offers multiple protections for surgical robotics, due to the fact
that robots are composed of hardware and software and each of these elements can be
protected by different mechanisms.This plurality of protections has given rise to multi-
ple discussions, due to clashes between the legislations present. An example would be
the dilemma of the possibility of patenting or not the procedure for which the robot is
programmed when it is in an exception of patentability.

The first protection mechanism for the surgical robot is the protection of the software as
a literary work by means of copyright. The TRIPS Agreement establishes in its Article 10
that the legal protection of software shall be made by this means, expressing that "computer
programs, whether source programs or object programs, shall be protected as literary
works". However, copyright protects only the source code and object code of a certain
device, so that any idea or development resulting from the application or modification
thereof is not protected. Indeed, Directive 2009/24/EC of the European Parliament and
of the Council of 23 April 2009 on the legal protection of computer programs, in point 11
states the following:

"For the avoidance of doubt, it should be clearly stated that only the expression of the
computer program is protected and that the ideas and principles implicit in the elements
of the program, including those of its interfaces, are not eligible for copyright protection
under this Directive. In accordance with this copyright principle, to the extent that logic,
algorithms and programming languages embrace ideas and principles, the latter are not
protected under this Directive.”

Another important protection mechanism is the establishment of patents. When talking
about patents for surgical robotics, there are several protection scenarios, such as software
patents, patents for the robot as a whole or procedure patents.

Regarding the software patent, article 15 of the Andean Decision 486 of 2000 states that
computer programs (software) are not patentable, since it affirms that computer programs
or software, as such, shall not be considered inventions. In support of this statement, it
has been pointed out that software is reduced to a mathematical expression. However, the
jurisprudence is trying to make interpretations so that there is the possibility of patenting
certain inventions developed by software.

Regarding the patenting of the robot as a whole, by conceiving the robot as the inven-
tion itself without abstracting from its parts, it is possible to grant a patent. This means
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changing the method of protection for software, since it is not the literal expression that
is to be patented, but a complete machine.

When it is a matter of patenting the procedure performed by the robot surgeon, al-
though there is no pronouncement on the matter, it does not seem possible to apply for a
patent for the procedure, precisely because it is a therapeutic or surgical method [86].

10.2 Regulations and institutions

As discussed along the project, robotic-assisted surgery has a number of advantages over
traditional laparoscopic surgery, however, its safety and efficacy can only be guaranteed
when used properly and with appropriate training. To this end, the FDA regulates devices
to provide reasonable assurance of their safety and efficacy for their intended uses. For
EAR devices, this includes ensuring that manufacturers implement appropriate training
programs for both new and experienced users [87].

On the other hand, if the device is to be marketed in Europe, it is essential that it
obtains Conformité Européenne (CE) approval. Once the CE marking has been obtained,
the company guarantees that the medical device complies with the General Safety and
Performance Requirements (GSPR) of all relevant European Medical Device Regulations,
which is a legal requirement for marketing a product in the European Union [88|.

A medical device has been defined by the Royal Decree 1591 /2009 as any instrument,
device, equipment, computer program, material or other article intended by the manu-
facturer to be used on human beings for the diagnosis, prevention, control, treatment or
alleviation of a disease. By this definition, surgical robots are considered medical devices
and are therefore regulated by the same principles, standards and laws. One of the most
recent regulations, the Medical Devices Regulation (EU) 2017/745, was approved with the
aim of safeguarding the safety and health of patients and medical staff alike, in the face of
the launch of new medical devices.

Another fundamental process in the implementation and launch of new devices is stan-
dardisation. In this, a series of global standards are established to improve quality, safety
and efficiency in the production of products and services. These standards are ISO and
IEC, which are developed by experts from around the world to contribute to the global
commitment to sustainability. These regulations provide a homogeneous language for com-
munication between businesses and even nations, as well as helping to promote the free and
fair exchange of goods and services between countries. This allows consumers to receive
safe, high-quality products, which reduces the cost associated with defective or low-quality
products [89].
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Conclusions

Once the prototype has been assembled and tested, and the economic and technical
feasibility study has been carried out, it is possible to analyse whether the objectives set
at the start of the project have been satisfactorily achieved. The two main objectives that
had the most importance in the project were, on the one hand, the introduction of a haptic
sensitivity system that would allow the surgeon to feel the force that is being applied and,
on the other hand, to improve the robustness of the transmission system of the surgeon’s
arm orientation to the unit formed by the URbe and the EndoWrsit.

Consequently, an analysis of the outcomes achieved at the conclusion of the project and
the inferences that can be drawn from them within the context of the current technological
landscape and market conditions will be presented.

11.1 Objectives and results

To begin with, fluid communication has been established between all the modules that
make up the prototype, thanks to the use of ESP32 microprocessors. In addition, the data
flow developed has allowed the exchange of information between modules to be reduced to
a minimum, which has helped to optimise the programme.

On the other hand, as can be seen in the video attached in the section 6.2 Robot
maneuverability, a good translation of the orientations of both the Pen User Interface and
the Forearm Master has been achieved. After applying the necessary transformations and
rotations, explained in the section 5.3.2.2 Suture process, the movement carried out by the
surgeon is accurately translated into the surgical system, which provides comfort and is
intuitive for the user.

However, there are some limitations regarding the transmission of information from the
computer to the URbe robotic arm. Although the socket system allows rapid, real-time
communication between these two elements, it also introduces a delay so that the command
can be sent correctly and the robot can reach the established position. When this delay
is less than the time given to the robot to carry out the movement, the arm stops and
resumes the movement every time the delay time is reached, which causes a vibration in
the system that, firstly, can end up damaging it and, secondly, reduces the precision and
stability of the suturing process. In the end, a time of 0.4 seconds was chosen in an attempt
to balance a fast system response on the one hand, and an adequate speed of movement
on the other hand, to allow a smooth and safe procedure to be carried out.

With regard to the transmission of motion between the servomotors and the gears of
the EndoWrist, the results achieved can be considered satisfactory. Following the final
assembly, a good fit of the designed parts could be observed. However, on some occasions,
there is a slight displacement between the parts, which causes a small difference in the
degrees of rotation between the servomotor and the EndoWrist. The issue is currently
being addressed manually, with the user required to make a slight movement to compensate
for the discrepancy.

This leads us to analyse the comfort and performance of the suturing process, both
in terms of gripper movement and needle clamping. On the one hand, as the rotation is
correctly transmitted to the EndoWrist, the gripper movement is correct, without delays
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and faithful to the movement carried out by the Pen User Interface. On the other hand,
the needle is well gripped and can be inserted into the tissue without any problems and
without slipping out of the gripper. For this, it has been very important to modify the
code of the EndoWrist Motion Panel, since the addition of 30 degrees to the Rolll allows
us to hold the needle much more firmly, preventing it from moving or dislodging when it
comes into contact with the tissue.

As far as haptic technology is concerned, after analysing the results pertaining to the
section 6.1 Haptic feedback system performance, it can be affirmed that it is capable
of transmitting the force exerted on the tissue by the gripper. Furthermore, both the
actuator introduced in the Pen User Interface and the graphic interface provide very useful
and complementary information to the surgeon. While the vibration of the control and the
display of the bars on the interface provide an idea of the amount of force being applied,
the audible alarm after passing the threshold provides a safety measure to avoid excessive
forces.

Therefore, if we add to all these conclusions that the system has a total cost of 36555.5
euros, we can consider that the main objective of the project has been fulfilled, by devel-
oping a low-cost system with a certain robustness. Although it is true that certain updates
are still pending to facilitate the surgeon’s task and to provide extra safety, avoiding the
most abrupt and unexpected movements of the robotic arm, the system’s performance and
manoeuvrability have been notably improved.

11.2 Future work

Although the objectives have been met, the technology developed has a great deal of room
for improvement, which could be addressed in future work.

As for the haptic technology, it currently provides an estimation of the applied force.
However, the actuator does not provide information on which axis the force is being exerted,
requiring the surgeon to look away from the surgical field to know exactly what force is
being exerted on each axis. To improve this, a system could be developed to reflect the
force on all three axes so that the user can more easily control the force being exerted.

On the other hand, it would be necessary to carry out a study to calculate the force
threholds allowed by each of the tissues of the human body, as well as that of the suture
thread. In this way, the safety of the system would increase notably, since it could be
programmed to reduce the force exerted if it is exceeded at any time during the operation.

As for the anchoring system between the servomotors and the EndoWrist, although it
works quite well, it should be improved to avoid the small displacement that sometimes
occurs. A possible solution could be the introduction of small magnets in the vertical
section of the parts, thus preventing them from moving apart.

To conclude, the manoeuvrability of the final system should be improved by reducing
the delay produced by communication via sockets, by changing parameters such as speed
and movement time. In this way, the delay could be reduced to 0.1 seconds, offering near
real-time communication.
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Appendices

.1 Main Python code

import socket

import time

from math import radians
import serial

from enum import Enum

from spatialmath.base import x*
from numpy import array

from robodk.robomath import *
import threading

i|from pynput import keyboard as kb

from robolink import *
from robodk import *
import subprocess

ifrobot_ip = "192.168.1.5"

robot_port = 30002

| def check_robot_port(robot_ip, robot_port):

global robot_socket

try:
robot_socket = socket.socket(socket.AF_INET,
socket .SOCK_STREAM)
robot_socket.settimeout (1)
robot_socket.connect ((robot_ip, robot_port))
return True
except (socket.timeout, ConnectionRefusedError):
return False

olrobot_is_connected = check_robot_port(robot_ip, robot_port)

;| RDK = robolink.Robolink ()

robot = RDK.Item('URbe')

ol base = RDK.Item('UR5e Base')
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endowrist = RDK.Item('Endowrist')
set _TCP = "set_tcp(p[0.08,0.025,.6,0,0,0])"
gripper = RDK.Item('Gripper')

slneedle = RDK.Item('Needle')

Init_target = RDK.Item('Init')

endowrist_init= TxyzRxyz_2_Pose ([0, -10, 500, pi/2, 0, 01)
endowrist.setParent (robot)
endowrist.setPose(endowrist_init)

gripper_init = TxyzRxyz_2_Pose ([0, 109, O, pi/2, 0, 0])
gripper.setParent (endowrist)

gripper.setPose(gripper_init)

5)needle_init = TxyzRxyz_2_Pose ([0, 0, O, 0, -pi/2, 0])

needle.setParent (gripper)

:lneedle.setPose(needle_init)

print ("POSE Init: ")
robot.MoveL(Init_target)
print ("Pose obtained")
time.sleep (1)

5| robot .setSpeed (5)

serial_port = '/dev/cu.usbserial-0001"
baud_rate = 115200

5)host = 'localhost'
port = 9999
ol Try:
arduino = serial.Serial(serial_port, baud_rate, timeout=1)
print (f"Connected to serial port: {serial_port} at {baud_rate}
baud.")

except serial.SerialException as e:
print (f"Error opening the serial port: {el}")
exit (1)

7| server_socket = socket.socket(socket.AF_INET, socket.SOCK_STREAM)

server_socket.bind ((host, port))
server_socket.listen (5)
print (f"Server listening on {host}: {portl}")

;lclients = []

time.sleep(2)
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71

5| 1f name == "__main

2l def run_script(script):

subprocess.Popen(["/usr/local/bin/python3", script])

",
scripts = ["TKinter_root_final.py"]
for script in scripts:

run_script(script)

24| def read_RDK():

robot_pose=robot.Pose ()
Xr, Yr, Zr,_,_,_ = Pose_2_TxyzRxyz(robot_pose)

gripper_pose=gripper.Pose ()
Xg, Yg, Zg,_,_,_ = Pose_2_TxyzRxyz(gripper_pose)

return Xg, Yg, Zg, Xr, Yr, Zr

class Command (Enum) :
GET_RPW = b'\x01"

5| arduino .reset_input_buffer ()

si_1, s2_1, rolll, pitchl, yawl, s1_2, s2_2, roll2, pitch2, yaw2,
torque_rolll, torque_roll2, torque_pitch, torque_yaw, R1, R2,
P1, P2, Wi, wW2= [0]%*20

50 def data_reading_sending(client_socket):

global s1_1, s2_1, rolll, pitchl, yawl, si1_2, s2_2, roll2,
pitch2, yaw2, torque_rolll, torque_roll2, torque_pitch,
torque_yaw, R1, R2, P1, P2, Wi, W2

while True:
try:
arduino.write (Command.GET_RPW.value)

data = b""
for _ in range (14):

data += arduino.readline ()
data = data.strip()
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162

163 if data:

164

165 float_values = [float(val) for wval in data.split ()]

166 si_1, s2_1, rolll, pitchl, yawl, sl1_2, s2_2,
roll2, pitch2, yaw2, torque_rolll, torque_roll2, torque_pitch,
torque_yaw = float_values

167

168

169 R1, P1, Wi, R2, P2, W2 = map(math.radians, [rolll,
pitchl, yawl, roll2, pitch2, yaw2])

170 roll2,pitch2, yaw2 =

rotation_function(roll2,pitch2, yaw2)

173 for client in clients:

174 try:

175 client.sendall(data + b"\n")
176 except socket.error as e:

177 print (f"Error sending data to client: {el}")
178 clients.remove(client)

179 client.close ()

180 else:

181 print ("Data not received")

182

183 except Exception as e:

184 print (f"Error: {e}")

185 if client_socket in clients:

186 clients.remove(client_socket)

187 client_socket.close()

188 break

1wo|def accept_clients():

191 while True:

192 client_socket, addr = server_socket.accept ()
103 print (f"Client connected: {addrl}")

194 clients.append(client_socket)

195 client_thread =

threading.Thread (target=data_reading_sending,
args=(client_socket,))
196 client_thread.start ()

10s| accept_thread = threading.Thread(target=accept_clients)

109| accept_thread.start ()
200

207 def send_ur_script(command):
208 robot_socket.send (("{}\n".format (command)) .encode ())

210 def receive_response (t):

211 try:
212 print ("Waiting time: " + str(t))
213 time.sleep(t)
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73

i pressed_key =

except socket.error as e:

print (f"Error receiving data from the robot:

exit (1)

None

28| def which_key(key):

return str(key) if key else None
def key_status():
def on_press(key):

global pressed_key

pressed_key = which_key (key)
def on_release(key):
global pressed_key
pressed_key = None

with kb.Listener (on_press=on_press,
listener:
listener. join ()

s|def start_listener ():

{e}™)

on_release=on_release) as

suture_thread = threading.Thread(target=key_status)

suture_thread.start ()

start_listener ()

Orientation = poseB.Rot33()

R = array(Orientation).T

angvec = tr2angvec(R, unit="deg")
roll =

pitch =
radians (angvec [0]

radians (angvec [0]
radians (angvec [0]
yaw =

73

;|def angle_vector_conversion(R2, P2, W2):
rpy = [R2, P2, Ww2]
poseB = xyzrpw_2_pose ([0, 0, O, rpy[0], rpyl[1]l, rpy[2]1]1)

* angvec [1]1[0])
* angvec [1]1[1])
* angvec [1][2])
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272 return roll, pitch, yaw

27s| def rotation_function(old_roll2, old_pitch2, old_yaw2):

280 x_angle = 90

281 y_angle = 180

282 z_angle = 90

284 roll2 = (old_pitch2 + y_angle) % 360
285 pitch2 = -(old_roll2 + x_angle) % 360
286 yaw2 = (old_yaw2 + z_angle) Y 360
288 return roll2, pitch2, yaw2

289

290

291

292

293

204

296

297

298

299

300

301

302

03| p_Xx = 0.35

s p_y = -0.11

305 p_z = 0.119

306

so7|rx = radians (180)

os|ry = radians (0)

oo|rz = radians (0)

310

31| time_init = 6

12| timel = 6

sis)move_to_init = f'"movel (p[{p_x},{p_y}.{p_z},{rx},{ry},{rz}], a=1.2,
v=0.25, t={time_init}, r=0)"

324 def suture_process():

326 global s1_1, s2_1, rolll, pitchl, yawl, s1_2, s2_2, roll2,
pitch2, yaw2, torque_rolll, torque_roll2, torque_pitch,
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torque_yaw, R1, R2, P1, P2, W1, W2

if robot_is_connected:

print ("TCP")
send_ur_script(set_TCP)
receive_response (1)

print ("Move to Init RoboDK")
send_ur_script(move_to_init)
receive_response (time_init)

0.35
-0.11
0.119

N < X

P_
P_
P_

time.sleep(5)
security = True

ap_up_count = False
ap_down_count = False
while True:
R_gripper_rel = R1 - (R2 + pi / 2)

P_gripper_rel P1 - P2
W_gripper_rel Wi - W2

while (3 <= (roll2 - 180) <= 357 or 3 <= pitch2 <=
3 <= yaw2 <= 357):

if security == True:
time.sleep(0.1)

else:
break

if tecla_presionada == None:

if s1_1 and not s2_1:
needle.setParentStatic (gripper)

elif not sl1_1 and s2_1:
needle.setParentStatic (base)

elif not s1_2 and s2_2:
if ap_up_count == False:
approach_up robot .Pose ()

else:
approach_up

robot .Pose() * transl (0,

75
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(approach_up [0, 3]) / 1000
(approach_up[1, 3]) / 1000
(approach_up[2, 3]) / 1000

‘o o o
|

N < X
|

robot .Movel (approach_up, False)
ap_up_count = True
ap_down_count = False
time.sleep(0.1)

elif s1_2 and not s2_2:

if ap_down_count == False:
robot.Pose ()

approach_down

else:

approach_down robot.Pose() * transl(0, 10, O0)

(approach_down [0, 3]) / 1000
(approach_down[1, 3]) / 1000
(approach_down[2, 3]) / 1000

‘o o o
|

N < X
|

robot .MoveLl (approach_down, False)
ap_up_count = False

ap_down_count = True
time.sleep(0.1)

roll, pitch, yaw = angle_vector_conversion(roll2, pitch2,
yaw2)

Xg, Yg, Zg, Xr, Yr, Zr = read_RDK()

endowrist = transl(Xr, Yr, Zr) * rotz(W2) * roty(P2) x*
rotx (R2)

gripper_pose = transl(Xg, Yg, Zg) * rotx(pi / 2) *
rotz(W_gripper_rel) * roty(P_gripper_rel) * rotx(R_gripper_rel)

gripper.setPose(gripper_pose)

if robot.MoveL_Test (robot.Joints (), endowrist) == 0:
robot .MovelL (endowrist, True)

if robot_is_connected:
move_to_rotation =

f'"movel (p[{p_x},{p_y},{p_z},{roll},{pitch},{yaw}], a=1.2,
v=0.25, t={timel}, r=0)"

print ("Move to Rotation position")
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send_ur_script(move_to_rotation)
receive_response (timel)

security = False
if tecla_presionada == "'q'":
break

if robot_is_connected:

robot_socket.close ()

print_thread = threading.Thread(target=suture_process)

print_thread.daemon = True

sal print_thread.start ()

7| try:

while True:
pass

50| except KeyboardInterrupt:

arduino.close ()
server_socket.close ()
print ("Server closed.")

Listing 1: Main Python code

.2 TKinter Python code

import socket

import tkinter as tk

import threading

from pynput import keyboard as kb

ol from robolink import *
)| from robodk import *

from gtts import gTTS
import tempfile

| import pygame

olhost = 'localhost'

port 9999

3l client_socket = socket.socket(socket.AF_INET,
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torque_rolll, torque_roll2, torque_pitch, torque_yaw = [0]

def connect_to_server ():
try:
client_socket.connect ((host, port))
print ("Connected to the server")
except socket.error as e:
print (f"Error connecting to the server: {el}")
exit (1)

connect_to_server ()

pygame .mixer.init ()
def create_audio(i):
torque_names = ["Roll 1", "Roll 2", "Pitch", "Yaw"]
text = "Threshold reached in {}".format(torque_names[i])
filename = 'audio.mp3'
tts = gTTS(text)

temp_file = tempfile.NamedTemporaryFile(suffix=".mp3",
delete=False)

filename = temp_file.name

tts.save(filename)

while pygame.mixer .music.get_busy():
continue

pygame .mixer .music.load(filename)
pygame .mixer .music.play ()

root.after (1000, lambda: temp_file.close())

root = tk.Tk()
root.title("Suture process")

def create_window():
global window
window = tk.Canvas(root, borderwidth=0, bg="#ECECEC",
cursor="arrow", height=448, width=350)
window.pack ()

return window

create_window ()
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def update_bars(canvas, values):
canvas .delete("bars")
for i, value in enumerate(values):
x = 115 + value * 10
y = 250 + i * 50

if x <= 250:
canvas.create_rectangle (115, y, x, y+30,
tags="bars")
elif x < 315:
canvas.create_rectangle (115, y, x, y+30,
fill="firebrick", tags="bars")
create_audio (i)
elif x >= 334:

fill="blue",

canvas.create_rectangle (115, y, 315, y+30,

fill="firebrick", tags="bars")
create_audio (i)

time.sleep(0.1)
def window_command (window) :

"This function creates the main window"

window.create_text (64, 35, text="Instruction", fill="black",

font=("times 13 bold"))

window.create_rectangle (30, 50, 325, 107, fill="white",

outline="black")

window.create_text (85, 122, text="Gripper Orientation:",

fill="black", font=("times 13 bold"))

window.create_rectangle (30, 137, 325, 172, fill="white",

outline="black")

window.create_text (93, 187, text="Endowrist Orientation:'",

fill="black", font=("times 13 bold"))

window.create_rectangle (30, 202, 325, 237, fill="white",

outline="black")

window.create_rectangle (20, 243, 335, 438, fill="grey88",

outline="grey88")

torques = ["Torque Roll 1", "Torque Roll 2", "Torque Pitch",

"Torque Yaw"]
for i in range(4):

115 + 209
250 + i * 50

X
y

window.create_rectangle (115, y, x, y+30, fill="grey97")

window.create_text (66, y+15, text=torquesl[il],
13 bold"))

values = [0, 0, O, O]
update_bars (window, values)

window_command (window)
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text_label = tk.Label(window, text="Waiting...", wraplength=300,
bg="white")

text_label.place(relx=0.5, rely=0.178, anchor="center")

text_label_pose_gripper = tk.Label(window, text="Waiting...",
wraplength=300, bg="white")

text_label_pose_gripper.place(relx=0.5, rely=0.34, anchor="center")

text_label_pose_endo = tk.Label(window, text="Waiting...",
wraplength=300, bg="white")

text_label_pose_endo.place(relx=0.5, rely=0.485, anchor='"center")

s|def rotation_function(old_roll2, old_pitch2, old_yaw2):

x_angle = 90
y_angle = 180
z_angle = 90

roll2 = (old_pitch2 + y_angle) % 360
pitch2 = -(old_roll2 + x_angle) % 360
yaw2 = (old_yaw2 + z_angle) 7 360

return roll2, pitch2, yaw2

def receive_data():
global s1_1, s2_1, s1_2, s2_2, rolll, pitchl, yawl, roll2,
pitch2, yaw2, torque_rolll, torque_roll2, torque_pitch,
torque_yaw

while True:

try:
data = client_socket.recv (1024) .decode('utf-8"').strip()
if data:
lines = data.split('\n')
float_values = [float(line.strip()) for line in
lines]

s1_1 = float_values [0]

s2_1 = float_values[1]

rolll = float_values [2]

pitchl = float_values [3]

yawl = float_values [4]

s1_2 = float_values [5]

s2_2 float_values [6]

roll2 = float_values [7]

pitch2 = float_values [8]

yaw2 = float_values [9]
torque_rolll = float_values[10]
torque_roll2 = float_values[11]
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torque_pitch = float_values[12]
torque_yaw = float_values [13]

roll2 ,pitch2, yaw2 =
rotation_function(roll2,pitch2, yaw2)

except socket.error as e:
print (f"Error recibiendo datos: {e}")
client_socket.close()
break

data_thread threading.Thread (target=receive_data)

>l data_thread.daemon = True

data_thread.start ()

tecla_presionada = None

def which_key(tecla):

return str(tecla) if tecla else None
def key_status():

def on_press(key):

global tecla_presionada
tecla_presionada = which_key(key)

def on_release(key):

global tecla_presionada
tecla_presionada = None

with kb.Listener (on_press=on_press, on_release=on_release) as
escuchador:
escuchador. join ()

def start_listener():
suture_thread = threading.Thread(target=key_status)

suture_thread.start ()

start_listener ()
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236| def suture_process():

time.sleep (8)
security=True
while True:

while (3 <= (roll2-180) <= 357 or 3 <= pitch2 <= 357 or 3
<= yaw2 <= 357):

if security==True:

text_label.config(text="Please, align the RPY with
the (0,0,0)")
text_label_pose_gripper.config(text=" R=
"+str (round ((rolll)%360,0))+" P= "+str(round(pitchl))+"
W= "+str(round (yawl)))
text_label_pose_endo.config(text=" R=
"+str (round ((roll2) %360,0))+" P= "+str(round(pitch2))+"
W= "+str(round(yaw2)))
time.sleep(0.1)

else:

break

if tecla_presionada==None:

if s1_1 and not s2_1:
text_label.config(text="Close Gripper")

elif not s1_1 and s2_1:
text_label.config(text="0pen Gripper")

elif not s1_2 and s2_2:
text_label.config(text="Gripper move up")

elif s1_2 and not s2_2:
text_label.config(text="Gripper move down")

text_label_pose_gripper.config(text=" R=
"+str (round (rolll ,0))+" P= "+str(round(pitchl))+" W
"+str (round(yawl)))

text_label_pose_endo.config(text=" R=

"+str (round (roll2,0))+" P= "+str(round(pitch2,0))+" W=
"+str (round (yaw2,0)))
text_label.config(text="Moving the URbe arm...")

torque_values =
[torque_rolll ,torque_roll2,torque_pitch,torque_yaw]
actualizar_barras(finestra, torque_values)
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security = False

if tecla_presionada=="'q'":
text_label.config(text="Surgery completed!")
text_label_pose_gripper.config(text="Have a nice day
")
text_label_pose_endo.config(text="Take a rest, you
deserve it!")
break

keyboard_thread = threading.Thread(target=suture_process)

93| keyboard_thread.daemon = True
94| keyboard_thread.start ()

root.mainloop ()

Listing 2: TKinter Python code

.3 Pen User Interface Arduino code

#include <esp_now.h>
#include <WiFi.h>

sl #include "src/RoboticsUB.h"

PIN_IMU_INT = 18;
PIN_S1 14;
PIN_S2 27
pinVibrationMotor

23;

NewValueRoll = 0;
0ldValueRoll 0;
roll=0;
valRoll=0;

NewValuePitch=0;
01dValuePitch=0;
pitch=0;
valPitch=0;

NewValueYaw=0;
01ldValueYaw=0;
yaw=0;
valYaw=0;
zero_yaw=90;

int_roll;
int_pitch;
int_yaw;

torque_rolll
torque_roll2
torque_pitch = 0;
torque_yaw =

o
o O

o
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34| float torque_vibr_rolll = 0;
35l float torque_vibr_roll2 = 0;
36| float torque_vibr_pitch = 0;
37| float torque_vibr_yaw = 0;
3¢l float max_torque = O0;

39

10| 1int s1Status = HIGH;

41/ int s2Status = HIGH;

42

13l enum class Command : byte
aa| {

45 GET_RPW = 1

16|}

47

48| Command command = Command::GET_RPW;
49

50l IMU imu;

51

s2| float *rpw;

55/ uint8_t ServoAddress[] = {0x24, Oxdc, 0xc3, 0Oxc6, Oxbd, 0x14};

s55)uint8_t ComputerAddress[] = {0x94, 0xb9, O0x7e, Oxeb, 0x9c, 0xc8};

60

61| typedef struct struct_message {
62 int id;

63 int slStatus;

64 int s2Status;

65 int roll;

66 int pitch;

67 int yaw;

68 float torque_yaw;
69 float torque_pitch;
70 float torque_rolll;
71 float torque_roll2;

73|} struct_message;

76| struct_message myDataj;

g0| struct_message Servomotors;

g3 esp_now_peer_info_t peerInfo;

g6| esp_now_peer_info_t peerInfo_computer;

88
50| struct_message boardsStruct[1] = {Servomotors};
90

91
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void OnDataRecv(const uint8_t * mac_addr, const uint8_t
*incomingData, int len) {

char macStr [18];
snprintf (macStr, sizeof (macStr), "%02x:%02x:%02x:%02x:%02x:7%02x",
mac_addr [0] , mac_addr[1], mac_addr[2], mac_addr[3],
mac_addr [4], mac_addr [5]);

memcpy (&myData, incomingData, sizeof (myData));
boardsStruct [0].torque_yaw = myData.torque_yaw;
boardsStruct [0].torque_pitch = myData.torque_pitch;

boardsStruct [0].torque_rolll = myData.torque_rolll;
boardsStruct [0].torque_roll2 = myData.torque_roll2;

void OnDataSent (const uint8_t *mac_addr, esp_now_send_status_t
status) {

void setup() {
Serial.begin(115200) ;
pinMode (PIN_IMU_INT, INPUT_PULLUP);
pinMode (PIN_S1, INPUT);
pinMode (PIN_S2, INPUT);

imu.Install();

WiFi.mode (WIFI_STA);

if (esp_now_init () != ESP_0K) {
Serial.println("Error initializing ESP-NOW");
return;

}

esp_now_register_send_cb(0OnDataSent) ;

memcpy (peerInfo.peer_addr, ServoAddress, 6);

peerInfo.channel = 0;

peerInfo.encrypt = false;

if (esp_now_add_peer (&peerInfo) != ESP_0K){
Serial.println("Failed to add peer");
return;

}

memcpy (peerInfo_computer.peer_addr, ComputerAddress, 6);
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peerInfo.channel = 0;

peerInfo.encrypt = false;

if (esp_now_add_peer (&peerInfo_computer) != ESP_0K){
Serial.println("Failed to add peer");

return;

esp_now_register_recv_cb(0OnDataRecv) ;

id loop () {

if (digitalRead (PIN_IMU_INT) == HIGH)
{

imu.ReadSensor () ;

rpw = imu.GetRPW();
}

slStatus = digitalRead (PIN_S1);
s2Status digitalRead (PIN_S2);

NewValueRoll=rpw [0];

valRoll=abs (NewValueRoll -01dValueRoll);

if (valRoll>10 && valRoll<350) {
roll=01dValueRoll;

}

else {
roll=NewValueRoll;

}

0ldValueRoll=roll;

int_roll=int (roll);

NewValuePitch=rpw[1];
valPitch=abs(NewValuePitch-01ldValuePitch) ;
if (valPitch>10 && valPitch<350) {
pitch=01dValuePitch;
}
else {
pitch=NewValuePitch;
}
0ldValuePitch=pitch;
int_pitch=int (pitch);

NewValueYaw=rpw [2];

valYaw=abs (NewValueYaw-01ldValueYaw) ;

if (valYaw>10 && valYaw<350) {
yaw=01ldValueYaw;

}

else {
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87

yaw=NewVal
}
0ldValueYaw=
int_yaw=int (

torque_rolll
torque_roll2
torque_pitch
torque_yaw =

torque_vibr_
torque_vibr_
torque_vibr_
torque_vibr_

max_torque =

max (torque_

if (max_torq

analogWrit

}

myData.id =
myData.slSta
myData.s2Sta
myData.roll
myData.pitch
myData.yaw=1i

ueYaw;

yaw ;
yaw) ;

boardsStruct [0].torque_rolll;
boardsStruct [0].torque_roll2;
= boardsStruct [0].torque_pitch;
boardsStruct [0].torque_yaw;

rolll = map(torque_rolll,0,20,0,255);
roll2 = map(torque_roll2,0,20,0,255);
pitch = map(torque_pitch,0,20,0,255);
yaw = map(torque_yaw ,0,20,0,255);

max (max (torque_vibr_rolll, torque_vibr_roll2),
vibr_pitch, torque_vibr_yaw));

ue > 20) {

e(pinVibrationMotor , max_torque) ;

1;
tus = sl1Status;
tus = s2Status;

= int_roll;
=int_pitch;
nt_yaw;

myData.torque_rolll = torque_rolll;
myData.torque_roll2 = torque_roll2;
myData.torque_pitch = torque_pitch;

myData.torqu

Serial.print

esp_err_t re

e_yaw = torque_yaw;

In(torque_pitch);

sult = esp_now_send(ServoAddress, (uint8_t *)

&myData, sizeof (myData));

esp_err_t re
(uint8_t =*)

delay (10);

sult_computer = esp_now_send(ComputerAddress,
&myData, sizeof (myData));

.4 Forearm

Listing 3: Pen User Interface Arduino Code

Master Arduino code

#include "src/
#include <esp_

3{#include <WiFi

const int PIN_

const int PIN_

RoboticsUB.h"
now.h>
.h>

IMU_INT = 18;
S1 = 14;
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PIN_S2 = 27;

NewValueRoll = O0;
0ldValueRoll
roll=0;
valRoll=0;

I
o

NewValuePitch=0;
0ldValuePitch=0;
pitch=0;
valPitch=0;

NewValueYaw=0;
0ldValueYaw=0;
yaw=0;
valYaw=0;
zero_yaw=90;
int_roll;
int_pitch;
int_yaw;

enum class Command : byte

{
GET_RPW = 1
}s

Command command = Command::GET_RPW;
IMU imu;
XTPW ;

s1Status
s2Status

HIGH;
HIGH;

ServoAddress[] = {0x24, Oxdc,

ComputerAddress[] = {0x94,

typedef struct_message {
id;
slStatus;
s2Status;
roll;
pitch;
yaw;

torque_yaw;

torque_pitch;
torque_rolll;
torque_roll2;

2|} struct_message;

88

0xb9,

0xc3,

0x7e,

0xc6,

Oxeb,

0xbd,

0x9c,

0x14}%};

0xc8};




66

84
85
86
87
88

90
91

93
94
95
96
97
98
99
100
101
102

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

119

4. Forearm Master Arduino code

89

sl struct _message myData;

// Create peer interface for the servos
esp_now_peer_info_t peerInfo;

// Create peer interface for the computer
esp_now_peer_info_t peerInfo_computer;

// callback when data is sent

void OnDataSent (const uint8_t *mac_addr, esp_now_send_status_t

status) {
Serial.print ("\r\nLast Packet Send Status:\t");
Serial.println(status == ESP_NOW_SEND_SUCCESS 7?7 "Delivery
Success" : "Delivery Fail");

void setup() {
// Init Serial Monitor
Serial.begin (115200) ;

pinMode (PIN_IMU_INT, INPUT_PULLUP);
pinMode (PIN_S1, INPUT);
pinMode (PIN_S2, INPUT);

imu.Install();

// Set device as a Wi-Fi Station
WiFi.mode (WIFI_STA);

// Init ESP-NOW

if (esp_now_init () != ESP_0K) {
Serial.println("Error initializing ESP-NOW");
return;

}

// 0Once ESPNow is successfully Init, we will register for
// CB to get the status of Trasnmitted packet
esp_now_register_send_cb(0OnDataSent) ;

// Register peer for the servo
memcpy (peerInfo.peer_addr, ServoAddress, 6);
peerInfo.channel = 0;
peerInfo.encrypt = false;

// Add peer

if (esp_now_add_peer (&peerInfo) != ESP_0K){
Serial.println("Failed to add peer");
return;

}

// Register peer for the computer

memcpy (peerInfo_computer.peer_addr, ComputerAddress, 6);
peerInfo.channel = 0;

peerInfo.encrypt = false;

// Add peer

if (esp_now_add_peer (&peerInfo_computer) != ESP_0K){
Serial.println("Failed to add peer");
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return;

loop () {

if (digitalRead (PIN_IMU_INT) == HIGH)
{

imu.ReadSensor () ;

rpw = imu.GetRPW();
}

slStatus = digitalRead (PIN_S1);
s2Status digitalRead (PIN_S2);

NewValueRoll=rpw [0];

valRoll=abs (NewValueRoll -01dValueRoll) ;

if (valRoll>10 && valRoll<350) {
roll=01dValueRoll;

}

else {
roll=NewValueRoll;

}

0ldValueRoll=roll;

int_roll=int(roll);

NewValuePitch=rpwl[1];

valPitch=abs (NewValuePitch-01ldValuePitch) ;

if (valPitch>10 && valPitch<350) {
pitch=01dValuePitch;

}

else {
pitch=NewValuePitch;

3

0ldValuePitch=pitch;

int_pitch=int (pitch);

NewValueYaw=rpw [2];

valYaw=abs (NewValueYaw-01ldValueYaw) ;

if (valYaw>10 && valYaw<350) {
yaw=01dValueYaw;

}

else {
yaw=NewValueYaw;

}

0ldValueYaw=yaw;

int_yaw=int (yaw) ;

myData.id = 2;
myData.slStatus slStatus;
myData.s2Status s2Status;
myData.roll = int_roll;
myData.pitch=int_pitch;
myData.yaw=int_yaw;
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esp_err_t result = esp_now_send(ServoAddress, (uint8_t x)
&myData, sizeof (myData));

esp_err_t result_computer = esp_now_send(ComputerAddress,
(uint8_t *) &myData, sizeof (myData));

if (result == ESP_0K) {
Serial.println("Sent with success");

}

else {
Serial.println("Error sending the data");

}

if (result_computer == ESP_0K) {
Serial.println("Sent with success ");

}

else {

Serial.println("Error sending the data");

}
delay (10);

Listing 4: Forearm Master Arduino code

.5 EndoWrist Motion Panel Arduino code

#ifdef ESP32
#include <WiFi.h>
#telse
: #include <ESP8266WiFi.h>
6| #endif

s|#include <esp_now.h>

ol #include <WiFi.h>
o|#include <ESP32Servo.h>

;luint8_t masterMacAddress([] = {0x24, Oxdc, 0xc3, 0Oxc6, Oxbc,

5| Servo servo_yaw;

Servo servo_pitch;
.| Servo servo_rollil;
Servo servo_roll2;

torque_yaw=0;

torque_pitch=0;
torque_rolll1=0;
torque_roll2=0;

loat roll = O0;
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roll2 = 0
roll_gir 0;
roll_gir2 = 0;
roll_rel = 0;

1| e

pitch = 0;
pitch2 = 0;
pitch_gir = 0;
pitch_rel = 0;

yaw = 0;

yaw2 = 0;

yaw_gir = 0;

yaw_rel = 0;
s1Status = HIGH;
s2Status = HIGH;

bool gripper_open= false;
bool security = true;

derivativeCurrent_yaw=0;

derivativeCurrent_pitch=0;
derivativeCurrent_roll1=0;
derivativeCurrent_roll2=0;

previousfinal_yaw=0;

previousfinal_pitch=0;
previousfinal_rolll1=0;
previousfinal_roll2=0;

final_torque_yaw=0;

final_torque_pitch=0;
final_torque_roll1=0;
final_torque_roll2=0;

servoPosition = 0;
/*YAW*/
PIN_ANALOG_YAW = 36;
PIN_SIGNAL_YAW = 32;
/*PITCH=*/
PIN_ANALOG_PITCH = 34;
PIN_SIGNAL_PITCH = 25;
/*ROLL x/
PIN_ANALOG_ROLL1 = 39;
PIN_SIGNAL_ROLL1 = 33;
/*ROLL */
PIN_ANALOG_ROLL2 = 35;
PIN_SIGNAL_ROLL2 = 27;
Rshunt = 1.6;
;| enum class Command : byte
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93

7l struct_message

¢l void OnDataSent (const

{
GET_RPW = 1
+s
Command command = Command::GET_RPW;
typedef struct struct_message {
int id;
int sl1Status;
int s2Status;
int roll;
int pitch;
int yaw;
float torque_yaw;
float torque_pitch;
float torque_rolll;
float torque_roll2;

}struct_message;
struct_message

myData;

masterl;
master?;

struct_message
struct_message

boardsStruct [2] =

void OnDataRecv(const uint8_t * mac_addr,

*incomingData, int len) {
char macStr [18];
snprintf (macStr, sizeof (macStr),
mac_addr [0], mac_addr[1],
mac_addr [4], mac_addr [5]);

memcpy (&myData, incomingData,

boardsStruct [myData.id-1].s1Status
boardsStruct [myData.id-1].s2Status
boardsStruct [myData.id-1].roll =
boardsStruct [myData.id-1].pitch =
boardsStruct [myData.id-1].yaw =

status) {

93

uint8_t *mac_addr,

{masterl ,master2};

const uint8_t

mac_addr [3],

sizeof (myData));

myData.slStatus;
myData.s2Status;

myData.roll;
myData.pitch;
myData.yaw;

esp_now_send_status_t

"%02x:%02x:%02x:%02x:%02x:%02x",
mac_addr [2],
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12| void setup (){

144 Serial.begin (115200) ;

145 Serial.println();

146 Serial.print ("ESP Board MAC Address: ");
147 Serial.println(WiFi.macAddress ());

149 //Set device as a Wi-Fi Station
150 WiFi.mode (WIFI_STA) ;

152 //Init ESP-NOW

153 if (esp_now_init() != ESP_0K) {

154 Serial.println("Error initializing ESP-NOW");
155 return;

156 }

157

158 // Once ESPNow is successfully Init, we will register for Send
159 // CB to get the status of Trasnmitted packet

160 esp_now_register_send_cb (0OnDataSent) ;

161

162 // Register the master

163 esp_now_peer_info_t peerInfo = {};

164 memcpy (peerInfo.peer_addr, masterMacAddress, 6);
165 peerInfo.channel = 0;

166 peerInfo.encrypt = false;

167

168 // check if the master could be added

169 if (esp_now_add_peer (&peerInfo) != ESP_0K) {

170 Serial.println("Failed to add master");

171 return;

172 }

173

174 // Once ESPNow is successfully Init, we will register for recv
175 // CB to get recv packer info

176 esp_now_register_recv_cb (0OnDataRecv) ;

177

178 // We set all the variables related to the servo
179

180 //configure the PWMs that power the servos

181 ESP32PWM::allocateTimer (0) ;
182 ESP32PWM::allocateTimer (1) ;
183 ESP32PWM::allocateTimer (2) ;
184 ESP32PWM::allocateTimer (3) ;
185

186 //we designate a frequency to the servos
187 servo_yaw.setPeriodHertz (50) ;

188 servo_pitch.setPeriodHertz (50) ;

189 servo_rolll.setPeriodHertz (50) ;

190 servo_roll2.setPeriodHertz (50) ;

191

192 //we assign the pins to each servo

193 servo_yaw.attach(PIN_SIGNAL_YAW) ;

194 servo_pitch.attach(PIN_SIGNAL_PITCH) ;
195 servo_rolll.attach(PIN_SIGNAL_ROLL1);
196 servo_roll2.attach (PIN_SIGNAL_ROLL2);
197
198 //we configure the analog pins of the servos as inputs
199 pinMode (PIN_ANALOG_YAW, INPUT);
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pinMode (PIN_ANALOG_PITCH, INPUT);
pinMode (PIN_ANALOG_ROLL1, INPUT);
pinMode (PIN_ANALOG_ROLL2, INPUT);

servo_yaw.write (90);
servo_pitch.write (90);
servo_rolll.write (90) ;
servo_roll2.write (90) ;
delay (2000) ;

void loop(){

esp_err_t result = esp_now_send(masterMacAddress, (uint8_t x)
&myData, sizeof (myData));

if (result == ESP_0K) {
}

else {
Serial.println("Error sending the data");

s1Status = boardsStruct[0].s1Status;
s2Status = boardsStruct [0].s2Status;

if (security == true){
roll = boardsStruct[0].roll;
pitch = boardsStruct [0].pitch;
yaw = boardsStruct [0].yaw;

if (2 <= roll <= 358 or 2 <= pitch <= 358 or 2 <= yaw <= 358){
Serial.print ("Roll: ");
Serial.print(roll);
Serial.print (" Pitch: ");
Serial.print(pitch);
Serial.print (" Yaw: ");
Serial.print (yaw) ;
Serial.println(" Please, align the RPY with the (0,0,0)

angle");
}
if (roll == 0 && pitch ==0 && yaw == 0) {
security = false;
}
} else{
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roll = boardsStruct [0].roll;
roll2 = boardsStruct[1].roll;

if (roll > 180 && roll <= 360) {
roll = roll - 360;

}

if (roll2 > 180 && roll2 <= 360) {
roll2 = roll2 - 360;

}

roll_rel roll - roll2;
roll_gir roll_rel + 90;
roll_gir2 = -roll_rel + 90;

if (s1Status == LOW && s2Status ==
gripper_open = true;

roll_gir += 30;
}

else if (s2Status ==
gripper_open = false;

roll_gir -=15;
X

if ( -90 < roll_rel < 90){
servo_rolll.write(roll_gir-10);
servo_roll2.write(roll_gir2-10)

3

pitch=boardsStruct [0].pitch;
pitch2=boardsStruct [1].pitch;

if (pitch > 180 && pitch <= 360) {
pitch = pitch - 360;

}

if (pitch2 > 180 && pitch2 <= 360)
pitch2 = pitch2 - 360;

}

pitch_rel = pitch2 - pitch;
pitch_gir pitch_rel + 90;

if ( -90 < pitch_rel < 90){
servo_pitch.write(pitch_gir);

}

yaw = boardsStruct [0].yaw;
yaw2 = boardsStruct [1].yaw;

if (yaw > 180 && yaw <= 360) A

yaw = yaw - 360;
3
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if (yaw2 > 180 && yaw2 <= 360) {
yaw2 = yaw2 - 360;

%
yaw_rel = yaw2 - yaw;
yaw_gir = yaw_rel + 90;

if ( -90 < yaw_rel < 90){
servo_yaw.write(yaw_gir);

}

torque_yaw = getDerivative(final_torque_yaw, PIN_ANALOG_YAW,
previousfinal_yaw);

torque_pitch = getDerivative (final_torque_pitch,
PIN_ANALOG_PITCH, previousfinal_pitch);

torque_rolll = getDerivative(final_torque_rolll,
PIN_ANALOG_ROLL1, previousfinal_rolll);

torque_roll2 = getDerivative (final_torque_roll2,
PIN_ANALOG_ROLL2, previousfinal_roll2);

myData.torque_yaw=torque_yaw;

myData.torque_pitch=torque_pitch;
myData.torque_rolll=torque_rolll;
myData.torque_roll2=torque_roll2;

delay (10);

getDerivative ( final_torque, analog,
previous){
torque;
derivative;
torque = getCurrent (20, analog);

final_torque = final_torque + torque;
derivative = abs(final_torque - previous);
previous = final_torque;

return derivative;

getCurrent (uint32_t integrationTimeMs, servo) {

uint32_t startTime = millis();
integratedCurrent = O0;
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while (millis() < startTime + integrationTimeMs) A

uintl6_t adcValue =
integratedCurrent =
4095.0 * 3.3) / Rshunt;
X
return integratedCurrent;

}

analogRead (servo);
integratedCurrent + ((

)adcValue /

Listing 5: EndoWrist Motion Panel Arduino code

.6 Control and Supervision Module Arduino code

#ifdef ESP32

#include <WiFi.h>
#else

#include <ESP8266WiFi.h>
#endif

#include <esp_now.h>
#include <WiFi.h>

enum class Command byte
{

GET_RPW = 1
+s

Command command = Command::GET_RPW;

typedef struct_message {
id;
s1Status;
s2Status;
roll;
pitch;
yaw;

torque_yaw;

torque_pitch;
torque_rolll;
torque_roll2;

}struct_message;

myData;

masterl;
master?2;

struct_message
struct_message

boardsStruct [2] =

struct_message

OnDataRecv (
*incomingData,

* mac_addr,
len) {

98
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char macStr [18];

//Serial.print ("Packet received from: ");

snprintf (macStr, sizeof (macStr), "%02x:%02x:%02x:%02x:%02x:7%02x",
mac_addr [0] , mac_addr[1], mac_addr[2], mac_addr[3],

mac_addr [4] , mac_addr [5]) ;

//Serial.println(macStr);

memcpy (&myData, incomingData, sizeof (myData));

//Serial.printf ("Board ID %u: %u bytes\n", myData.id, len);

// Update the structures with the new incoming data

boardsStruct [myData.id-1].s1Status = myData.slStatus;
boardsStruct [myData.id-1].s2Status myData.s2Status;
boardsStruct [myData.id-1].roll = myData.roll;

boardsStruct [myData.id-1].pitch = myData.pitch;

boardsStruct [myData.id-1].yaw = myData.yaw;

boardsStruct [myData.id-1].torque_roll1l myData.torque_rolll;
boardsStruct [myData.id-1].torque_roll2 myData.torque_roll2;
boardsStruct [myData.id-1].torque_pitch myData.torque_pitch;
boardsStruct [myData.id-1].torque_yaw = myData.torque_yaw;

sl void setup (){

Serial.begin (115200) ;

Serial.println();

Serial.print ("ESP Board MAC Address: ");
Serial.println(WiFi.macAddress());

//Set device as a Wi-Fi Station
WiFi.mode (WIFI_STA);

//Init ESP-NOW

if (esp_now_init () != ESP_0K) {
Serial.println("Error initializing ESP-NOW");
return;
%
// 0Once ESPNow is successfully Init, we will register for recv

//CB to get recv packer info
esp_now_register_recv_cb(0OnDataRecv) ;

void loop(){

if (Serial.available() > 0)
{

command = (Command)Serial.read();

switch (command)

{

case Command::GET_RPW:
Serial.println(boardsStruct [0].slStatus ,DEC);
Serial.println(boardsStruct [0].s2Status,DEC);
Serial.println(boardsStruct [0].roll ,DEC);
Serial.println(boardsStruct [0].pitch,DEC);
Serial.println(boardsStruct [0].yaw,DEC);
Serial.println(boardsStruct[1].sl1Status,DEC);
Serial.println(boardsStruct[1].s2Status,DEC);
Serial.println(boardsStruct[1].roll,DEC);
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Serial.
Serial.
Serial.
Serial.
Serial.
Serial.

break;

delay (10) ;

println(boardsStruct [1]
println(boardsStruct [1]
println(boardsStruct [0]
println(boardsStruct [0]
println(boardsStruct [0]
println(boardsStruct [0]

.pitch,DEC);

.yaw ,DEC) ;
.torque_rolll ,DEC);
.torque_roll2 ,DEC);
.torque_pitch ,DEC);
.torque_yaw ,DEC) ;

Listing 6: Control and Supervision Module Arduino code
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.8 EndoWrist Motion Panel PCB design
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Figure 2: EndoWrist Motion Panel schematic
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