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“A wise man should consider that health is the greatest of human
blessings, and learn how by his own thought to derive benefit

from his illnesses.” (Hippocrates)



Introduction

Scientific research has always been one of the most difficult but also rewarding fields of work
helping humanity to make advancements in knowledge. The ultimate goal of this endeavour is the
progress of human kind which is met in every aspect of life. Like many other domains available to
a reduced percentage of the population scientific research itself evolved in time on multiple
aspects, as pointed out is the work [Nii 15], entitled “Scientific Progress” and integrated in the
Stanford Encyclopaedia of Philosophy:

» Economical — the continuous increase of funding for scientific research;

» Professional — the rising status of scientists and their institutions within society;

» Educational — the continuous increase of the skill and expertise of scientists;

» Methodical — the invention of the research methods along with now scientific instruments;

» Cognitive — increase and advancement of scientific knowledge.
In an abstract approach scientific progress must influence in a positive way technological progress
(or the overall increase of technology) and social progress (with direct influence on the humanity
through prosperity, quality of like and justice in society).

With great power comes great responsibility!!! - A simple yet very strong statement which,
throughout history has been found in the Bible, later on used in the French Revolution in 1793 and
individuals like Lord Melbourne, Winston Churchill, Teddy Roosevelt, and Franklin D. Roosevelt can
also encompass our role and duty towards society as to use in the most efficient way our time and
available resources while delivering advancement. Many times, when facing new challenges, this
aspect becomes a burden but also a motivation in the continuous search for answers. This is how |
personally perceive our position in today’s society as educated seekers of knowledge and creators
of solutions to unanswered questions.

The following work will summarize in a descriptive form my activity as a scientific researcher in the
period following my Doctoral Thesis defence. Even though this habilitation thesis has an individual
character all the achievements are the result of the joint effort of the team from CESTER (Research
Center for Industrial Robots Simulation and Testing). | strongly believe that apart from the
occasional geniuses who can provide themselves both unsolvable problems and their solutions it is
compelling for us to work in competitive and complementary teams maximizing the output of our
effort.

This thesis invites you, the reader, in an evolutionary journey of Robotics in Medicine presenting
the major achievements to which | have contributed in the last eight years in:

» Minimally invasive robotic assisted surgery;

» Targeted treatment options of cancer using robotic guided instrumentation;

» Robotic assisted rehabilitation of post-stroke patients.

In the end, | state my continuous motivation towards scientific research believing that | have
reached the maturity to work alongside younger colleagues and guide their first steps towards
their education as scientific researchers through doctoral studies.



Chapter 1. Robotics in medicine

From surgery towards cancer treatment and post-stroke rehabilitation

“He who knows all the answers has not been asked all the questions.”
(Confucius)



An overview of the field of robotics in medicine

Robotics has slowly entered every domain where progress imposed activities/
actions that were beyond the natural capabilities of humans. The most relevant
example in this sense is the industry with all its branches where the higher and
higher level of quality and output capacity have imposed the use of specialised
devices that could perform faster and more reliable. From highly repetitive activities
to heavy lifting, 24 hours shifts and so on, the responsibilities of the human workers
have shifted towards the setup, programming and maintenance of the production
lines. Without going into further details, just to emphasize the criticality of these
manufacturing lines, the reliability of an industrial robot is over 99,9999%.

However, there are other fields of work, where classical industrial robots cannot be
integrated, imposing the development of personalized, dedicated solution which
would fit perfectly a certain task. Such case is the medical field where, especially
when taking about direct interaction between the robot and the patient, the robot
will never act based on pre-defined programs but rather as an advanced, highly
capable, accurate and safe device.

In medicine, notable achievements which refer to the use of robotics for different
tasks date from the early 80s while in our days there are multiple situation where
robotic assisted procedures represent the gold standard for certain medical
treatments. As one can state that medical robotics have reached a certain level of
maturity the future development has to be achieved in an organized manner
identifying the areas where such devices can have a positive impact in an
economically feasible context.

Making a generic comparison between an industrial manufacturing process where
robots have been introduced to increase the productivity and thus the financial
efficiency, in medicine the main purpose of a robotic device is to improve the quality
of life for the patient. Nevertheless, as cruel as it may sound, in order to enable the
access of the large population to such a better treatment option this must be also
economically feasible.

For that, one of the most difficult tasks is to properly identify the medical areas
where the need of robotics is most dire and then, to find development solutions
that will lead towards efficient devices. At European level, this endeavour has been
assumed in the last years by the euRobotics AISBL, a non-profit organization which
has been created following the good results of a former EU project. At the moment,
all the important European players (universities, research institutes and private
companies) which work in robotics have joined this organization, whose main
purpose is to define a comprehensive strategy for the future development of EU
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robotics, taking into account both the worldwide achievements and the actual needs
of the EU population and industry.
To support this, the European Council is launching all the ICT calls with topics based
on the strategy defined by euRobotics, namely the Multi Annual Roadmap [MAR 17].
Quoting from euRobotics:
“The goals of the Roadmap are:

» To provide a common framework of description for robotics within Europe;

» To provide a clear set of goals for market relevant technical development;
» To illustrate the relevance of these goals with respect to future market

opportunity.
The descriptive framework used within the MAR allows
Domains comparison between and within projects when referring to
robotics technology and systems and helps to link
technology development with user driven market needs.

This is a conventional Road-mapping activity with market
domains setting requirements and technologies driving
capabilities that fulfil those requirements. The approach
uses non-domain specific and non-technology specific
System Abilities to map market requirements to technology
capabilities and vice versa. This common goal approach
helps identify the cross cutting technologies that impact on
multiple market domains while allowing unforeseen
technology developments to be integrated by referring to System Ability
independently of technology.
The roadmap identifies opportunities for innovation, current technical capability and
sets out the R&D&I agenda for each domain.”

Requirements
System Abilities
Capabilities

Technologies

Our university, through our research center, CESTER, is affiliated to this organization
since 2015 and our research topics have been defined in accordance to the
European strategic agenda.

European strategic agenda for robotics in healthcare

One of the major changes with multiple implications in the field of healthcare is
represented by the demographic changes of the population. More specifically,
Europe is facing an increase of the life expectancy whereas, if in 2008 the population
aged over 65 represented something around 17% this will increase to over 30% by
2060 while the population aged over 80 will shift from 4.4% to over 12% (EUROSTAT
projections). Even on national level, a comparison between the last two
demographic evaluations there is a reported increase of over 20% of the elderly
population (aged over 60).



While it is clear that the elderly population has a greater tendency towards different
medical conditions, the healthcare system will slowly become incapable of properly
care for all the patients, while aiming towards a continuous increase of the life
guality. On one hand this is due to the natural increase in medical costs and on the
other hand due to the logical decrease in the number of healthcare givers with
respect to the number of existing patients. On the positive side, all the existing
studies have already raised these issues and solutions are thought to prepare the
society for the future.
The only logical approach is to find ways for improving the overall efficiency of the
medical act with economically feasible solutions that will enable (without detailing
at this time the targeted diseases):
» Minimization of the “collateral damage” or the side effects of different
curative treatments;
» Improvement of long-term diseases management allowing a single caregiver
to monitor, advise, treat and support more patients in the same time;
» Develop solutions that allow personalized treatments that will maximize the
treatment outcome;
» Develop solutions for “home use” long time treatments that would allow
patients to stay in their own environment.

In order to achieve these conceptual needs, the European Commission has identified
three major areas of interest where robotics would play an important role:

Clinical robotics: refer to robotic systems that interact directly with the
patient supporting the “care” and “cure” processes. Some areas where such
robots would apply are: diagnosis, treatment, surgical interventions and
medication and also emergency. They would be used by trained medical
personnel.

Rehabilitation: refer to robotic system that would be used following a medical
condition (traumatic, post-operative or neurological) where their direct
physical interaction with the patient would either enhance the recovery
process or act as a replacement for a lost function.

Assistive robotics: refer to secondary aspects related to the medical process,
providing assistance to the healthcare givers of the patients.

In the research activity within CESTER, the team has developed multiple innovative
solutions in two of these areas of interest, which will be detailed in the following
chapters of this thesis.



A. Clinical Robotics

As mentioned before, clinical robotics covers three major areas of intervention:
surgery, diagnosis and therapy. The overall potential for clinical robotics is huge
because their development would bring benefits in virtually all areas medical
specialities aiming to boost the overall outcome of the procedures.

Surgical Robots

With respect to surgery, mainly through the da Vinci robotic system, the United
States have a very strong intellectual property (IP) coverage and thus, this field
imposes the development of radically new strategies (hardware, software and
control) together with the initial development costs which are very high imposing
also a timely clinical validation.

The main area of intervention where surgical robots fit is minimally invasive surgery
(MIS). Considered by many a quite recent surgical approach, in reality, the first
documented minimally invasive procedure dates back from 1901 when Kelling
[KELO1] reported the results of a procedure performed on a dog model where he
attempted to control the blood loss in the abdomen by insufflation of high pressure
air in the abdominal area. Later in the same year, a second minimally invasive
procedure is reported by Ott [OTTO01] who examined the peritoneal cavity of a
pregnant woman using a head mirror and a speculum. Ten years later, in 1911, new
reports from Sweden, by Jacobeus [JAC11], and United States, by Bernheim [BER11]
present new achievement of minimally invasive procedures on humans. Following
this pioneering age the 20" century was the birth of minimally invasive surgery with
a continuous development of surgical tools, visions systems and along with them
techniques that would gradually change the way surgery is performed. Without
detailing too much these advancements one must note several great surgeons
which contributed to the progress of MIS: Kurt Semm [SEM83], Mouret [MOU96]
and Erich Muhe [LIT98]. Like many other pioneering technique it took some time for
MIS to be widely accepted in the operating room, but slowly it became the gold
standard for most procedures performed in the abdominal area.

The evolution of robotic surgery is somehow similar, with its major milestones and
share of criticism during the early stages of development. One of the first
documents which describes the idea of robotic surgery and also defines the
particularity of the motion of such devices was published by Russel Taylor in 1995
[TAY95]. In his paper Taylor introduces the concept of Remote Center of Motion
(RCM), defining the entrance point in the abdomen as a fixed point within the
workspace of a surgical robot, through which the instruments are introduced inside
the human body (figure 1). Based on figure one, in can be stated that with respect



point B (the entry point in the patient body) the instrument can achieve 4
independent motions:

» In spherical coordinates: two rotations that would position the point E on a
surface of a “sphere” with radius BE, one translation along the A-B-E segment
or the longitudinal axis of the instrument and one rotation around the same
axis;

» In Cartesian coordinates: three translations which enable the positioning of
the point E in space with respect to the point B and one rotation around the
longitudinal axis of the instrument.

Figure 1.1. The motion of a surgical instrument inside the human body in MIS [VAI12]

Furthermore, the instruments used in the MIS can be grouped in two categories:

» The endoscopic camera (the laparoscope, figure 2): which is basically a device
which has a set of lenses and a camera on top which with the help of a light
source provides intra-operatory images during the procedure — this device will
not enter into physical contact with the internal organs;

» Surgical instruments (figure 3): surgical tools of different complexity, which
have at the distal head a special configuration that allows the performing of a
certain procedure and a special handle at the opposite end from which the
surgeon operates the instrument.
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Figure 1.2. Laparoscopic camera (left — viewing angles, right — proximal head)
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Figure 1.3. Different types of laparoscopic instruments

While acknowledging the uncontested advantages that the da Vinci system has
brought in robotic surgery, imposing even as gold standard in multiple procedures,
there is still room for improvement whereas typical requests refer to:

» improved dexterity — development of new systems that would allow more
freedom in the positioning of the entry ports, improvement of the overall
dexterity of the instruments to increase their reach;

» increased efficiency — development of new systems that would allow a faster
and safer patient — robot relative positioning thus reducing the initial setup
phase while allowing the surgeon more freedom in the positioning of the
instruments;

» additional feedback — development of systems that would provide additional
real-time relevant data for the surgeon during the procedure, where one
particular aspect is still an open problem for all systems: the force feedback.

Making an overview of the general advantages of robotic surgery the following must
be underlined, in comparison to classical minimally invasive procedures:

» faster recovery, reduced scaring and trauma, less tissue damage and lower
exposure to radiation. These are determined by the fact that robotic
procedures bring additional dexterity and motion scaling;

» access to new, enhanced techniques. These are determined by the
development of new instruments, dedicated and optimized towards a certain
application.

Overview of the minimally invasive procedures

Advancing hand in hand with technology, minimally invasive robotic assisted
procedures have evolved in the last years towards multiple new approaches that
can be classified into two main categories:

» Pure minimally invasive surgical procedures that aimed a continuous
reduction of scaring and collateral damage while maximizing the surgical
outcome;
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» Minimally invasive non-surgical techniques that provide specific treatments
for patients where surgery is not an option, with emphasis here on targeted
cancer treatment.

Evolution of minimally invasive surgery (MIS)

As MIS is considered to have approached the maximum level of performance with
respect to the patient comfort and post-operative recovery new techniques have
been developed to minimize even more the side effects of surgical interventions:

» NOTES (Natural Orifice Transluminal Endoscopic Surgery), and

» SILS (Single- Incision Laparoscopic Surgery).

NOTES (fig. 4) is an experimental surgical technique where operations can be
performed with a dedicated specialized instrument (which integrates a camera and
two or three instruments that are all integrated in a single, dexterous tube) which is
passed through a natural orifice (mouth, urethra, anus, etc.) followed by an internal
incision into the stomach, vagina, bladder or colon, thus avoiding any other external
incisions [BIN14].

NOTES access routes towards internal organs ANUBIS — a device for NOTES
Figure 1.4. Access routes and typical devices for NOTES

SILS (fig. 5) as the name suggests, means the introduction of all the surgical tools
(camera and instruments) through a narrow port of 15 - 20 mm, or the use of
multilumen trocar forcing the surgeon to work in awkward positions, with crossing
instruments, etc. Due to the very close positions of the instruments the procedure
dexterity is very low and the workspace is decreased, but for certain cases it
represents a viable alternative. SILS is also a challenging field for robotic approaches
as by using highly dexterous instruments, the natural disadvantages of this
technique can be reduced [VAI12].



SILS procedure — concept view SILS procedure (Courtesy of University Clinical
Hospital Barcelona, Spain)
Figure 1.5. Single Incision Laparoscopic Surgery

While the real benefits of NOTES are somehow doubtful, as shown in [BES 10] and
[KAM11], SILS already represents a real benefit for patients suitable for this
procedure. Compared to classical or MIS procedures, the benefits for patients are:
decreased pain, even shorter recovery period (counted in hours), lower morbidity,
reduced cost and superior cosmetics. Kamran, Patel and others published a review
[KAM11] where they analysed several hundreds of cases before pointing out these
advantages.

From a personal perspective, NOTES was a wonderful idea, which aimed to integrate
multiple instruments into a single flexible tube. However, even though there are no
external scars left by NOTES there are unnecessary internal scars (in the stomach
wall, inside the vagina or the colon) which cannot be supervised as an external one,
and in time these scars could lead to serious complications even cancer. SILS, as a
personal consideration, has a much higher potential but surgeons should choose
carefully the patients that can be operated in this way. Furthermore, with adequate
research in terms of highly dexterous devices, SILS use can be extended and its
benefits maximized.

Minimally invasive non-surgical procedures for cancer

Cancer, considered the disease of the XXI century, is one open problem in which
every progress means a step forward in the fight between life and death. The fight
against cancer has two main components strongly interconnected: diagnosis and
treatment. An early, accurate diagnosis can provide the means for local targeted
treatment of the tumours with excellent life expectancy. Thus, the proper diagnosis
and staging of cancer [FIL14, MEE13] is the first step towards a positive prognosis for
a cancer patient.



Prostate cancer — diagnosis and treatment. In order to emphasize the importance
of accurate diagnosis and treatment a short statement is made regarding prostate
cancer. This is the most widely spread type of cancer and because of that extensive
research has been done to treat it. Even the most advanced surgical robotic device,
Da Vinci, was initially developed for prostate surgery. Prostate cancer has also two
extreme characteristics: it is 100% curable but also the 2" deadliest type of cancer.
Statistically it was proven that the 5 years survival rates by stage of diagnosis is
nearly 100% for local and regional spread dropping to 28% for distant tumours. This
means that if detected early prostate cancer can be cured but when it has spread in
the body it will eventually cause the death of the patient. The current gold standard
has high percentages of false negative results in early stages supporting the
worldwide efforts in finding new, accurate ways of diagnosis for this disease.

Cancer Diagnosis. Described in a very roughly way, cancer diagnosis refers to the
identification of malignant tumours that grow inside the body. There are several
imagistic, non-invasive methods, (CT and MRI and their derivate) which provide high
contrast and high resolution images of the internal structure of the body but they
have certain limitations [VER12] (identifying the nature of the tumour, the correct
indication of the cancer stage, etc.) whereas the most conclusive investigation
remains the biopsy of the tissue.
Cancer treatment. The therapeutic index in the treatment of cancer stands for
optimizing the treatment in such a way that the benefit of a therapy for the patient
largely exceeds its’ toxicity. However, this threshold is seldom obvious. In a curative
intended scenario, this is due mainly to the need of multiple treatments for the
same cancer, i.e. surgery, irradiation or/ and chemotherapy, each one with its own
profile of side effects. On the other hand, in a palliative setting, for very advanced
stages of cancer or for very frail patients, a procedure might be considered too
invasive or costly to be justified. From the spread point of view cancer treatment
can be roughly divided into two main categories: local, targeted treatments
(brachytherapy [SHA13, KHA14], radiofrequency ablation [TIL14, KEN13, BIR14,
VOG13]) and widespread treatments (external radiation, chemotherapy).
A reasonable conclusion for the enhancement of cancer treatment would be to
perform accurate early diagnosis to identify potential malignant tumours in early
stages and to perform local targeted treatment to destroy the tumours in both
curative and palliative approaches.
In order to provide a clear view of the targeted procedures, each single one will be
shortly defined:

» Biopsy: the prelevation of tissue from inside an organ by using a special

needle [LEE14] (core biopsy needle or aspiration needle) — schematic view
(fig. 6.3);
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» Brachytherapy: the positioning of radioactive seeds (with high but locally
distributed radiation) directly in the tumour without damaging the proximal
healthy tissues (fig. 6.b);

» Radiofrequency ablation: the ablation of a tumour using the heat generated
from a high frequency alternating current [NEA11], (fig. 6.c).

Ultrasound

e T
L 1§ LESION

a) Core needle biopsy b) Brachytherapy needle ¢) Radiofrequency ablation
Figure 1.6. Needle guided procedures in the diagnosis and treatment of cancer

The two procedures share a common requirement which restricts their
development: the need of a highly accurate targeting solution which could reach a
defined point inside the human body with an overall accuracy of 1 mm, which is well
beyond the human natural capabilities, as shown in [STR11, POD14]. The first
researches in this field proposed robotic solutions which targeted a specific organ
(e.g. robots for prostate brachytherapy and biopsy) but no general use solution has
been developed so far. A very recent report [POD14] (August 2014) published by
AAPM (American Association of Physicists in Medicine) makes a very thorough
review of all achievements in robotic brachytherapy presenting 13 robotic solutions
(12 for prostate and one for lung cancer) emphasizing the need of additional
solutions and proposing also a guideline for their characteristics.

The curative potential of brachytherapy

Brachytherapy, also known as internal radiation, enables the delivery of higher
doses of radiation to more-specific areas of the body, compared with the
conventional form of radiation therapy (external beam radiation) that projects
radiation from a machine outside the body. Basically, brachytherapy consists of
irradiating a tumour from inside it, by placing in or just next to the tumour one or
several miniaturized radioactive sources (1 mm diameter), via plastic or metallic
catheters. The gradient of the radiation dose decreases abruptly with the distance
to the source, according to an inverse square law (i.e. at 10 mm from the source we
will have one quart of the 5 mm dose). That means a very high dose can be
delivered to a well-defined area, without damaging the healthy tissue in the
immediate vicinity. However, the precision of the radioactive placement is crucial,
as a geographical miss of a part of the tumour might cause a recurrence, whereas
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inserting the catheters outside the tumour will profoundly und uselessly irradiate
healthy tissue, inducing necrosis and severe complications.

Being a procedure which targets a specific, local area of the body (where the tumour
or cancerous cells are located) it implies the placement of specific devices inside into
the body tissue. Unfortunately, there are many areas of the body, such as the
retroperitoneal area (representing the most posterior zone of the abdominal cavity)
or the mediastinum where the access to the tumour area imposes a highly invasive
surgery that cannot be tolerated by the majority of cancer patients due to the
systemic frailty caused by their illness. The procedure is minimally invasive but
should be performed by radiotherapists which sometimes tend to avoid this
approach because of its “bloody” nature. However, due to its potential both for
curative and palliative purposes brachytherapy is one of the therapies widely
studied in research centres all over the world, the next decade foreseeing its use on
a large scale. New generations of robotic devices could have the technical
capabilities to satisfy the accuracy required by the procedure this being one of the
topics of interest in this thesis.

To emphasize even more the potential of this procedure, the next table illustrates a
set of clinical cases which, with the help of brachytherapy could have evolved
differently.

Table 1. Clinical cases which could benefit from brachytherapy

No. \Diagnosis \Therapy \Evolution

Tumours located in the prostate

1 Prostate adenocarcinoma

Hormone Therapy

Local recurrence. A complement of

T3NoMo, G8,iPSA=18 ng/ml (HT)+External brachytherapy seeds in 2013 could have
(2013) Radiotherapy (RT) |avoided the recurrence.
76 Gy
2 |Prostate adenocarcinoma Permanent Local recurrence. A complement of

T2NoMo, G6, iPSA=11 ng/ml
(2011). Right seminal bladder
recurrence.

implant of iodine
125.

brachytherapy seeds would avoid a
mutilating surgery that the patient
refused.

3 Prostate adenocarcinoma
T2aNoMo, G6, iPSA=9 (2012).
Prior rectum cancer surgically
removed.

Hormone Therapy
(HT)

Death. Robotic assisted brachytherapy
would have saved the patient.

4  |Bladder cancer, T2NoMo

Radical
cystectomy

Partial cystectomy and robotic assisted
brachytherapy would have avoided the
mutilating surgery with a better quality
of life.

Tumours located in th

e liver

1 Rectosigmoid cancer stage IV
(liver and pulmonary
metastases), Radio- and
Chemotherapy (RCT), surgery.

Palliative
chemotherapy.
Radiofrequency
ablation.

Focal brachytherapy would have
performed better on the liver
metastases.
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Oesophagus cancer, stage lll,
RCT. Local recurrence and liver
spread. Cirrhosis.

Supportive care.

Death. Brachytherapy (oesophagus and
liver) would have extended the patient
survival with good life quality.

Unifocal hepatocellular Sorafenib Death. Local brachytherapy would have
carcinoma over cirrhosis. extended the patient survival.
Inoperable due to comorbidities.

Hepatic Cholangiocarcinoma, Chemotherapy Death. Focal brachytherapy on the

stage IV

primary tumour and metastases would
have extended the patient survival and
life quality without complications.

Tumours located at the rectum level

Rectal cancer, RCT, surgery.
Local recurrence.

Palliative
chemotherapy.

Local and distant recurrence.
Brachytherapy would have improved the
prognosis avoiding (or delaying)
metastases.

Rectum (stage Ill) and prostate
Synchronous Adenocarcinoma
T3NoMo

RCT + surgery

Prostate brachytherapy would have
prevented the surgery and all its
complications (incontinence, urinary
infection)

Epidermoid carcinoma anal Surgery Initial brachytherapy would have

canal. T4AN2Mo, RCT. Local avoided the recurrence and thus the
recurrence. Surgery (rectum amputation.

amputation)

Inferior rectum adenocarcinoma |[Rectum Local excision and brachytherapy would
T2NoMo amputation have avoided the second, mutilating,

surgery.

Thoraci

¢ tumours (lungs a

nd breast)

Pulmonary metastases following
testicle cancer, multiple
recurrences.

Chemotherapy,
surgeries (testicle,
ganglions, lungs)
External

Death. Brachytherapy would have
avoided the recurrences.

pulmonary
radiotherapy
Epidermoid pulmonary cancer. |Chemotherapy, |Death. Brachytherapy would have, at
Local inoperable recurrence. palliative least, extended the survival.
radiotherapy
Thoracic sarcoma Surgery, Brachytherapy would have provided the

radiotherapy

same outcome with much lower toxicity.

Retroperitoneal sarcoma,
positive margins resection,
irradiated

Surgery, RT, CHT

Local recurrence. Brachytherapy could
have complemented the external dose
of radiation to avoid recurrences,
without the increase of intestinal
toxicity.
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Fundamental characteristics of minimally invasive robotic systems

The development of robotics devices as advanced minimally invasive tools for the
physicians must integrate a set of fundamental characteristics (or properties) in
order to provide a real benefit for the therapy (fig. 7).

THE FUNDAMENTAL REQUIREMENTS OF ROBOTS FOR
MINIMALLY INVASIVE PROCEDURES

: }

v
| Adequate control ‘ Safety ‘ Easy sterilization ‘ ‘ Compactness and flexibility ‘

Immunity against
magnetic

interference
Advanced Complexforce

FAIL SAFE MEDICAL ROBOT

Monitored
workspace

Reconfigurable

tti ti
Safe behavior S

in all
configurations

Figure 1.7. Fundamental characteristics of minimally invasive robotic systems

Adequate control. Minimally invasive devices along with pure surgical robots are
entering into direct contact with the internal organs of the patient making them
very demanding in terms of control. While the system must perform as efficient as
possible with respect to the given task it must also provide a comfortable operating
way for the physician while preventing, as much as possible, any misuse that would
endanger the patient. Also, it must integrate motion scaling to provide specific
delicate / micro positioning of the tools and specific user interfaces that would
ensure maximum ergonomics for the doctors.

Easy sterilization. Minimally invasive procedures (surgical or non-surgical) impose
the introduction and manipulation of tools inside and in the close vicinity of a
human body imposes the use of sterile/single use instruments but this would have
to naturally extend at least to the end module of the robot that handles those
instruments. While the robot itself can be covered in a sterile sheet isolating it, the
end module that handles the active instruments must be made in such a way (in
terms of materials and design) to support sterilization.
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Compactness and flexibility. Most of the procedures that involve in insertion of an
instrument inside the body have to be performed inside an operating room (OR)
where besides there are a lot of additional equipment and physicians inside
monitoring the patient, assisting the procedure which limits a lot the access points
and the available space in the OR. Also, in case the patient condition deteriorates,
the robot must be removed very fast to allow the conversion of the procedure or to
provide quick access to the patient.

Safety. For the invasive procedures, safety is more than a requirement because it
integrates multiple “must have” characteristics:

Safe 1./mmunity against magnetic interference. Inside the OR there are
multiple electronic equipment which should not interfere one with the
other affecting their behaviour.

Safe 2. Complex force feedback. Whereas force feedback cannot be provided
yet for classical surgical robotic devices, it becomes a must for the robotic
devices that handle instruments like biopsy guns, needles for
brachytherapy or ablation probes.

Safe 3. Reconfigurable setting options. As the human anatomy is unique for
each individual and taking into account that any instrument inserted in the
body must use a RCM for the guiding of the tools the setting options must
be adjustable for different procedures.

Safe 4.Safe behaviour in all configurations. Every robotic system has a slightly
different behaviour in terms of positioning accuracy, stiffness and dexterity
within its entire workspace. However, these variations should not be very
high such to have volumes or zones that cannot be used this being achieved
by efficient mechanism design.

Safe 5. Monitored workspace. The motion parameters along with accuracy,
stiffness and dexterity should be known and controlled within the robot
workspace while the initial relative positioning between the robot and the
patient should exploit the workspace volume that presents the best
possible combination of these aforementioned parameters.

Safe 6.Advanced control. The control system should be properly designed to fit
the specific parameters of the procedure taking into account also the
information from the force feedback on the active instruments and the
specific functions that have to be integrated to user interface.

B. Rehabilitation robotics

According to the same strategic document, Multi-Annual Robotics Roadmap [MAR
17], the second field of robotics in medicine covers devices developed as
rehabilitation devices used to train/retrain the functions of an impaired/damaged
limb and prosthetics where a robotic device would replace a lost limb in order to
provide the user a functional regain as close as possible to the natural human
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capabilities. As shown in figure 8, in the first group, of rehabilitation devices there
can be integrated three major categories of devices:

» Rehabilitation aids: developed to be used following a trauma or a surgical
procedure, the role of these devices is to enable a faster recovery and healing;

» Functional replacement aids: the robotic systems are conceived to replace a
lost function of the body, due to either ageing or a traumatic event. Based on
their specific purpose, these robotic devices will be worn as a prosthetic or an
exoskeletal or orthotic device;

» Neuro-rehabilitation: a specific type of trauma refers to diseases that cause a
certain damage to the neural connections between the brain and the limb
itself, which causes a functional degradation without any musculoskeletal
injury.

Prosthetic devices come as a different category of devices as these robots would
replace a lost limb. The latest efforts in this field aim towards the development of
smart devices able to integrate cognitive awareness with increased dexterity and
control.

Neuro-rehabilitation \
\ robotics

R _Functional \
( Rehabilitationaids | \ ; )
-/~ replacementaids /

- > -~ -

Rehabilitation robotics

Figure 1.8. Overview of the field of rehabilitation devices

Within CESTER research has focused on the field of neuro-rehabilitation with
emphasis on the development of new parallel robotic structures for the post-stroke
rehabilitation the international and national context being illustrated below.

Post-stoke robotic assisted rehabilitation — a new paradigm in patient
management

Stroke, as defined by World Health Organization (WHO), is a "neurological deficit of
cerebrovascular cause that persists beyond 24 hours or is interrupted by death
within 24 hours". Strokes are produced by cardiovascular diseases (CVD), which are
a form on non-communicable diseases (NCD) that are responsible for the deaths of
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around 17.5 million people annually out of which approximately 8 million deaths in
Europe with the same number of people suffering from permanent disabilities,
according to WHO. Instances of cerebrovascular disease have been recorded in
people as young as 15 years old, the risk increasing with age. These diseases are
driven by ageing, unplanned urbanization, and the globalization of unhealthy
lifestyles.

After a stroke, patients that survive will suffer from several secondary effects. One
such effect is hemiplegia, paralysis to one side of the body often occurring on the
opposite side of the brain disorder. Another such effect is hemiparesis which
represents weakness on one side of the body, this being the lesser form of
hemiplegia.

The patients that suffer from such side effects can undergo physical rehabilitation,
which is the process of helping patients recover control of part of their body through
mainly repetitive physical exercises of the impaired limb. Since an entire part of a
patient’s body gets damaged, it is usually necessary for more than one therapist to
help with the rehabilitation process. Unfortunately in today’s society where the
ageing population is increasing, the number of therapists will also increase.

National level

Based on the statistical data of the Ministry of Health, illustrated in the National
Health Strategy, in 2012 there was an increase of 20.8% of the percentage of elderly
population (over 60) with respect to the last demographic evaluation. Even though
Romania is trailing behind Europe with respect to the medical services provided,
especially towards the lower income population, a continuous mortality decrease
has been recorded on every major disease, as shown in table 2 [SNS 14]. This means
that more people which survive an acute episode will require medical assistance for
rehabilitation.

Table 2. Standardized mortality on the main death causes in Romania 2006-2010
(number of death / 100.000 persons)

Disease 2006 | 2007 2008 2009 | 2010 | 2006-2010
(%)
Cardiovascular episodes | 618.7 | 578.07 | 558.3 | 548.6 | 539.7 -12.8%
Ischaemic 213.5 | 200.9 | 194.2 | 188.8 | 187.2 -12.3 %
Stroke 205.2 | 186.4 | 173.5 | 169.9 | 167.0 -18.6 %
Malignant tumors 179.8 | 178.02 | 179.7 | 181.4 | 180.1 0.2%
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In Romania, the healthy age expectancy remains inferior to the one of the member
states EU 27 (age of 57.1 with respect to 62.2 in EU). The SILC" investigations point
out that even though the life expectancy at birth increased the healthy age
expectancy decreased in Romania, in opposition with the situation in EU 27, based
on the study by EHLEIS [EHL 13] . This report shows that the expectancy of healthy
ageing at the age of 65 has decreased between 2007-2010 for men — from 7.7 to 5.9
years and for women — from 7.8 to 5 years. In reality this data shows that after 65,
women will live, on average 5 more years without medical conditions which
determine a limitation of activities, 7.5 more years with moderate limitations and
4.8 years with severe limitations, while men will spend in the same categories 5.9,
5.6 and respectively 2.5 years.

Another important aspect refers to another statistical study which evaluates the
Years of Life Lost (YLL) where a statistic performed by the Institute for Health

Metrics and Evaluation® is presented in the table below.

Table 3. The potential years of life lost per cause of death for women and men in Romania 2010
(thousands of YLL and YLL / 1000 persons)

Women Men
Cause of death YLL %o thousands YLL %o thousands
YLL YLL
Ischaemic cardiac disease 39.4 432.9 57.3 598.2
Stroke 39.5 434.5 42.3 441.7
Cirrhosis 8.2 90.3 17.3 180.4

On the first place within the women population and second place within men, far
higher than the other death causes, stroke represents an outstanding adversary
which can be fought against only with adequate methodologies. As shown in table 1,
the medical efficiency in the acute phase reaction shows an amazing decrease of
20% of death following a stroke, however the following rehabilitation steps which
will lead towards higher life quality and expectancy still need an answer.

International level

Healthcare is one of the strategic domains for the development of robotics for the
period 2014-2020 as shown in the European documents Strategic Research Agenda
(SRA) 2014-2020 issued by euRobotics AISBL and the MAR [MAR 14].

! Statistics on Income and Living Conditions
? http://www.healthdata.org/, 2013
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Quoting from MAR :” It is estimated that in the EU the proportion of the population
aged over 65 will rise from 17.1% in 2008 to 30% in 2060 and that the proportion of
persons aged over 80 will rise from 4.4% to 12.1% over the same period (EUROSTAT
population projections). Neurological conditions, especially stroke, are a major cause
of disability among older people. Incidence of a first stroke in Europe is about 1.1
million and prevalence about 6 million. Currently, about 75% of stroke sufferers
survive one year after...approximately 80% of stroke patients experience long-term
reduced manual dexterity and half of all patients with neurological conditions are
unable to perform everyday tasks.”

The above statement underlines one critical aspect which must be dealt with to
ensure the survival of our society. By 2060 the number of elderly people will be
equal with the employable ones, which shows that the number of caregivers acting
by the current healthcare strategies cannot be reached in future. Thus, it is
compulsory to develop tools which can replace human medical assistance assuring,
in the same time, a good life quality for elderly people their self-management in
own environments and social inclusion.

Distribution of disabled people in Romania on development regions
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Figure 1.9. The number of persons with disabilities and their distribution on development regions
in Romania (study published by the Ministry of Labour, Family, Social Protection and Elderly)

Stroke has been classified by World Health Organization (WHO) in 2008 as one of
the five main chronic diseases with an amplified incidence with respect to ageing.
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With an annual incidence of over 1.5 million new cases just in Europe (over 1
million) and United States (over 500.000) the potential market of new rehabilitation
devices in ensured and judging by the current number of implemented devices it
becomes a greater necessity with each year that passes.

On national level, the statistical data [PDP 14] published by the Ministry of Labour,
Family, Social Protection and Elderly on the 30™ of June 2014 reports a number of
714.891 persons with disabilities. Among these, 97.6% are under the care of
families and/or live independently and 2.4% (17.129) are institutionalized.
However there is no relevant data showing the percentage of disabled people which
benefit from healthy ageing and social inclusion and respectively the number of
persons which are immobilized in bed or inside their living environment without
interaction with the society. The statistical data illustrates also the regional
distribution of disabled persons, this information being graphically represented
below.

In the next figure, the disability type is illustrated divided between adults and
children. It can be seen that the physical and somatic disabilities are the ones with
the highest incidence, representing the target groups for the development of
rehabilitation devices.
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Figure 1.10. Number of persons with different disabilities/impairments

Furthermore, the same study [PDP 14] emphasises that the number of persons with

disabilities aged over 50 represent 66.34% of the total adult persons with
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disabilities, which underlines even more the necessity of technologies which can
contribute to the quality life increase of these persons.

The number of public institutions for social services (assistance) for the adults with
disabilities which are coordinated by the Ministry of Labour, Family, Social
Protection and Elderly through its Office for the Protection of Persons with
Disabilities reaches a total of 398 units out of which 342 offer permanent residency,
the rest being day care centres. Compared to 2013 there was an increase of 11 day
care centres, whereas in 2014 there were only 3 specialized centres for training
elderly people towards an independent life. Unfortunately, at the publishing date of
this study in Romania there existed no centre for neuro-rehabilitation and social
integration. All this data is alarming as the resources available for persons with
disabilities are clearly insufficient. Furthermore, Romania faces a crisis with the
medical personnel which often choose to work in other European countries for
better income and work conditions. This situation has to be changed and AgeWell
can bring an important contribution towards a positive evolution by providing
efficient and cost effective equipment which can increase the number of persons
that can benefit from neuro-rehabilitation.

Based on the statistical data which are supported also by doctor Dafin Muresanu,
the president of the Romanian Society of Neurology, in Romania annually over
65000 people have a stroke of which a third suffer a certain disability. For these
people, neuro-rehabilitation represents the best chance of partial/total recovery of
the deficits and their return to a normal life. Referring to the age, the statistical
studies demonstrate that the maximum incidence of strokes appear, in 75% of the
cases, after the age of 65, age which is associated also with a more difficult post-
stroke rehabilitation.

On the positive side the Romanian government acknowledged that actions must be
taken to prevent a social crisis which might appear in the next 10 years when the
increasing average age of the population will lead also to a higher number of strokes
and thus people that will need medical and rehabilitation care. Thus, for the next
period of technological development (2014-2020), Romania has defined healthcare
as one of the priority fields for research placing rehabilitation among the top
subjects of interest along cancer research.

On international level, reference is made to the documents which define the critical
domains where the development of robotics represents a necessity in the next
years. As in Romania, healthcare is among the most important areas where robotics
systems can enhance the level of medical care that can be provided for patients.
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With reference to neuro-rehabilitation the Multi-Annual Roadmap® shows an
increase in the implementation of robotic solutions which is however insufficient.
Their report makes reference to statistical data which forecast very important
demographics changes in the next decades. Nowadays the ratio between elderly,
retired people and the active (working) population is around 26.8% (one elderly
person for every four working persons) whereas in 2060 this ratio will increase to
52.6% (one elderly person for every two working persons). These demographic
changes will generate automatically modifications of the expenses in population
healthcare (higher number of pensions and people requiring medical services,
increased number of medical personnel and so on) which will put pressure upon the
economic development and sustainability of economies worldwide. Furthermore,
EUROSTAT studies shown that in 2011 20.5% of the elderly European population
(EU 27) live in poverty at the border of social exclusion (Bulgaria — 61.1%, Romania —
35.3%, Greece — 29.3%, Portugal — 24.5%, ltaly — 24.2%) which shows that a
decrease of the funding allocated for healthcare or an increase in the healthcare
costs, this category of people will suffer even more leading to economic crises which
will not be sustainable causing a domino effect with global implications. This data
demonstrates once more that reaction must be taken before it is too late.

The same European document, the Multi-Annual Roadmap?, points out the fact that
the utilization of robotic systems in post-stroke rehabilitation along other neurologic
pathologies (Parkinson, Multiple Sclerosis, ataxia) proved to have positive effects (in
many cases higher than traditional therapies). The same document illustrates also
some of the necessary characteristics of these robotic systems: sustainable
production costs, clinical validation, proper protocols for the evaluation of patients’
progress, large scale implementation strategies.

A Systematic Overview of the Critical Elements of a Robotic Assisted Rehabilitation
System

One drawback of the early rehabilitation systems refer to their closed and
independent loop control. In order to achieve better results the patient must
become an integral, active part of the system supplying real-time data that can be
used to adapt the robot behavior to the particular needs of each patient. Thus, a
generalized overview of the main components of an efficient rehabilitation system is
proposed.

% http://ec.europa.eu/eurostat/statistics-explained/index.php/Children_at_risk_of poverty or social_exclusion
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Figure 1.11. The conceptual overview of the robotic assisted rehabilitation system

A. The main components of the rehabilitation system

Figure 11 illustrates the main system components: Patient, Sensors, Medical

Personnel, Integrated interface, Robot controller and the Robotic system itself.
Patient: The patient becomes an active component of the rehabilitation
system supplying real-time data through the system of sensors. It also
receives continuous information from the integrated interface as additional
stimuli and motivation.
Sensors: The sensors are grouped in two main categories: the external ones
which monitor in real-time multiple relevant parameters: dynamic motion
amplitudes, electromyography, pulse, oxygen levels; the internal ones which
belong directly to the robotic system: encoders, inductive sensors for homing
and so on.
Integrated interface: represents the decision maker or the “brain” of the
system. Designed on multiple access levels (patient, physician, and engineer)
the interface allows the definition of personalized exercise plans combined
with different audio-visual virtual reality environments to stimulate the
patient neural activity on multiple levels. Within the interface patient data
must be stored (securely) enabling the continuous monitoring of the patient
progress on the overall and on specific exercises. This allows physicians to
personalize the rehabilitation process to achieve maximum results. Another
important aspect is that such systems are to be used in hospitals in the first
weeks after the incident after which the patient will be treated in specialized
centres or at home. In such cases the patient must be able to work daily while
being monitored from a distance.
Robot controller: contains the control architecture of the robotic system,
incorporating a real-time PLC, input output ports and drivers for the actuation
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system. The controller communicates directly with the Integrated interface to
load the desired motion parameters. The system must support multiple
working modes which range for the performing simple motions to assistive
ones when the patient will partially perform a motion with the robot being
just an aid.

Robotic system: represents the mechanical structure of the robot and the
actuation system. Using the data supplied by the controller the robotic system
will perform the actual motions upon the targeted patient limb.

Medical personnel: the rehabilitation process includes continuous patient
assessment from kineto-therapists and neurologists. However the system can
perform exercises, based on predefined protocols without their direct
involvement sending relevant recorded patient data at regular intervals or
warnings whenever a medical parameter exceeds its pre-set limits.

B. The bio-signals of interest in robotic assisted rehabilitation

To have an objective quantification of the efficiency of the robot-assisted
rehabilitation in stroke patients, several physiological parameters might offer
reliable guidance.

First, by using real-time heart-rate monitoring, one can fine-tune the intensity of
the applied forces and frequency of motion. If the paretic limb is passively moved,
venous return is enhanced, a higher volume of blood is sent to the heart, increasing
slightly the heart-rate. If the assistance is not entirely passive, but requires also the
patient to participate with his residual power during the exercise, the heart-rate
might show a further increase, and this should be monitored for example in the
condition of heart-failure and consecutive tachyarrhythmia, frequently a pre-
existing condition in stroke. If the applied forces are higher than tolerated or
required, the patient might experience a sympathetic overflow, having producing a
further increase in heart-rate, this being potentially a dangerous condition.

Along with the mobilization of venous blood, better oxygenation of the peripheral
tissue might occur, which can be easily monitored using pulsoxymetry. This is
beneficial for the paretic tissue, mostly from the point of view of maintaining a good
trophicity. Awareness should be imposed, if the preload increases significantly, a
degree of failure might be triggered by the exercise itself, which in turn decreases
the peripheral blood and oxygen supply.

By applying repetitive exercises, on one hand the mobility increases by passive
enhancement of the joint range of motion, on the other hand this can be increased
by the gradual return of the active movements of the patient. This effect is
objectively assessed by goniometry.

The residual forces are usually increased by exercises. A motor unit is composed of
the nerve terminal and the muscle fibres innervated by it. Motor unit action
potential recording, an EMG technique, monitors volitional muscle activity.

-24-



Individual fiber contractions are summed in a single potential and recorded as a
potential change either by using a needle electrode, or on the surface of the muscle.
The second method is not as precise, but is less invasive. By exercising, the
amplitude of the MUAPs shows a gradual increase, a good measure for the
efficiency of the rehabilitation method.

Besides the valuable information that is provided during the exercise times, as
rehabilitation is a very long time process the recording of the bio-signals data is of
critical importance to assess the patient progress, evaluate his active involvement in
the exercises and as the authors intent also to assess its mood. It has been shown in
numerous studies and synthetized in [VAI 17] that better results are obtained during
exercises when multiple stimuli are applied. However, each individual has different
perceptions about these stimuli and it is very hard to develop a solution that would
comfort everyone. Visual aids, like virtual reality or augmented reality can be useful
but depending on the patient background what can be very entertaining for a
person might have the opposite effect on another one. Also, it is well-known that
most stroke patients which suffer mild to severe limb control loss have a certain
level of depression. Why is this relevant? It has been shown [BAS 14] that an
uninvolved, bored, uninterested patient will benefit extremely less from the physical
exercises. This is why a long term analysis of the bio-signals, their variation during
exercises and their comparison with normal data will reveal critical information also
about the patient mental involvement in the process. Furthermore, referring to the
monitoring of the motion amplitudes a faster progress can be achieved by gradually
increasing the dynamic parameters (angles, speeds, number of repetitions) while
monitoring the other data to evaluate the patient response to the changes. As
severe affected patients might not experience any pain when a certain articulation is
stretched to its limits, the authors will attempt to detect it based on the combined
variation of the bio-signals and robot sensors information.

Prospective conclusions regarding robotic assisted rehabilitation

Robotic assisted rehabilitation is a critical field of research which will become
increasingly integrated as a common therapeutic practice in the next decade due to
the natural age shifting of the population, imposing a new paradigm, where the role
of the physical therapist will shift from the performing of the exercises with each
patient to the development, programming and setup of personalized treatment
plans for the post-stroke patients.

Due to the very large number of devices developed in research centres all over the
world some standardization must be achieved in terms of Human — Robot
Interaction strategies, patient progress monitoring and scoring.
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New Trends in Medical and Service Robots

In 2012 an ambitious idea arose in CESTER, based on all the work and achievements
in the field of Medical Robotics: the setup of an international event that would
gather scientists from all over the world that share a common passion for research
in the field of Medical Robotics.

This is how the International Workshop New Trends in Medical and Service Robots
was born and to my personal satisfaction it grew beyond our initial imagination. It
had travelled around Europe, growing from one edition to another and | hope it will
never stop:

2012 - Cluj-Napoca, Romania;

2013 — Belgrade, Serbia;

2014 — Lausanne, Switzerland;

2015 — Nantes, France;

2016 — Graz, Austria;

2018 — Cassino, Italy.
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Closing introductory remarks

All the research results presented in this thesis have been achieved within CESTER -
Research Centre for Industrial Robots Simulation and Testing under the scientific
coordination of Prof. Doina Pisla and Prof. Nicolae Plitea.

| will not state here the names of all the projects that have funded the research in
this thesis as | don’t consider them relevant in that particular way.

| will state that what is presented in this thesis in the result of the team effort, of the
struggles and dedication of a group of people, which slowly became from
colleagues, to friend and family and to all of them | express my gratitude and this is
dedicated to everyone who believes in me as a person and as a researcher.

| will also address my apologies towards everyone affected by this with respect to

the time | invested in research in the detriment of other things which one way or
another influenced their lives.
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Chapter 2. Surgical robotics and devices

“Whenever the art of medicine is loved, there is also a love of humanity.”
(Hippocrates)



A flexible multi-bend instrument for minimally invasive surgery

Without minimizing the exceptional benefits and progress in many surgical
procedures brought by the most advanced surgical robotic system, da Vinci, one
must also acknowledge some of its drawbacks [RAJ17]: affordability, use of
dedicated, expensive instrumentation, lack of tactile feedback and collisions
between the robot arms [MORO09]. Collisions between the robot arms are one of the
biggest problems in robotic surgery, as the surgeon cannot complete the desired
motion, the robotic arms can be damaged, and the increased surgical time. Many
authors proposed solutions such as planning simulation and supervision systems,
[ADHO03] or port preplanning [TREO7]. These collisions appear due to the fact that
the surgeon, sitting at the main robot console (figure 2.1) is trying to align the
surgical instruments tips would force the motion of the arms on intersecting
trajectories.

Independently
moving robotic
arms

Surgeon at
Console

Figure 2.1. The setup of the da Vinci robot in the operating room

One of the solutions to this problem is to increase the instruments flexibility so that
certain alignments could be done without actually moving the robotic arms. Of
course, this idea is not limited to the da Vinci robot, as it is equipment independent,
but this robotic system has been used in sufficient procedures to allow both
physicians and engineers to express documented opinions in its behalf. The classical
surgical robotic instruments have already a good dexterity as the instrument tip
allows complete orientations of the active tool (fig. 2.2). Furthermore, another
challenge in the design of tools for minimally invasive procedures, instruments that
are used inside the patient body, is the size versus complexity. Nowadays, the trend
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in MIS aims towards instruments of 10, 5 and 2 millimetres in which case adding a
function to a classical instrument becomes a real challenge. Up to a certain
dimension classical mechanical solutions can be used but beyond that point other
approaches are needed, e.g. the use of shape memory alloys, [DAG10]. Clarke makes
a critical survey in [CLAQ9] pointing out multiple aspects related to safety in surgical
procedures, one of them stressing the idea that high complexity instruments can
sometimes cause damage to the patient.

da Vinci Instrument with Articulated Tip

In articulated (wristed) instrument - -

rotating shaft by
hand rotates
the shaft,

-
but does not rotate the tip in expected
fashion without computer assistance

Figure 2.2. The dexterity of the da Vinci instruments with the articulated tip

Analysing the dexterity of the instruments one can easily compare it (as seen in
figure 2.2) with the one of the human wrist. However, in a given generic activity the
dexterity of the human arm is not solely determined by the wrist but by the entire
set of articulations between the arm segments. Taking this into account, instead of
criticising something that is good (the distal instrument wrist), one can attempt to
add to the instruments additional dexterity.

Thus an innovative modular solution is proposed, which transforms any classical
instrument into an articulated tool, and allows customisation based on the
procedure special needs. Besides that, the new concept proposes the use of
multiple curvatures (bends) which can prove very useful in MIS procedures for
avoiding frontal objects, to allow lateral approach and in SILS to set the tips of the
instruments apart. Used in a robotic setup the solution proposed reduces to a
minimum the collision problem by allowing the instrument tips to work close one to
another while keeping the robotic arms at a safe distance. The presented approach
provides a solution which offers multiple configurations without the need of
redesign [VAI11]. The new concept can be integrated in any type of instrument,
from classical manually handed ones, to the most complex instruments used in
robotic surgery.
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Figure 2.3. Classical MIS instrument Figure 2.4. Components of the
orientation module for the flexible tools

Design and dimensioning of the module

An example of a classical laparoscopic tool, manually operated, is presented in Fig.
1. It consists of 4 main parts (from the distal to the proximal end): 1 - distal head
(instrument tip), 2 - rigid rod, 3 - rotational knob, 4 - handle. The handle allows the
surgeon to perform the active function of the instrument: cutting, grasping,
clamping etc., while the rotation knob allows the orientation of the distal head
around its longitudinal axis, with 360° (free rotation).
In order to increase the dexterity of the instrument an orientation mechanism will
be added in the distal third of the rigid rod. As the instrument must also maintain its
stiffness the bending should be made between straight and bended for each
curvature, ensuring simplicity in both design and use.
The modular approach proposes the use of 3 different components which allow the
setup of multiple configurations, both in terms of bending angles and in number of
bends [VAI11]. These three elements are (fig. 2.4.): the end parts (a) (the module
extremities), the curvature change parts (b) and the intermediary parts (c). The
solution can be applied to multiple dimensional models of laparoscopic instruments
(10 and 5 mm in diameter) and allows the development of particular solutions,
without the need of redesign.
The dimensional parameters are generalised, as the user can select/set any desired
values, the final number of elements being imposed by these parameters. Each
module will consist of:

» two end parts, positioned in the extremities of the module,
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» a number of intermediary parts which depend on the desired curvature angle
for each bend of the module, and the inclination angle of the element surface;
» (optional), if more than one curvature is needed, the component (c)
presented in Fig. 2.4 will be used as an intermediary part to change the
curvature direction.
Theoretically, using a certain combination of the components (a, b and c¢) one can
achieve any orientation setup for the orientation module. For a surface angle of
a = 7.5° an example is proposed to demonstrate the possible configurations of a
module with two different orientations in opposite directions. The value of the angle
a will have a direct influence on the number of intermediary parts needed to
achieve a certain inclination angle and, of course, the thickness of the elements. Fig.
2.5 illustrates the dimensions for the elements:
» L-—the thickness of an element;
» d—the diameter of an element;
» a—the surface angle;
» B — the angle that determines the angle between two separate curvatures
(which normally is 180°), for other values B, the angle between the normal
planes of the inferior and superior surfaces of the element c.
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Figure 2.5. The general dimensions of the orientation module
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The proposed example will combine two bending in opposite directions, with angles
of 45° and respectively 90°. Thus, the orientation module will have four possible
configurations (in each bend the number of intermediary parts used will determine
the total angle), as shown in fig. 2.6:

» straight position (a);

> first curvature bent (b);

» second curvature bent (c);

» both curvatures bent (d).

4

e
=3

) d)
Figure 2.6. The possible configurations of the orientation module with two bends

In this way, during the procedure, the surgeon can select a classical approach or an
angular/lateral one, the fourth configuration being of great help when he needs to
avoid an obstacle situated in the instrument path. The bending/unbending of the
module is achieved by wires which are passing through each element and are
actuated: (I) by means of two circular knobs positioned near the instrument handle
to facilitate easy access for manual instruments, and (ll) by means of two motors
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which rotate two wheels on which the wire is positioned, for instruments used as
tools for surgical robots. A schematic representation of the cross-section through
the module is illustrated in Fig. 2.7, pointing out the functioning of the orientation
module presented as numerical example before.
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Figure 2.7. Wiring of the orientation module elements

In fig. 2.7 elements (1) and (10) represent the end parts, (4) is the curvature
modification part while elements (2) and (3), respectively (5) to (9) are intermediary
parts which generate the two bends. The wires (11) and (12), actuated by the knob
(16) are used to achieve the first bend, while the wires (13) and (14) together with
the knob (15) achieve the second bend. Each knob has to be rotated in the direction
of the bend and during the computation it is assumed that there is no slip between
the wire and the driving wheel. The only part with a slightly more complicated
design is the curvature switch part, see figure 2.5. Besides the normal through holes
for the cables it has two pairs of lateral holes used for the cables guiding. As one
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bend ends, a set of wires has the ends fixed in the first pair of holes, as seen in Fig.
2.7 on the part (4) while the second pair is used to pass the wires from the middle
channel to the lateral through holes. The length of the wires has to be determined
with respect to the dimensions of the module, number of elements and curvatures.
In order to establish some general calculation rules, all the dimensions have been
denoted as generic parameters, a general formula being obtained. The following
notations are introduced representing the geometrical parameters of the
orientation module:

n - total number of elements;

k - number of bends;

m; - number of intermediary parts for bend
D, - diameter of the circle on which the leading holes are placed on;
h - height of the fixing holes for the wire ends;

dy - the diameter of the driving knob.

The total number of elements can be written as the following sum:

uln,
’

YVVVYY

k
n=>m+2,+k, (2.1)

i=1

where: 2., represents the number of end parts, which is 2, and k. represents the
number of curvature switch elements. Considering that all the elements of the
module have the same surface inclination (a is constant), the angles for each bend
can be determined as follows:

¢=2-a-m (2.2)

In the straight/non-actuated position (fig. 2.6-a) the lengths of the wires on each
side of the orientation module are respectively equal namely the lengths of wires
(11) and (12) and correspondingly (13) and (14). The following notations are
introduced:
» I - the length of the wire on the inner curvature side for bend
» I;,- the length of the wire on the outer curvature side for bend “j”.
Without any simplification hypothesis or influence on the calculus accuracy, the wire
lengths are computed from the first module element onward, eliminating the length
between the module and the driving knob, which is constant and will be separately
determined. Thus, for the segment which is measured from the orientation module
towards the distal head (active tip) of the instrument, the wire length is:

e,
1

k
l=l,=L-Y> m+1,+k, +h+D, (2.3)

i=1
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Taking into account that the length of the wires used for the bend is not
influenced by the state of the previous segments (as the wires pass through the
centre holes of the elements), the equations which define the variation of the wire
length for the inner and outer side of the bend “i” are:

I, =l,—(m,+1)-D-sin(a) (2.4)

lgct

by =l,+(m,+1)-D-sin(a) (2.5)

Taking into account that for the successful achievement of each curvature (bend)
the actuation knob will be rotated with 90° (suggesting also the on/off positions),
the diameter of the wheel on which the wire is winded on, can be calculated:

4-(m;+1)-D-sin(a)

d = (2.6)
T
ad
% wire 1
— 30—~
-
wire 1+2
-
4
4% wire 2
|

tot

Figure 2.8. Wire length for the segment outside the orientation module

For the second segment, used to determine the length of the wire outside the
orientation module, as shown in fig. 2.8., the following equation can be written:

o :z-{/mt —d+d-cos(%ﬂ+%d (2.7)

Thus, the total length of the actuation wire for each bend is:

oo e +2-1, (2.8)

tot,=' out;
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Workspace analysis for different surgical tasks

The equations which characterise the orientation module have been described for a
general case having “i” bends but even though, at least theoretically any number of
bends can be achieved, two bends are generally sufficient in order to satisfy the
surgeon’s needs. The first bend is useful when a better approach must be attained
towards a certain surface, or when the instruments have to be set apart, generally in
SILS procedures. The second bend is very useful when an object must be avoided
without putting any pressure or it. Having the two bends in opposite directions (180
degrees rotated) a bend in the same direction can be achieved for both the left hand
and right hand instrument, following a lateral approach. A study is proposed
analysing the instrument reach in different situations, to establish the performance,
or the added value which the orientation module brings for the surgical act. This
study assesses the benefits of the orientation module compared to a rigid classical
instrument in three different medical (surgical) tasks:

» touching/palpation - the instrument must be able to touch a given surface;

» grasping - the instrument must touch the surface under an angle of at least

45°;

» cutting - the instrument must touch the surface under an angle of at least 60°.
For the first task, only the capability to reach a certain point in the surgical field is
studied. For the second one when a tissue must be grasped, a supplementary
constrained is imposed (in terms of the allowed contact angle between the
instrument and the tissue surface) which is increased even more in the third case
when cutting/dissection must be applied. Considering that the perfect contact angle
is 90°, a limit value of 45° is imposed for grasping to avoid a superficial contact and
60° to prevent the cutting of the tissue in an unwanted direction, as shown in
[SUC11]. Figure 2.9(a) illustrates the range of motions of a surgical instrument in
minimally invasive surgery. Actuated by the motions of the surgeon hand, the
instrument has 4 DOF, one translation along its longitudinal axis, and three
rotations, which are achieved with respect to the entry point (Remote Centre of
Motion) in the body. In order to study the workspace of surgical instruments
properly, there are several constraints that must be taken into consideration:

1. the instrument must always pass through a fixed point in space (the insertion

point —the Remote Centre of Motion), denoted here with B;

2. the angle between a normal axis on the insertion surface and the instrument

must not exceed 60°;

3. denoting with A the outer extremity and with E the tip of the instrument, the

following restrictions apply: AB 2 50 mm and BE > 80 mm, which are imposed
by the dimension of the trocar”.

! The trocar is a medical device through which the instruments are inserted inside the human body, having a double
purpose of protecting the tissue walls against the motions of the instrument and for maintaining the gas used for
creating an empty cavity where the instruments can move on top of the surgical field.
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Figure 2.9. The mobility degrees (a) and the total workspace (b) for a classical surgical instrument

The workspace analysis is made starting from a general view, detailing then the
differences between the three studied actions. Figure 2.8(b) shows the general
workspace of an instrument, pointing out the constraints imposed. The insertion
point B is marked on the figure to illustrate the reachable area of the instrument.

A discussion regarding the empty volume below point B is presented in [VAIO9]
denoting the remaining volume with “active workspace”. This is due to the presence
of the trocar, through which the instruments are inserted. An instrument cannot be
used when its distal end is situated inside the trocar, a comparison between the
total workspace and the active one being presented in [GHE10]. The study proposes
the assessment of the following aspects:

» The workspace gain between classical MIS instruments and the ones that use
the orientation module;

» The influence of the instrument total length upon the workspace gain;

» The workspace variation due to the value of the bend angles;

» The influence of the module position with respect to the distal end of the
instrument.

In order to achieve the study, the following numerical data is used, illustrating the
instrument parameters in Fig. 2.10:

» A fixed coordinate system OXYZ is introduced, representing the surgeon
position, considering the OZ axis vertical, oriented upwards; the OY axis
represents the left/right positioning of the instrument, while the OX axis is the
extension/retraction of the instrument; the O value for the vertical axis is
considered at the level of the operating table;

» The coordinates of point B: Xg = 500 mm, Yz = 0 mm, Zz = 300 mm; They
represent a possible configuration of the insertion point inside the patient
body of one of the instruments, having a height of 300 mm (the average
height of the body of a normal 80-90 kg person), and a distance of 500 mm
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with respect to the surgeon; The values themselves do not influence the
overall quality of the results but enable a numerical study;

» The values are selected to define the length of the instruments h; = 350 mm
and h, = 450 mm in accordance with existing surgical instruments; The longer
instruments are used in special cases, but in order to enable a proper
comparison between figures, the point B was kept unchanged thus allowing
the longer instrument type to reach negative values;

» The orientation module is positioned proximal to the distal end, representing
the last part of the instrument;

» The length of the orientation module is | = 50 mm, with the first bend at
l1, =20 mm;

» The instrument tip is denoted with E for both instrument types;

» The point G is introduced representing the origin of the orientation module,
meaning that the segment AG represents the rigid part of the instrument;

» The orientation module has two bends, for the first curvature two angles are
chosen, a;, = 45° and a,, = 60°, for the second one a bend of 90° is imposed,
in the same plane with the first one, in opposite sense;

» Between the last element of the module and the distal end of the instrument,
a length |, is introduced, with two values: l.; = 15 mm (for the case when the
orientation module is near the instrument tip) and I, = 50 mm (when the
orientation module is situated at a certain distance with respect to the
instrument tip).

In [VAIO9] and [GHE11] the workspace was generated by calculating the coordinates
of the instrument tip based on the achievable positions of point A, which proved to
supply an un-uniformly distributed set of points with negative consequences upon
the workspace representation. The explanation for the different view of the point
cloud is the following: when one uses the direct kinematic model to compute the
positions of the end-effector (the instrument tip), within the active joints that
determine the motion of the end-effector constant increments will be used which
will reflect, normally, into an uneven distribution of the point cloud which will be
more sparse as the instrument tip will be further away from the entry point. So,
because in this study the interest is to study and compare the volume covered inside
the body by different instrument configurations, another approach will be used: an
initial volume which surely integrates the real instrument workspace is considered.
By using a constant increment, each point is verified to supply valid positions of
point A. Thus, the workspace is achieved by eliminating the invalid points from the
initial considered volume. Analysing the shape of the instrument workspace
presented in Fig. 7, and taking into account that no restrictions are applied for its
motion, the comparative analysis can be achieved by studying the workspace
section view by a plane which contains the symmetry axis of the volume, namely the
vertical axis which passes through point B. The simplest way to achieve that is to
consider the X coordinate fixed, XE = XB = 500 mm. By this simplification, no points
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are lost, but the computation time is significantly reduced. In order to determine the
workspace, the coordinates of point E are considered known, and by computing the
corresponding point A these positions are validated, based on the following
equations:

I, =\/(YB V.Y +(Z,-2.) (2.9)

The orientation of the instrument is determined by two angles, ¢ and O:

2 2
¢ =atan2 \/(XG_XB) %) ,ZB_ZG (2.10)

/ /

BE BE

O =atan2(Y,—Y,, X, — X;) (2.11)

where |8| = 0 because of the restriction XE = XB, but the angle cannot be eliminated
from the equations, as its sign changes with the relative position between YE and
YB. For the classical, rigid instrument, the equations that characterise the
coordinates of the instrument tip are:

X, =X, —h,-sin(¢)-cos(0)=0
Y, =Y, —h,-sin(¢)-sin(8) (2.12)
Z,=Z,+h -cos(g)

Due the condition imposed for the X coordinate, the following equations are
presented with only the coordinates of Y and Z. The four possible configurations of
the instrument with the orientation module determine four locations of point E for
each point A. As the first one is similar to the rigid instrument, only the later three
are calculated and the new points saved. Two vectors are introduced:

a[3]=[0 1 1]
{az[s]:[l 0 1] 243

where a; and a, are the two bends, value 0 representing the non-actuated state and
1 the actuated state. Knowing the coordinates of point E from the non-actuated
state of the two bends, the coordinates of points A and G are easily computed:

{YA =Y, —h,-sin(¢)-sin() (2.14)

Z,=2Z,+h,-cos(¢)
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(2.15)

{YG =Y, —(/,+1)-sin(¢)-sin(0)

Z, =2, +(I,+1)-cos(¢)

In order to have a clear view on the equations used to compute the workspace for
the instrument with the orientation module, the following notations are used:
» G; and G, - the centres of the last modules for each bend;
» j-theindex for each of the three possible module configurationsj=1, 2, 3;
» k- the index for the face inclination angle for the first bend, as in the calculus
two different values are used (45° and 60°), withk =1, 2;
» sgn - the transport variable for the sign of sin(8), being 1 for sin(6) > 0 and -1
for sin(B) < 0.
Using the above notations, the length of the first bend can be determined based on
the inclination angle and the actuation state:

d- S ifalj]=0
aOl
GG, = 2.16
. d-sin(azlkj- 1a /fa[j]=1 (2.16)
tan(”lj
2

\

Using (2.16) the coordinates of the point G; can be calculated with the equation:

Y. =Y_+GG, -sin(¢, )-sin(&
. =Yer GG, sin(g) in(0) .
Z, =Z,—GG,-cos(¢,)
Where the angle ¢, is equal with:
A
¢1:¢+al[/]-71k-sgn (2.18)

Using the same approach the coordinates of the point G, can be calculated as shown
in the next equations, determining first the actuation state and the bending angle:

d.- % ifa[j]=0
aOZ

GG, = 2.19
2 d-sin(% ( )
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¢, =¢+sgn(al[f]-alk —02[/']-%) (2.20)

¥s, =Ye, + GG, -sin(4; ) -sin() (2.21)
Zs, =25 — GG, 'COS(¢2) |

Having computed the coordinates for the point G2, the coordinates of the
instrument tip, E, can be calculated:

Y. =Y, +(d+le,;)-sin(g,)-sin(6)

J

Z, =Z; —(d+le;)-cos(g,) (2.22)
Where the angle ¢ is calculated with the equation:
¢, =¢+sgn(al]/j] oy —a2[j] a,) (2.23)

Equation (2.22) defines the positions for the instrument tip in the four considered
configurations. Figure 2.10 illustrates the four possible positions of the instrument
equipped with the orientation module. In the figure the four possible configurations
were denoted with pairs of 0 and 1, 0 standing for the non-actuated state while 1 is
for the bent state for each curvature. Thus result the four possible configurations (0O,
0), (0, 1), (1, 0) and (1, 1) with (0, 0) representing the instrument in pure linear
position with both curvatures non-actuated. This configuration must be used when
inserting the instrument inside the body.

[mm]
300 |
250 |
200
150 -

_ @ i : Fixed point B (XB, YB, ZB) :
100 - : N B S m@m I nstrument in (0, 0) configuration |
/ @ Instrument in (0, 1) configuration
5O beeeee ___________ _____________ ___________ m@mm [ nstrument in (1, 0) configuration

Instrument in (1, 1) configuration
i i i i i i i j

-350 -300 -250 -200 -150 -100 -50 0 [mm]
Figure 2.10. The four possible configurations of the two bends orientation module
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Numerical analysis for the first case, of touching/palpation

In order to assess the performance increase of an instrument equipped with the
orientation module with respect to a rigid one the workspace gain has been
analysed. Three simulation parameters were considered as variable, as presented
above: the length of the instrument tip, the angle of the first bend and the overall
length of the instrument. Having two values for each parameter, a total number of 8
runs were performed, based on an algorithm implemented in MATLAB. By using a
section view representation, in a OYZ plane, at XE = 500 mm the workspace of each
configuration can be represented on the same graph, together with the classical
instrument workspace allowing a better view of the gains in different scenarios. The
results are graphically presented in two representations, the first one showing the
areas covered by the classical instrument and the one with the orientation module
and the second one showing the contours for each instrument configuration. The
gain is determined analytically by computing the ratio between the two areas of the
graphic, as shown in the table.

[mm]
3507

300F gl ey
250k <

200
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100,

50 -
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=
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-300 -200 -100 0 100 200 300[m -300 -200 -100 0 100 200 300 [mm]
Figure 2.11. Graphical comparison for case 1 Figure 2.12. Graphical comparison for case 8
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Figure 2.13. Workspace contours for the first case for touching/palpation
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Table 2.1. Numerical results for instruments assessment for touching/palpation

No. | [, [mm] a,[’] ITmm] Area increase | Working area [mm?]
1 15 45 350 24.79 % 1.50-10°
2 50 45 350 44.68 % 1.74-10°
3 15 60 350 27.90 % 1.53.10°
4 50 60 350 49.32 % 1.79-10°
5 15 45 450 18.90 % 242.10°
6 50 45 450 34.09 % 2.73-10°
7 15 60 450 21.33% 2.47-10°
8 50 60 450 37.66 % 2.80-10°

Numerical analysis for the second case, of grasping

The angle between the instrument and the contact surface must be over 45° for the
second case, where the grasping operation is assessed. The geometrical parameters
for the instruments are similar with the ones used in the first case. Figure 2.14
presents a comparison between the contours of the areas covered by the rigid
instrument (similar to the (0, 0) configuration) and the instrument which uses the
orientation module having the following parameters: le = 15 mm, a; = 45° and | =
350 mm. Two additional graphical evaluations are presented with respect to the
areas covered by the two types of instruments (Figs. 2.15 and 2.16) for two different
combinations of parameters. With respect to the first case one can observe that the
field of operation for the (0, 0) configuration becomes narrower and the gain
generated by the orientation module increases. This is also reflected in Table 2
which shows the complete set of numerical determinations for the workspace
comparison between the two types of instruments.
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350 —

a0 - T T =
201 S e =

200~

150 -
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o - s =

50 L1 I I I I I
-300 -200 -100 0 100 200 300 [mm]

Figure 2.14. Workspace contours for the first case for grasping
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Figure 2.15. Graphical comparison for case 1 Figure 2.16. Graphical comparison for case 7

Table 2.2. Numerical results for instruments assessment for grasping

No. | [, [mm] a,[’] [Tmm] Area increase | Working area [mm?]
1 15 45 350 67.22% 1.50-10°
2 50 45 350 93.88% 1.74.10°
3 15 60 350 71.39% 1.53-10°
4 50 60 350 100.01% 1.79.10°
5 15 45 450 59.27% 2.42.10°
6 50 45 450 79.53% 2.73.10°
7 15 60 450 62.45% 2.47-10°
8 50 60 450 84.30% 2.80-10°

Numerical analysis for the second case, of cutting

The third task chosen for evaluation represents the most complex task, as it refers
not only to the contact with the human tissue, but also to its alteration. The
dexterity of the instrument is critical in this case to provide maximum handling
comfort for the surgeon. Continuing the numerical experiments, Fig. 2.17 presents
the contours which define the workspace for each instrument configuration, using
the same parameters as in the first two cases: le = 15 mm, a; = 45° and | = 350 mm.
Figure 2.18 illustrates the comparative areas covered by the classical instrument and
the one with the orientation module using the following parameters: le = 50 mm, al
= 60° and | = 350 mm. In both numerical cases it is clear that one of the
configurations, (0, 1) corresponding with the bending of the instrument head at 90°
has no points that would fulfil the imposed condition. Figure 2.19 presents a
comparison between the computed areas (marked with cyan or light colour if
printed in grayscale) and the contours given by each configuration to illustrate the
computational precision of the calculated areas. In Table 3 are given the data
obtained for all the numerical simulations for the third studied case.
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Figure 2.18. Graphical comparison for case 1 Figure 2.19. Area calculus example

Table 2.3. Numerical results for instruments assessment for cutting

No. | [ [mm] a,[’] I[Tmm] Areaincrease | Working area [mm?]
1 15 45 350 91.86% 1.52-10°
2 50 45 350 82.63% 1.09-10°
3 15 60 350 93.53% 1.16-10°
4 50 60 350 84.62% 1.10-10°
5 15 45 450 93.35% 1.96-10°
6 50 45 450 85.84% 1.89-10°
7 15 60 450 94.83% 1.98-10°
8 50 60 450 87.40% 1.90-10°
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Discussion

Due to the fact that for each (0, 0) configuration the orientation module provided an
additional three tip orientations it was clear for the beginning that there will be a
certain workspace increase but the real question is how much is that gain and how
useful will it be for the surgical procedures. Table 2.1 with the numerical data for the
first case, touch/palpation reveals an average gain of over 25 % in workspace with a
maximum peak of 49 % for the fourth set of numerical data. Even though the gain is
considerable, the rigid instrument can satisfy pretty well the requirements of the
task. Switching to the second case, there is a dramatic change with respect to the
workspace covered by each type of instrument, the one equipped with the
orientation module having gains with an average of over 70 % and a peak of 100.1 %
registered again in the fourth data set. The second critical aspect that has to be
pointed is that comparing the areas covered by the instrument with the orientation
module there is no shrinkage, which means that more procedures can be easily
executed in the entire surgical field. The third set of numerical data, Table 2.3,
reveals higher gains in workspace for the instrument with the orientation module
with an average of over 80 % and a peak of 95 %. Here as it can be seen in Fig. 2.17
one configuration has no valid points in the workspace. This is due to the fact that
this configuration (where the instrument tip is bent at 90 % with respect to the rod)
is suitable for lateral approach. Figure 2.20 underlines this aspect showing the
lateral approach ability for the instrument with the orientation module. An
important fact is that there are no valid points for the (0, 0) configuration which
means that classical instruments are not suitable for this approach.
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Figure 2.20. Workspace contours for lateral approach using the orientation module
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The use of an orientation module for instruments in robotic assisted procedures can
reduce the collision problems allowing the left and right instrument tips to work

close

one to the other while keeping the robotic arms apart. Analysing the gain

obtained for different instrument lengths it can be concluded that the gain increases
for shorter instruments and for larger angle values for each bend. In terms of
instrument tip length, for the first two cases a longer tip means higher workspace
gain and for the third one the opposite. The numerical data points out that while
keeping the solution very simple several configurations can be set up to provide
optimal tools for different tasks (figure 2.21).

AR

Figure 2.21. Different instrument configurations integrating the orientation module

The numerical results point out several key aspects with regard to the use of the
orientation module for surgical instruments:

v

v

The workspace of the instrument is very wide for any type of approach which
reduces the need of supplementary incisions during complicated procedures;
The instrument provides better ergonomics for the surgeon with positive
effects upon the patient safety and procedure duration;

The instrument provides lateral approach which eliminates the need of new
incisions for those specific areas;

The orientation module is completely modular, the computational tools
enabling the definition of any configuration without the need of redesign;
From the economical point of view the existence of a single solution usable in
a wide area of configurations while keeping a very simple structure provides
the necessary means for developing affordable, cost-effective solutions;

The orientation module can be integrated in surgical instrument in different
locations and using single module a lot of useful instrument configurations
can be obtained, as illustrated in Fig. 2.21.
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A demonstrative experimental model of the orientation module

Figure 2.22. The components of the mechanism  Figure 2.23. Manufacturing of the experimental
model

Figure 2.24. Module in the straight position Figure 2.25. Module in the straight position —
details of the components and bends

Figure 2.26. Module with first bend actuated Figure 2.27. Module with first bend non-
and second one straight actuated and second one actuated
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Figure 2.28. Module with both bends actuated  Figure 2.29. Module with both bends actuated
— lateral view
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A simple spherical mechanism for robotic assisted surgical applications

The following kinematic scheme which is illustrated in Fig. 2.30 presents a classic
spherical robotic arm with three active joints:q4,9,,03 .The first motor achieves the
rotational motion around the X axis, the second one achieves a circular
displacement along a curve of radius R while the third motor achieves a linear
displacement along the radius of the sphere. Considering a combined motion
between these three motors, the instrument tip can reach any point of the surgical
field. Besides its kinematic simplicity, this structure presents another characteristic
that in its fixed coordinate system the “virtual” fixed point is always the same: B(R,
0, 0), where R is the radius of the sphere.

W

Figure 2.30. The kinematic scheme of the robotic arm
Geometric Modelling

For the geometrical modelling of the robotic arm, a fixed coordinate system OXYZ is
defined with the origin in the centre of the first active joint and the positive
direction of X towards the centre of the sphere as it can be seen in Fig. 3.
The following parameters are known for the geometric modelling of this structure:

» The radius, R of the mechanism;

» The length, h of the endoscopic instrument;

» The coordinates of point B, which can be defined with respect to OXYZ

coordinate system, B(R,0,0).

With respect to the fixed coordinate system, the following matrices are introduced:
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Rotation around the X axis with q;:

1 0 0
Rx_g,=|0 cos(q,) —sin(a,)|- (2.24)
0 sin(g,) cos(q,)

Rotation around the Y axis with q,:

cos(g,) 0 sin(q,)
Ry_q,= 0 1 0 . (2.25)

—sin(g,) 0 cos(q,)
Translation on the Z axis with —qgs-h:

0
Tz_—-q,—h=| 0 | (2.26)
—q,—h

The authors have adopted the XY Euler convention for the rotational matrices which
has led to the following data:

Rotation around the X axis with  :

1 0 0
Rx_y=|0 cos(y) —sin(y)|. (2.27)
0 sin(y) cos(y)

Rotation around the Y axis with @:

cos(6) 0 sin(0)
Ry 6=| o 1 o | (2.28)
—sin(0) 0 cos(0)

Where the two angles i and @ have the expressions:

w=atan2(Y, -Y,,Z, - Z;). (2.29)
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{ (ZB_ZG)]
O=atan2| X, - X_,~2 =6/ |, (2.30)
cos(y)

Replacing the coordinates of the point B with the known values, it results:

w =atan2(Y,,—Z;). (2.31)
0:atan2(R—XG, ~Zs ] (2.32)
cos(y)

The inverse geometrical model

In the case of the inverse geometrical model, the parameters of the structure and
the coordinates of the instrument tip (point G) are considered known and the
coordinates of the active joints q4,9,9; should be determined.

Using equations (2.24) — (2.32) it results:

q, = atanZ(sin(y/)-cos(Q),COS(V/)‘COS(Q))

q, :atan2(sin(6’)-cos(ql),cos(l//)-cos(@)). (2.33)
g, =R—(h—h,)
Where:
hy=(Xo—R) +¥.2 425 (2.34)

The direct geometrical model

In the case of the direct geometrical model, the parameters and the position of the
active joints are known and the coordinates of the instrument tip must be
determined.

The expressions for the angles  and @ are determined using the known values of

g; and q;:

1//:atanz(sin(ql),cos(ql)). (2.35)
6 =atan2(sin(q,),cos(q,))- (2.36)
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The length of the instrument situated inside the patient body is:
h,=q,—R+h. (2.37)
Using the known coordinates of point B, it results:

X;=X,—h, -sin(q,)
Y, =h, -sin(q,)-cos(q,) . (2.38)
Z;=—h,-cos(q,)-cos(q,)

Workspace Analysis

For the generation of the robot workspace, the following parameters have been
used with the values below:

e Radius R=300 mm;

e Instrument length h =270 mm;
The workspace of the structure is illustrated in Fig. 2.31. In addition, a schematic
representation of the robot dimensions for the arm is also illustrated, to suggest the
ratio between the dimensions of the structure and the achievable workspace. The
condition that must be imposed in order to have a functional solution, is R>h
meaning that the radius of the structure must be greater than the instrument length
so that the system is capable of insertion and extraction of the instrument from the
surgical field.

Z [mm]

200

Point B

100

-100

-200

200

300

-10 200 X [mm]

-200

Figure 2.31. Theoretical maximum robot Figure 2.32. The robot workspace restricted by
workspace the surgical conditions

There are a set of conditions [PIS10] imposed by the surgical act such as:

-53-



v' The laparoscope should be inside the patient at least 50 mm, due to the
thickness of the skin;

v' The angle between the laparoscope and the normal axis to the patient skin
should not exceed 60° (Fig. 2.32).

Another very important aspect that needs to be taken into consideration is the
precision in positioning of the robot. This can be studied in terms of capability, by
determining a relation between positioning precision of the actuators and the
motion of the instrument tip. Considering a variation of 1 displacement unit
achieved by the actuator, in Fig 2.33. can be seen the uniform radial precision
variation which decreases with the distance increase with respect to point B. The
proportionality between the motions of at the actuator level and the end-effector
displacement is maintained below one and with no sudden changes in its value. As
the value of the proportionality factor is below one, the positioning precision of the
instrument tip will be always higher than the actuator increment, and it can be
stated that the mechanism has a very good precision level in any point of the
workspace.

Figure 2.33. Precision mapping of the robot
Kinematic model and singularities analysis of the spherical robotic arm

The kinematic model is solved with the equations which characterize the
relationship between the active coordinates and the ones of the instrument
tip(point G). Those equations are used as input data for the solving of the model.
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sin(q,) v,

fila,,Ys,Z5) = +-6 -0
1\Y1, 76,46 COS(ql) Z.
£09,,9,,X,,2,)=

sin(q,) X, 2.39)

= +cos(q -0

cos(q, ) (a,) ]

£50a5,X6,Y5,25)=q;, —R+h—h, =

Using the above system of equations, (2.39), the Jacobi matrices are determined.
Matrix A is presented in (2.40) :

1 Y
e
ZG ZG
cos R—X
A=|— (a,) 0 —cos(q,) ——=2 (2.40)
ZG ZG
R—X, -, -7,
hl hl hl
And the Jacobi matrix B is presented in (2.41):
1
. 0o 0
cos’(q,)
- X 1
B=| —sin = 0 2.41
(1) 7" @) (2.41)
0 0 1

Singularities analysis

With the Jacobi matrices taken into account, the singularities of the spherical robot
can be studied and based on eq. (2.40) the determinant of matrix A is:

det(A):Cos(g#

G

(2.42)
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Three cases of singularities can be distinguished:

T . ,
1. g, :i? This corresponds to the case where the robot arm is located

horizontally on any of its sides, a position that can never be attained in
the applications. In this case point G would be situated in the OXY
plane with Z=0, which represents the boundary of the workspace.
Analysing the above figure 2.33 it results that these points are outside
the robot workspace.

2. h;=0. From the equation 2.34. it results thatG =B. In this case, when
the tip of the instrument is located in the centre of the sphere, the
modification of values of q; and q, is irrelevant because the position of
the instrument remains the same. This means that after the
instrument insertion with the initial orientation defined, only g3
requires actuation in order to insert the instrument inside the patient.
But this situation is a boundary one and during a medical procedure,
the instrument will never reach point B.

3. Zs = 0. This case refers again to the boundary surface of the robot
workspace and it results to be outside the operational robot
workspace.

The determinant of matrix B is:

1
cos’(q, )-cos*(q,)

det(B) = (2.43)

Two cases can be distinguished:

1. g, =x—. This corresponds to the first case analysed for matrix A.

2. g,=*—. The same situation is created when the second actuator

N[N NN

reaches the extreme positions that place the tip of the instrument on
the OXY plane at Zg=0.

With the above singularities presented and analysed it can be concluded that there
are no singular points in the operational workspace of the robot. Still one should be
careful during the instrument insertion procedure as the coordinates of g; and q,
must be correctly defined before introducing the instrument inside the patient.
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The kinematic model of the robotic arm

The derivatives of the two Jacobi matrices lead towards simple expressions. The
derivative of matrix A is:

0 Zy 2:YZ,-Z,-Y,
Z, Z,
A=| AA, 0 AA,, (2.44)
AA, AA, AA,,

Where:

_sin(q,)-G,-(R—X,)+cos(q,)-Zg

AA . =
21 Zé
B sin(g,)-4, (R=X;)+cos(q,)- X, .\ 2-cos(q,)-(R—X;)-Z,
23 T 2 3
ZG - . - ZG
by (Xs—R)-Xs+Y, Y, +2,-2Z,
=
h
.t (2.45)
h - X, +(R—X;)-H,
AA, =— -
hl
h-Y.+Y.-H
AA32 _ 1 G . G 1
hl
aa =Pz +Z Hy
hl
The derivative of matrix B has the expression:
2sin(q,)-q, 0 0
3
cos’(q,)
) 2sin ¥
B=| BB, M 0. (2.46)
cos’(q,)
0 0 0
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Where:

BB, = cos(q,)-4y (R —ZXG)+Si“(q1)‘XG + s‘”(ql)'(;— Xs)-Zs (2.47)
G G

The notations (2.48) are introduced:

X:[XG Y ZG]T;XZ[XG YG ZG]T
X=[%, v, 2]

T - ) . .7 (2.48)

Q:[Ch q, q3] ;Q:[ql g C]3]

Q= [ql ijz da ]T

Using (2.44-2.48) the direct (2.49) and inverse (2.50) kinematic models of the
spherical robot are determined:

X=-A"-B-Q )’(:—A—l(A-X+B-d+B-Cz) (2.49)
Q=-B"-A-X; Q=-B"(B-Q+A-X+A-X) (2.50)

With the same input data for the sphere radius and instrument length, a trajectory
simulation was made to study the behaviour of the robot. The trajectory is a straight
line in space which forces the robot to travel the workspace from one side to
another. The motion is clearly larger than usual commands given in medical
applications but it is more suitable for the study of the robot capabilities and
behaviour.

The input data for the simulation is:

Xoime =216.96mm; X, ., =240mm;
Yoimie =—21.46mm; Y. . =50mm,;

2.51
ZGinit = _58'96mml ZGfinal = _150-75mm' ( )

v...=10mm/s;a_ =5mm/s’.

max
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Figure 2.34. Time history diagrams for driving coordinates, velocities and accelerations

Displacements, speeds and accelerations at the level of each individual actuator are
presented in Fig. 2.34. The total computational time of the trajectory was 0.06 s
(0.000184 s for one set of points) on a Intel Quad Core 2.66 GHz, showing the real-
time behaviour capabilities of the developed mathematical model.

Robot Adaptability in Different Minimally Invasive Medical Scenarios

Due to the architectural properties, the spherical robotic structure can be used in
different scenarios without any alteration or modification to the kinematic
complexity [VAI12a].

I. Laparoscope / instrument holder

The simplest task that the robot can achieve is the one responsible for the
laparoscope holder (Fig. 2.35). In this case, the system aids and assists the surgeon
by positioning the endoscopic camera at his command.
This configuration can also be used in other minimally invasive scenarios where the
only condition is the presence of the fixed point in space.
In this case, the robot has applications in;

» Biopsies prelevation in interventional medicine;

» Needle positioning in deeply located tumours for brachytherapy;

» Exploratory investigations for patients whose condition may endanger

the authorized personnel.
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Figure 2.35 One robotic arm functioning as a laparoscope holder for minimally invasive surgery

Il.  Surgical system with 3 or 4 individual arms

The second configuration (Fig 2.36) can be obtained with no structural modification
and represents a surgical system with three or four arms: one for the laparoscopic

camera, two for the main surgical instruments and an optional arm for side tasks
such as: suction, internal organs displacement etc.

Figure 2.36. Four robotic arms functioning as a robotic system for minimally invasive surgery
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lll.  Robotic arms with multiple instruments for SILS

The most difficult task for surgical systems is the achievement in manipulation of
surgical instruments in a confined space imposed by the SILS procedure. As it can be
seen in figure 2.37 in the SILS procedure, a multilumen trocar is used through which
all the instruments are introduced. For this robotic structure this can be
transformed into an advantage because it can be interpreted that all instruments
converge towards a point situated along the longitudinal axis of the endoscopic
camera.

Figt:r:; 237 Robotic arm configured for SILS
This configuration is achieved by taking into consideration the following criteria:

v Because of the confined space, the motion of the camera generates the
motion of the instruments.

The instruments intersect inside the trocar and they cannot crossover the
laparoscopic camera.

The instrument length is the same, or in a close range.

The robot can manipulate the instruments over the head.

Only three instruments can be manipulated.

The endoscopic camera is always kept in the middle.

<\

AN NN
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Chapter 3. Robotic systems for brachytherapy

“The good physician treats the disease; the great physician treats the
patient who has the disease.” (William Osler)



Brachytherapy — evolution and current limitations

Needle placement techniques cover a wide area of medical applications, where the
task can be described, in a very simple way, as the insertion of a needle (fig. 3.1) on
a certain trajectory, from outside up to a target point situated in the patient body.
Needle placement covers applications like biopsies, fluid extraction from internal
organs (cardiac tamponade, lungs) or placement of radioactive seeds in different
body organs in minimally invasive cancer therapy [STR11, BOC08].

Figure 3.1. Different needles for medical applications

In [STR11] it is shown that a robotic device enhances the needle placement precision
beyond the natural human capabilities. This is, on one hand because a device
holding the needle is much steadier than the human hand and, on the other hand
such a device can use additional information like force measurement, real-time
visual monitoring and motion scaling.

Classification of malignant tumours

A very important aspect in the management of cancer (malignant tumours) is the
staging of the disease, whereas different therapeutic decisions should be considered
based on the survival chances, body frailty and available clinical trials. One of the
worldwide recognized such staging systems is the TNM Classification of Malignant
Tumours, which was developed by Pierre Denoix over a period of 10 years (1942-
1953) [DEN46]. The TNM Classification is continuously updated by the Union for
International Cancer Control (UICC) [BRI17] and currently it holds specific
classifications for each solid tumours (as it is not applicable to leukaemia and
tumours of the central nervous system). Specifically, the TNM Classification has the
following codification:
» The letter “T” characterizes the size and extent of the main (primary) tumour;
» The letter “N” describes the number of nearby lymph nodes that are affected
by cancer;
» The letter “M” indicates whether the cancer has metastasized (the cancer has
spread from the primary tumour of other parts of the body).
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When characterizing cancer using the TNM system, for each letter there will be an
associated number detailing the cancer spread (e.g. T2ZN1MX). The specific values
that can be used for each of the three TNM parameters are:

Primary tumor (T)

» TX: Main tumor cannot be measured.

» TO0: Main tumor cannot be found.

» T1,T2,T3, T4: Refers to the size and/or extent of the main tumor.
The higher the number after the T, the larger the tumor or the more it has grown
into nearby tissues. T's may be further divided to provide more detail, such as T3a
and T3b.

Regional lymph nodes (N)
» NX: Cancer in nearby lymph nodes cannot be measured.
» NO: There is no cancer in nearby lymph nodes.
» N1, N2, N3: Refers to the number and location of lymph nodes that contain
cancer.
The higher the number after the N, there exist more lymph nodes that contain
cancer.

Distant metastasis (M)

MX: Metastasis cannot be measured.

MO: Cancer has not spread to other parts of the body.
M1: Cancer has spread to other parts of the body.

There exist other staging classifications, some of them less complicated which try to
classify the cancer spread (from local, regional to distant) but they are used mainly
to allow patients to have a simple understanding of their disease.

Cancer patient management has two main areas of application with respect to the
proposed therapeutic goal:

» Curative — mainly applied in the early stages of cancer (MX, M0), when, by
applying different treatments the malignancy can be eradicated from the
body leading to the cure of the cancer;

» Palliative — mainly applied in the advanced stages of cancer (M1), when due to
location or spread, there is no option of curing the disease but treatments aim
to improve the patient survivability time and its quality of life.

Brachytherapy (introduced in chapter 1), also known as internal radiotherapy,
sealed source radiotherapy, curietherapy or endocurietherapy, is a form of
radiotherapy that involves the placement of tiny radioactive miniaturized sources
very precisely in the tumour area, delivering high dosage of radiation in the
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cancerous cells. Its effectiveness is clearly demonstrated, its side effects are reduced
to a minimum, but it involves an important condition: the catheters delivering the
radioactive sources must be placed precisely as the radiation dose decreases
abruptly from the base and incorrect positioning causes the necrosis of healthy
tissue without affecting the tumour.

While in case of curative approach the primary tumours could be located in almost
all regions of the body having specific needle/patient relative approaches, for the
palliative treatment of cancer patients there are two organs of interest: the liver and
the lungs. This is due to the fact that these two organs are filtering the entire blood
and once the malignant tumours start to migrate they will become the first locations
for metastasis. However, even in such advanced cases with proper care a patient
can gain even 5 years of survival with good quality of life which is very important.

As a final comment onto the therapeutic advantages of brachytherapy it must be
stated that due to the local nature of effect and the non-destructive way of
delivering the medicine this technique has far less side effects compared to open
surgery external radiation or chemotherapy.

Accuracy problem

The brachytherapy needles are inserted from outside the body up to the targeted
point with an accepted positioning error of 1 mm. This is not hard to achieve for
tumours close to the body surface but for the deeper located tumours this becomes
a problem. While the different tissue densities, the elasticity and the anatomical
motion of the body (due to respiration and heartbeat) have a negative influence on
the positioning accuracy also any error in the needle orientation will lead to
negative results.

An analysis of the maximum acceptable orientation error with respect to the
targeted point depth is presented in figure 3.2. The following parameters are
defined: d — the needle insertion depth (between 50 and 250 mm), @ma.x — the
angular deviation, e — maximum acceptable error, which are all integrated in the
following equation:

: (1 ej 180
o =2-arcsin| —-— |- — (3.1)
max 2d) «

In the figure 3.2 it can be seen that for an error of 1 mm, which is the desired value
for a successful treatment, the maximum angular allowable error varies from
1.1459° for a depth of 50 mm to 0.2292° for 250 mm. Even for higher acceptable

errors, the angular positioning errors have to be small: 2.2920° for 50 mm depth and
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up to 0.4584° at 250 mm depth for an error of 2 mm and respectively 3.483° for 50
mm depth and up to 0.6876° at 250 mm depth for an error of 3 mm.

250

T
m— \aximum error = 1 mm
—— Maximum error = 2 mm
Maximum error = 3 mm

200+

Depth [mm]
o
o

100

50 1 L I
0 . 1.5 2 25 3 3.5

Error [degrees]

Figure 3.2. The maximum angular allowable positioning error for a given maximum positioning
error of the needle tip at different depths

Application definition

The robotic structure should introduce, based on radiologic data, rigid needles of
diameter varying from 0.6 mm up to 2 mm and a length from 50 mm up to 250 mm
inside the patient body following a linear trajectory. Due to the long distances, the
variable tissue density one can define the first requirement for the robot: the
needle is introduced, in a linear trajectory by an independent mechanism, to
ensure constant precision for the entire displacement and to avoid any deviations
from the predefined trajectory.

Some of the areas of interest for needle placement in different medical applications
where the use of a robotic device is justified cover the human thoracic and
abdominal area where the target point can be situated in close vicinity to different
structures (blood vessels, ganglions, other organs) whereas an error can cause a
cataclysmic event leading up the death of the patient. Several applications require
the placement of multiple needles in a regular (circular or rectangular matrix) or
irregular display thus defining the second requirement for the robot: it should be
capable of placing multiple needles on parallel or independent trajectories. Thus
an advantage would be to be able to fix the robot orientation after its initial setup
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and modify only the insertion point from one needle to the other for the situation
where parallel trajectories are needed.

Besides emergency situations where the intervention must be performed very fast,
needle placement is carried out following a set of imagistic investigations ranging
from simple radiologic exams to echography, computer tomography (CT) and/or
magnetic resonance imaging (MRI). These techniques provide a set of images
enabling the preplanning of the procedure where the physicist defines the desired
locations for the radioactive seeds (computing also the amount of radiation that will
be delivered by each seed) while the physician defines safe linear trajectories to
reach the targeted point(s).

Nevertheless, in order to increase the safety of the procedure it is desired to have a
real-time visual feedback of the needle placement during the procedure to reduce
the risk of damaging any internal body structures [BOC08]. During the first steps of
introducing robotic systems in medical arena, the imagistic methods that can be
used during the needle placement were defined [SAU18, EVA18]: High Intensity
Focal Ultrasound (HIFU), CT, MRI and Positron Emitted Tomography (PET Scan). Each
of these techniques has advantages and limitations. The best option as image
quality is the use of MRI but due to the high magnetic fields generated by the
machine there are a lot of restrictions for both patient and robot. The ultrasound
machines have a low image quality and a limited use especially for deep targets.

CT can be considered at the moment as the most versatile option even though the
image quality is lower compared to MRI machines but it is still good enough for real-
time needle placement procedures. Fig. 3.3 illustrates an example of a CT machine
equipped with supplementary laser sensors (the lasers were enhanced in the figure
to provide better contrast) for position calibration. This type of CT scanners is
designed especially for fast real-time image feedback but they cannot be used in
diagnostics [PLAO5]. Fig. 3.4 shows a CT image with a needle inserted inside the
human body [GUPO5].

L

Figure 3.3. CT-Sim scan with laser positioning Figure 3.4. CT scan with needle placement
system (arrow) for transpulmonary biopsy [GUPO5]
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The need to provide real-time visual feedback for the needle position during its
insertion defines the next technical characteristic of the robotic system: it must be
small enough to fit inside the CT gantry in the patient proximity.

Two systems will be presented as viable robotic solutions for real-time CT guided
brachytherapy:
» ATEN — A robotic device with spherical architecture, which has been
developed only up to conceptual design;
» PARA-BRACHYROB - A robotic device with parallel architecture, which has
been developed up to the level of experimental model and tested in relevant
environment.

ATEN - a modular robotic device for minimally invasive needle placement
applications

ATEN [VAI13] was developed based on a concept with origins in minimally invasive
surgery, namely the use of a remote centre of motion - RCM (a fixed point in space
through which the end-effector will pass always). This can be achieved (based on the
first definition) in two ways, either by using the tissue around the insertion point as
guidance (this simple solution can be used for applications where there is no direct
contact between the end-effector and the internal organs, e.g. positioning of the
laparoscopic camera) or by constraining mechanically that point in space (this
solution will impose the use of two supplementary active joints, but can perform
any task inside the body). In addition one could add a third category of RCM, which
combines the simplicity of the first with the capabilities of the second, namely
architecturally constrained. However, one must acknowledge the fact that in the
case of this specific application (brachytherapy), there is no absolute need of the
RCM for its original purpose because the trajectory inside the body is linear.
However, an architecturally constrained RCM will ensure that the needle will always
pass through that point in space which will improve the accuracy modifying the
depth parameter (detailed in fig. 3.2) reducing its length between the RCM and the
needle tip.

Fig. 3.5 illustrates the kinematic scheme of a spherical robotic arm with three active
joints, where the first actuated joint (q;) achieves a rotation around the X axis, the
second one (qg;) achieves a translation along a curve of radius R while the third
motor (qs3) achieves a linear displacement along the radius of the sphere. The centre
of the sphere becomes the second control point (or the RCM) through which the
needle will always pass. From the kinematic point of view the only functional
parameter which determines the robot size is the radius R. From the spherical
mechanism point of view, the centre of the sphere is fixed, thus when the
orientation is achieved the needle will be situated on a parallel line with the defined
needle trajectory.
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Figure 3.5 The kinematic scheme of the spherical structure

This means that this line must be superposed over the real trajectory and this can be
achieved with an XY positioning system on which the spherical mechanism is
positioned on. Thus, in Fig. 3.6 is presented the kinematic scheme of the innovative
5-DOF robotic arm, called ATEN, optimized for needle placement interventions,
consisting in a 2-DOF planar mechanism with intersecting axis which achieves the
displacement with constant orientation of the mobile platform in a plane with Z=0.
A fixed coordinate system OXYZ is attached to the robot with the origin in the
middle of the platform where the coordinates of the planar mechanism are (q,=0
and gs=0). On top of the mobile platform it is positioned the 3-DOF spherical
mechanism which has a mobile coordinate system oxyz with the origin in the centre
of the rotational joint (g;) and the axes parallel with the ones of the fixed coordinate
system.

The inverse geometrical model

For the inverse geometrical model the geometrical parameters of the structure and
the coordinates of the needle tip (point G) are considered known and the
coordinates of the active joints should be determined. Furthermore, the insertion
point in the body, denoted with A is given in absolute coordinates.

From the kinematic scheme in figure 3.6, the condition for the correct needle
positioning can be defined as the collinearity of the points G, B and A. This means
that the angles Y and 8 can be calculated with the following expressions:

w =atan2(Y, -Y,,Z, - Z,) (3.2)
0:atan2[XA—XG,Mj (3.3)
cos(y)
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Figure 3.6 The kinematic scheme of the 5-DOF robotic arm ATEN

The coordinates of the active joints of the spherical mechanism can be easily
computed with the following equations:

q, = atanZ(sin(l//) -cos(8),cos(y)- COS(H))

q, :atanz(sin(é?)-cos(ql),cos(y/)-cos(é?)) (3.4)
q3 :R_(h_hl)
Where h; is:
h, =% —%s|_| % 3.5
' |cos(y)| |cos(w) (3.3)

As the distance between points B and G is known (Ezhl) the coordinates of point
B can be computed and used to determine the values for the active joints q, and qgs:

X, =X.+h,-sin(qg,)
{ B G 1 . 2 (36)
Y, =Y, —h, -sin(q,)-cosl(q,)
q,=X,—R
{ vooe (3.7)
as =Yz
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The direct geometrical model

For the direct geometrical model the input parameters are the coordinates of the
active joints while the coordinates of the needle tip and its orientation should be
computed. For solving the equations the same G — B — A collinearity condition will be
used.

Knowing the coordinates of the XY positioning system the coordinates of point B can
be expressed as follows:

X;=R+q,
Yy =4 (3.8)
Z,=0

Using the known value of the active joints q1 and g2 the needle orientation angles
are:

y =atan2(sin(q, ),cos(q,)).

(3.9)
0:atan2(sin(q2),cos(q2))
The distance between the points B and G is:
h,=q,—R+h (3.10)

Using the coordinates of point B and the equation (3.10) the coordinates of point G
can be calculated:

Xs =X, —h,-sin(q,)
Y, =Y, —h, -sin(q,)-cos(q,) (3.11)
Z,=—h, -cos(q, )-cos(q,)

Workspace generation

The workspace of the ATEM robot is strictly related to the dimension of the radius R
which is also conditioned by the application parameters, namely the dimensions of
the CT scan:

» Gantry opening diameter: 800mm;

» Vertical laser positioning: 110 mm in front of the gantry (see figure 3.3);

» Lateral, horizontal lasers, in the plane passing through the gantry centre;

» The mobile couch 110 mm below the median plane of the gantry.
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In order to take full benefit from the space inside the CT gantry taking into account
also the fact that the patient will also be positioned on the mobile coach, the first
rotation axis of the robot (q;) should be kept in the plane defined by the horizontal
axis. Based on that the radius of the spherical mechanism will be concentric with the
gantry which would ensure the free motion of the mechanism without the danger of
accidental damaging of the CT Scan. The radius of the mechanism should not be too
large, but also it cannot be too small because it must also provide space for the
patient. Based on the virtual design of the entire application a radius of 300 mm has
been selected. For the needle length a value of 200 mm has been imposed.
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Figure 3.7. Robot workspace for a fixed location of the point B
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Figure 3.8. Total robot workspace
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Figure 3.7 illustrates the robot workspace for a fixed position of the point B (without
any actuation on g, and gs). In figure 3.8, analysing the robot workspace it can be
easily seen that it covers properly the entire half of the patient situated in the robot
proximity, meaning that the robot has to be mounted proximal to the patient side
where the targeted tumour is located. Figure 3.8 represents the total workspace of
the robot with a displacement of 100 mm for q, and 200 mm for gs, values selected
accordingly to the space inside the CT-Sim gantry.

Singularities analysis and discussion

The singularities analysis is performed by computing the determinants of the Jacobi
matrices A and B.

The axes g4 and gs modify only the position of the sphere centre, without any
influence on the singularities of the mechanism so the analysis can be performed
without any loss of generalization for a fixed value of these two active joints, which
will be treated as constants in the matrices. Thus, the Jacobi matrices will have 3x3
dimensions. The implicit equations which determine the relation between the active
joints and the coordinates of the needle tip are:

Sin(ql) + YG —4ds

s, Yo, Z5) = =0
fl(q1 q5 G G) COS(ql) ZG
sin(qz) R+q4_XG
Gy QX Z) = — =0
-fZ(ql 4,9, G) COS(q2)+COS(q1) ZG (3.12)

f:v,(qglq4lq51XG’YG;ZG)Eq3 _R+h—hl =

:qa—R+h—\/(R+q4—XG)2+(q5—YGZ)+Z§ =0

Where: h :\/(XB — X, )2 +(YB Y5 )2 +(ZB —Zs )2

Using the Eq. 3.12, through partial derivation the Jacobi matrices are defined:

0 i _YG_qu
ZG ZG
cos R+q,—X
| —cos(@) 0  —cos(q,) ——a_"e (3.13)
ZG ZG
R+q,—X;, q.—Y; i
hl hl hl
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0 0
cos’(q, )
, R+q,— X, 1
B=| —sin(q, ): 0 3.14
(2:) Z, cos’(q,) (3.14)
0 0 1

The determinant of matrix A, computed from 3.13 is:

det(A)zcos(g# (3.15)

G

Three cases are distinguished:
1. g, :ig. This corresponds to the case when the spherical robot arm is placed

horizontally on any of its sides, position that is improper for needle placement
applications, which means that this conditions has no negative influence on the
robot performance.

2. h, =0. Geometrically, this means that G=B . In this case, when the tip of the
needle is exactly in the centre of the sphere no matter how one modifies the values
of g, and q,, the position of the needle tip will remain the same. For needle
placement applications, the needle is driven on a linear trajectory so this case has no
effect on the robot manoeuvrability. In addition as the point B will be kept, through
the relative robot positioning with respect to the patient (and the targeted tumour),
when this point is reached the active joints g; and g, would have to be kept fixed.

3. Z_=0. This situation refers again to the boundary surface analysed in the first
case, and due to the nature of the application in hand the robot will never even
approach those conditions.

The determinant of matrix B is:

1
cos’(q, )-cos*(q,)

det(B)= (3.16)

Two cases are distinguished:
1. q, :i7z/2 . This corresponds to the first case analysed for the matrix A.
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2. g,=%7/2. The same situation is created when the second actuator reaches the
extreme positions that places the tip of the instrument on the OXY plane at Z_. =0 .

Based on the conditions that were determined analytically one cans state that the
ATEN robotic system can be used safely for the brachytherapy task as the
operational workspace (conditioned by the CT Scan) has no singular points inside it.

A stepwise procedure for needle insertion applications under CT — Scan real time
monitoring.

The last aspects regarding the ATEN structure will cover a step by step procedure
describing the achievement of the medical application in relevant environment and
a representation of the robot size and its integration in the CT

The ATEN robot is developed as a structure dedicated for needle placement
applications, and in this paragraph the procedure description is presented as a
sequence of logical and safety proof steps.

1. The medical data is received from the physicians defining the target points
locations and the desired linear trajectories.

2. The patient is placed in the CT-Sim device and immobilized in a predefined
position, then calibrated with respect the laser system of the machine.

3. The robot is rigidly fixed in the CT-Sim table and calibrated with respect to the
laser system. After this step the robot must remain fixed until the procedure
ends.

4. Base on the medical data provided, the needle is oriented parallel with the
linear trajectory to be achieved. This is done using only the active joints g; and
dz -

5. The needle is superposed over the imposed trajectory, by means of the active
joints g, and gs.

6. The needle is driven along the trajectory by means of the active joint gs .
When the needle touches the skin, due to the additional control point (the
sphere centre) the position is checked.

7. If needed, corrections are applied and then, the needle is inserted partially.

8. The needle position is checked again using the CT Sim device. If validated the
needle is driven to the target point otherwise it is retracted and step 7 is
repeated.

9. If multiple needles must be inserted, if the trajectories are pure parallel, steps
5-8 are repeated, otherwise steps 4-8 must be performed.

An illustration of the ATEN 5-DOR robotic arm placed in the CT-Sim device is
presented in the figure 7 to show its dimensional relation to the machine and the

patient as well as a detail showing its position inside the gantry, in figure 8.
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Figure 3.10. Detail showing the ATEN robot position inside the CT-Sim gantry

Figure 3.11. Detailed design of the ATEN robot
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PARA-BRACHYROB

The second system developed for brachytherapy, initially named BR3, has a modular
structure with two modules with 3 DOF working in cylindrical coordinates
interconnected at the level of the last joint through two sets of Cardan joints. The
kinematic scheme of the initial solution is illustrated in figure 3.12.
The definition of the medical specifications and system requirements were made
together with a team of oncologists from the “lon Chiricuta” Oncology Hospital in
Cluj-Napoca:
General requirements:

» compatibility with radiation X environment from 50 to 150 kV;

» teleoperation from a safe distance, (over 5 m);

» portable;

» mounting options in fixed positions relative to the CT table;

Parallel module (mechanism} with M=3 DOF
Parallel module {mechanism} with Z ‘ and two active joints, regarded as a class 3 joint,
M=3 DOF and three active joints, working in cylindrical coordinates
regarded as a class 3 joint, working A "
in cylindrical coordinates '

g

.~ Cylindric shaft

AXLY.Z)

Grooved shaft .. ‘
.~ Linear motor 5

" _ Cardanic joint 1

Linear motor2 — — .
L Linear motor 4

Linear motor | ..

. ;_E(XYZ\) N ‘ .‘
M - SN o

Rotary Motor 3

/

Elxed i-- 7‘:‘%;-? i} Sy \\ \\ . \
rame @'j . . . | \\
’ _F.->CT Table

T .\I/_,,_,,.—-"-”""/{-

Figure 3.12. Parallel robot with M=5 DOF and family F=1 with modular construction
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Technical requirements:
» DOFs: 5 (translations on X, Y and Z, rotations around X and Y);
» orientation angles: +/- 45°;
» Sterilisable fixed support for needles of diameter from 1.6 to 2 mm and
lengths of 50 to 250 mm;
» Detection system with adjustable upper limit of the penetration force;
» Vessels pulsations detection system;
» Contact precision less than 3 mm.

Each module of the BR3 robot has two active translational joints consisting of ball-
screws actuated by motors 1, 2 respectively motors 4 and 5 (figure 3.12). For the
first module, with three actuated joints, the translational active joints move two
bushings on the grooved shaft which represents an active revolute joint actuated by
the motor 3. The bushings move linear with the translational joints and rotate with
the grooved shaft. For the second module, which has only two active joints, the
grooved shaft is replaced by a cylindrical shaft which acts as a passive, driven,
revolute joint. Both modules work in cylindrical coordinates. Making reference also
to the coordinate system the two cylindrical modules are interconnected using a
pair of Cardan joints having each the first axis parallel with the OZ axis of the
coordinate system (or parallel with the translation axis of the linear actuator). At the
ends of the second axis of each of the Cardan joints the needle module was
connected. As the original design (figure 3.12) was unable to fit the needle holder
inside the CT a table mountable solution (to be positioned on the mobile couch of
the CT Scan) was achieved (figure 3.13).

Figure 3.13. The second design of BR3

-79 -



Further analysis and optimizations — the development of the final version of PARA-
BRACHYROB

The interconnection of the cylindrical modules

The initial design proposed the use of individual fixtures on the sides of the mobile
couch for the two cylindrical modules which does not provide sufficient stiffness for
the structure and also has a negative impact on the mounting of the robot. Thus, a
flat plate was introduced in the design that would fit below the patient, having the
cylindrical modules attached to it and, by using a set of calibrated hole the plate
would be than attached to the CT Scan mobile couch.

The addition of a redundant 6" actuator

From a purely geometrical point of view the motion that must be performed by the
robotic system (not taking into account the preparations) has two phases, that will
be descried in detail later on: having two control points, the insertion and the target,
knowing that between them there is a linear trajectory, the first phase refers to the
positioning of the needle tip in the insertion point with its final orientation while the
second phase would represent the insertion of the needle on the linear trajectory
until the needle tip moves from the Insertion point to the Target one. By adding the
6", redundant actuator (meaning that the number of degrees of freedom of the
robot will not increase) the following advantages are generated:

v' The workspace of the robot increases as with the use of its 5 original
actuators the robot must achieve only the positioning (with the final
orientation) of the needle in the insertion point as the insertion itself will be
achieved using the 6" actuator;

v The needle can be held in the needle insertion module in a retracted position
which increases the stiffness and the accuracy of the procedure reducing also
the unwanted needle bending during the insertion;

v As the needle is inserted using a single actuator which drives the needle in
linearly, the tissue resistance force can be measured in a simple way using a
force sensor mounted at the proximal end of the needle allowing a simple yet
relevant force monitoring.

The repositioning of the fixed coordinate system

During the initial study of the robot the fixed coordinate system (see figure 3.12) has
been positioned to have the Y axis in the same vertical plane with the laser system
of the CT-Scan which means the median plane of the mobile couch. However, when
solving the kinematic model of the robot, the equation resulted in very complicated
formulas making it difficult to achieve a definite analysis of the singularities due to
the complex form of the Jacobi matrices. In order to simplify these matrices multiple
“zeroes” should be obtained, which can be achieved by repositioning the fixed
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coordinate system with the Z axis similar to the axis of motion of the actuated joints
of the first module of the robot (the one with three active joints).

The final version of the brachytherapy parallel robot PARA-BRACHYROB

Based on the new kinematic scheme illustrated in figure 3.14, the PARA-BRACHYROB
cylindrical parallel robot consists of three modules, the first one having 3-DOF and 3
active joints, denoted with gq,,q,,q9,, a second module with 3-DOF and 2 active
joints, g,,q; and a third module used for the needle insertion which is a 1-DOF
module with one active joint, g, . The first two joints of each cylindrical module are
translational joints, while the third motion, a rotational one around the motion axes
of the linear joints, is obtained in the first module using an active joint while in the
second one it is achieved through a passive joint. The modules end points are
denoted with A, andA,. The new fixed coordinate system is introduced, namely
OXYZ, with the Z axis along the active rotational axis of the first module. The second
module is positioned through a translation along the X axis, at a distance d,, from

the origin. The first two modules are interconnected with two passive Cardan joints

having the first rotation axis around the Z axis and the second one perpendicular on

it. The second rotational axes of each of the two Cardan joints are connected and

they guide the needle insertion module.
Z |

-

[ -4,

Ik

ar N
L Ik

V77
Lil
77T

ﬁ
A)
*“ C, BXpYZy
18 LM dac

humanbody

“v ER /7 Sy
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Figure 3.14. The final kinematic scheme of the PARA-BRACHYROB parallel robot
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The final module integrates a translational actuator, g, which has a redundant

motion (with respect to the robotic structure) enabling the needle insertion to the
target point with all the other actuators fixed (blocked). Besides the two passive
Cardan joints, the robot has also six passive rotational joints and two passive
translational joints.

Before presenting the kinematic modelling of this structure, a detailed analysis of
the robot required motions is presented, as the data provided by this medical task
will be used as input values for the motion generation of the structure.

The medical task for brachytherapy

The robot should introduce, based on radiologic data, needles with diameters
varying from 0.6 mm up to 2 mm and lengths from 100 mm up to 250 mm, on
distances up to 200 mm, following a linear trajectory.

Following the calibration between the robot — patient — CT Scan (in order to be able
to work with the coordinates of points located inside the human body, defined with
respect to the highly accurate external lasers of th4e CT Scan), the robotic system
receives a set of two points: point | (X,,Y,,Z,) - the insertion point and point T

(XT,YT,ZT) - the target point. In addition, a third point is introduced in the
algorithm, the current robot position, point C(XC,YC,ZC,l//C,QC). One side note is

made with reference to the point C, which has five parameters as these are the five
independent parameters that characterize a pose of the robot. Based on this data,
the final needle orientation is computed, based on the relative positions of the
insertion and target points:

v, =atan2(¥, -Y,, X, - X,)

Q’T:atanz(\/(Y/_YT)z+(X/—XT)2,Z,—ZT (317)

For the first stage of the motion PARA — BRACHYROB will move from point C to point
| with the following set of initial and final parameters:

Xc'Yc'ch'//cr‘gc:>X/'Y/'Z/'l///T"9/T (3.18)

The second stage, the needle insertion will the performed using the third module of
PARA-BRACHYROB, where the active joint g, will drive the needle linearly on a

distance equal with:

dinsertion :\/(XI _XT)Z +(Y/ _YT)2 +(Z/ _ZT )2 (319)
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Introducing the notations:
» M —the degree of freedom of the parallel robot;
» F —the mechanism family (the number of simple motions restricted for all the
elements of the parallel mechanism out of the six possible ones);
» N —the number of mobile elements of the parallel mechanism;
» C; — the number of class “i” joints, with, i=5,4,3,2,1 where the joint class
represents the number of restricted DOF,
For a parallel mechanism of family F, the structural synthesis equations are [PLIO6]:

M=(6—F)-N—(5-F)-C;,—(4-F)-C,—(3—F)-C,—(2—F)-C,—(1-F)-C,
or, in compact form (3.20)

M=(6-F)-N-> (i—F)-C,

i=1..5

The terms (6 —F)---(1—F) cannot have negative values.

Considering the first two modules as joints of class 3 (having 3 DOF) and the family
of the mechanism F = 1, the parameters for (eq. 3.20) are N=3,C,=0,C, =2,C, =2
which means that:

M=5-N-4-C,—2-C,=5 (3.21)

Equation 3.21 validates the structure of PARA-BRACHYROB from the structural point
of view.

The kinematic model [PLI14, PIS14] introduces a set of geometrical parameters
which are considered known and used as constants in the equations, namely:

d,b,l,d,b,1L,I,h
The inverse geometrical model of PARA-BRACHYROB. For the inverse geometrical
model (IGM) the needle tip (target point) coordinates, the needle orientation and
the needle length inside the patient are known, namely:

» The coordinates of point E(XE,YE,ZE);

» The needle orientation angles v and &;

» The needle depth d__ .
Using the input data the values for the active joints have to be computed. As a note,
the sixth actuated joint, g¢ will be treated as a constant as it does not influence the
behaviour of the other joints.
For solving the IGM of PARA-BRACHYROB a simple geometrical constraint is used,
namely the “architectural” collinearity of the points E — C; — C,. This conditions
allow, based on the known position of one the points, the fixed distance between
the joints and the orientation of the segment defined by three points to determine
simply the coordinates of points C; and C,:
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Xy =X, —(d,.+2-1)-sin(0)-cos(y)
Yo=Y, —(d, +2-1.)-sin(8)-sin(y) (3.22)
Z,=Z,+(d, +2-1)-cos(0)
X, =X, —(d,.+1.)-sin(8)-cos(y)
Y., =Y, —(d, +1.)-sin(8)-sin(y) (3.23)
Z.,=2,+(d, +1.)-cos(6)

The displacement between the pairs of points A; — C; represents a simple translation
on an axis parallel with the OZ axis, which means that the points A; and A, will have
the following equations:

Xa=Xcq

Yo=Y, (3.24)
Z, =2+,

X1 = X1

Ya=Ya (3.25)
Zy =2+l

In case of the use of a pure Cardan joint the values for |; and |, would be zero, as the
centres of the two sequential rotations would be common. However, using these
two parameters allows, in the design phase, to study also the possibility of using
pairs of rotations joints with perpendicular axis instead of Cardan joints. From the
points Ai the distances to the main axis of displacement of the translations active
joints of each module can be calculated:

ry = w/le +Y2 (3.26)

r =\/(XA2 ~d,,) +Y}, (3.27)

Based on the equations 3.22 + 3.27 the equations of the active joints of PARA-
BRACHYROB are:

q,=2Z,, (3.28)

9 =4 +\/d12 _(rAl —b, )2 (3.29)
g, =atan2(Y,;, X,,) (3.30)
q,=2, (3.31)

s =4, +\/d§ ~(ry,—b,) (3.32)
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q6 :dac (333)

The direct geometrical model. For the direct geometrical model (DGM) the
coordinates of the active joints are known, namely, q,,9,,9;,9,,9;,9, along with all
the geometric parameters of the robot defined before. The unknowns are the end-
effector (needle’s tip) coordinates E(XE,YE,ZE) and the orientation angles y and 6.

Based on the kinematic scheme in figure 3.14, knowing the coordinates of the active
joints q,,4,,q,,9; the lengths of the two horizontal arms r,; can be calculated:

Fa1 :bl +\/d12 _(qz _ql)z (3.34)
ro=b, +\/d§ ~(9,-a,) (3.35)

In the case of the first module, the active rotational joint qs; enables the
determination of the coordinates of the points A; and respectively C;:

Xy =0y -c0s(q,)
Yy =ry-sin(g;) (3.36)
Z, =0,
X=Xy
Yo=Y, (3.37)
Zo, =2, -1

However, in the case of the second module, due to the passive rotational joint, a
double solution will be obtained for the points A2 and respectively C2 which
determines the two working modes of the PARA-BRACHYROB system and as later
demonstrated a singularity inside the robot workspace. Two quadratic equations
can be written using the geometric properties of circles, namely:

(X, _Xc1)2 +(¥,, _Yc1)2 =a’

(Xcz _d12)2 + Ycz2 = rAzz
Where: (3.38)

a:\//f—(Zz—Zm)z

The two quadratic equations are solved classically, and to shorten the final results
the following notations are introduced:

1= (Xey =y 4 Y2 (a1, (a1 —(Xey ) —Y2 (3.39)
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v 2 2 2 2
rr,=X;,+Y, —a" —d, +r,,

rr=Y,, .((XC1 —d, )2 +Y2 —-ad’ +rAZ2)

The solutions for the quadratic equation (3.38) are:

1 1
X, = . e, =Y -l rr - (d, =X, )+rr.
c2_1 Z(XC1_d12) (X61_d12)2+yc21 { 2 Tc1 |: 1 ( 12 Cl) 3]}
1 1
Y, == A rr, - (d, — X
2.1 Z(XCl—d12)2+Yczl |:rr1 ( 12 c1)+rr3:|
Respectively:
(3.40)
1 1
Xea 2= ' Yo | rr (X —dy, )+
c2_2 Z(Xc1_d1z) (Xc1 d12)2+Yc1 { c1 |: 1 ( c1 12) 3:|}
1
Ycz_z = E |:rr + rr3:|

The value of the Z coordinate of the point Cis unique, Z., =q, +/, which will provide
a unique solution for the orientation angle 6:

Q:atanz(\/lf _(Zc1 -2, )2 I(ZCI -Z, )) (3.41)
The angle Y on the other hand will have a double solution:
V= atanz((Ycz_i _YCI)'(XCZ_i _Xc1)) i=1.2 (3-42)

The final expressions for the coordinates of the needle tip are presented below:

X =X, +(q+2-1)sin(@)cos(y,), i=1,2 (3.43)
Y. =Y., +(gs+2-1.)sin(0)sin(y;), i=1,2 (3.44)
Z, =2, —(h+I )cos(0) (3.45)

The existence of the two working modes for the robot is not a drawback with
respect to the task in hand as during the medical procedure the robot is not moving
freely but on a set of trajectories which are defined prior to the procedure. These
values being known, the coordinates of the point C (the location from which the
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robot will perform the sets of motions for each needle) can be defined and validated
in order to avoid the working mode change during the procedure.

The kinematic model of PARA-BRACHYROB. As stated before, because the 6"
actuator is redundant and will not be used when the other 5 active joints are
moving, it can be treated as a constant parameter. This is important because, for
solving the kinematic model using the Jacobi matrices we need square matrices (this
is given by the case when the number of independent motions of the needle tip is
equal with the number of active joints). Using the previous equations determined
for the geometrical model, five closure equations can be written:

fiiZ.+1,+(g6+2-1)-cos(0)—q,=0 (3.46)
£ X, —(q6+2.lc).sin(6?)-cos(z,//)—[b1 +\/d12 —(q, —ql)z]cos(%):o (3.47)

£, —(q6+2-/c)-sin(é?)-sin(g//)—[b1 +\/d12 ~(0,-a,) ]sin(q3)=0 (3.48)

fi:Z.—1,+(q6+1)-cos(6)—q, =0 (3.49)
foidL+ X2 +Y2 (g6 +1,) -sin®(6) -
—2-(q6+/c)-sin(t9)-[(XE—on)-cos( )+, -sin( ]— (3.50)

—2-d12~XE—b22—d22+(q5—q4)2—2-b2-\/dzz—(qs—q4) =0

In equation 3.50, the value of d;, which represents the distance between the vertical
motion axes of the first two modules has been replaced with Xy,, or the X coordinate
of the point O, in order to allow a better representation of the singulartities. In
order to write the following matrix equations in a compact form, a set of notations is
introduced:

Velocities: X:[XE,YE,ZE,W,Q] ) q=[q1,q2,q3,q4,q5] (3.51)
Accelerations: )'(:[)'(E,Y'E,ZE,l/'/',éT, d=[dl,dz,dg,d4,ds]T

The Jacobi matrices are then calculated as representing the partial derivatives of the
closure functions with respect to the independent motion parameters, namely the
elements of the vectors X and ¢. As mentioned before the ideas of modifying the
original location of the fixed coordinate system was to simplify the expression of the
Jacobi matrices. Thus, the results are presented next. The matrix A has the following
terms:
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o 0o 10 &
00

oy 00

aclo 1 0 %L &
oy 00

o 0o 1 0 &
00

o o o YU U
oX, oY, oy 00

Where the “non-zero” terms are as follows:

% __ 1 )esi
5 (g6+2-1.)-sin(0)

% _ +2.1)-si -si
” (q6 2 /C) sm(é?) sm(l,u)
% __ +2.1)- .

(q6 2 /C) cos(@) COS((//)

% __ +2.1)-si .
” (q6 2 IC) sm(¢9) cos(y/)
_'j-"—_ ). .S
= (q6+2 /c) cos(@) sm(l//)

/. si

- (g6+1,)-sin(6)
of
oX

E
of;
E
%:2(
oy

=2-(X, —Xy,)—2-(g6+1.)-sin(8)-cos(y)
8—yz2-YE —2-(g6+1,)-sin(8)-sin(y)

q6+1.)-sin(0)-[ (X; — Xy, )-sin(yw) -, -cos(v) |

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

% =2-(g6+/, )2 -sin(@)-cos(é’)—cos(@)-[(XE — Xy, )-cos(y)-Y, -sin(y/)] (3.62)

The reason for displaying the expressions of each term is to show that through
proper selection of functions and arrangements in kinematic structure of the robot
even a complex structure can be modelled in a fully analytical way, which will allow

a proper setup of the control system and a full analysis of the singularities.
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Moving on to the matrix B, its expression is:

-1 0 0 0 0
o o K o,
oq, 0q, 0q,
p| L L %y
oq, 0q, 0q,
0 0 0 -1 0
o o o & &%
oq, 0q;
Where the “non-zero” terms are as follows:
P - 9.9 2-cos(q3)
aql \/d12 —(qz —ql)

o a,-q
aq, \/dlz—(qz—ql)z

L+ fa7 (0,0, |sin(a)

-cos(q,)

0q,
o _ q,—q, 2 -sin(q3)
oq, \/dlz —(a,-a,)
of. 9,—9
3 — 2 1 - .Cos(qa)

_:2.(q5_q4). 1+ 2

\/dZZ - (qs —4, )2

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)

For the determination of the kinematic model the following, well-known, matrix

equation will be used [MERO6]:

A-X+B-g=0
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Thus at the level of the kinematic model for speeds we have the two vectors X and
g each acting as an input value for the other. Thus, for the inverse kinematic model,

X is considered known, so g is:
g=—B"-A-X (3.73)
For the direct kinematic model, in a logical way, the following equation results:
X=—A'-B-g (3.74)

For the kinematic model for accelerations the first step consists in calculating the
time derivative of eq. 3.72 and then, computing the two models:

A-X+A-X+B-G+B-g=0 (3.75)
Thus, for the inverse kinematic model the final equation is:

G=—B"-(A-X+A-X+B-q) (3.76)
For the direct kinematic model, in a logical way, the following equation results:

X=—A"-(A-X+B-G+B-q) (3.77)

Singularities analysis. Due to the importance of safety in the medical act the
singularities of PARA-BRACHYROB have been analysed using both an analytical
method (which will be presented next) and an algebraic method (which was
achieved in cooperation with prof. Manfred Husty and his team). As the algebraic
approach will represent as the final chapter of this thesis a future direction of
development for the author the algebraic method will not be detailed as the main
contribution belongs to other authors.

The algebraic method for the singularities analysis will evaluate each determinant of
the two Jacobi matrices, whereas in case one of them is null for a certain
combination of parameters, this will represent a singular pose of the robot.

The determinant of the matrix A is:

det(A)=—2-172-sin*(0)-[(X,, — X;)- sin(y)+Y, - cos(y)] (3.78)

Casel:/ =0
This situation corresponds to the case when the distance between the two Cardan
joints is zero, meaning that the points C; and C, superpose; this situation cannot
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materialize in practice and can be discarded. However, a more in depth discussion
can be made. As the determinant is used in the computation of the kinematic model
(when the inverse matrices are calculated) the parameter |, which is even squared
should be as large as possible to provide better robot behaviour. Thus, in the final
robot design it was considered almost equal with the length of the needle.

Case 2: sin*(0)=0

This equation characterizes the vertical position of the needle module, when the
two Cardan joints are positioned on a vertical axis (parallel with the OZ axis). In this
configuration the robot gains one degree of freedom, allowing the rotation of the
needle positioning module around the axis defined by the points C; and C,. In the

robot control algorithm this situation will be avoided by imposing that 49,77&% .
However, the sine of 0 appears squared in the equation so, just by avoiding the
value of 90° (%) the problem is not solved. In order to ensure the safety of the

procedure a safety margin of at least 5° should be considered.

Case 3: (X,, — X;)-sin(y)+Y, -cos(y)=0

, , , Y,
This equation can be written as: tan(y)=———=F—

OZ_XE

Considering the fact that the needle tip coordinates (point E) will be always located

. Y, . . .
between the two robot arms, the ratio ﬁwﬂl be always positive, meaning
02~ 'k

that the angle ¢ will take values in the domain we[%,n}u[%,ln] The

configuration corresponds to the case when the coordinates of q,,q,,C,,C, and E

are located in the same plane or when the two solutions of the direct kinematic
model will be similar. As this condition can occur in any area of the workspace it
must be handled with special care. A geometric representation of the singular points
achieved with sufficient number of values will reveal (as shown in figure 3.15) not a
big number of points but the lines corresponding to the multiple instances when
this condition occurs and the separation between the two working modes of the
robot. Again, in order to be on the safe side a margin of at least 5° must be imposed
in the control algorithm to avoid any unwanted situations during the robot
actuation.
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Figure 3.15. A geometric representation of the third singularity of the robot

The determinant of the matrix B is:

(@,—a,)-(as —%)-[b1 +d;2 - (a, —cyl)sz2 +d,? ~ (g, —q4)2}

(3.79)
Jd2 —(a, -, \Jd, —(q, —q,)

det(B)=

Case 1: g, =q,, respectively g, =g,

These configurations define the case when one of the two pairs of translational
active joints of the PARA-BRACHYROB modules superpose. In a real scenario this
case cannot appear, the experimental model of the robot having limit switches
which avoid this situation.

Case 2: d, =g, —q,, respectively d, =q. —q,

These configurations define the maximum distance between the two pairs of
translational active joints which corresponds to the case when the rod will be
positioned vertically. This second case defines an extreme configuration which is
avoided in the robot control system.

The singularities identified within the determinant of matrix B are all situated at the
boundary of the motion domain of the robot and they do not represent a problem
during the robot actuation.
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Due to the fact that, as stated before, safety is the most critical issue in this therapy,
PARA-BRACHYROB was subjected to a parallel analysis using a method based on a
theory developed by Edward Study at the brink of the 20™ century [STU1903] and
further implemented in the study of robot singularities by Manfred Husty, who
became the first scientist to develop a method for the complete analysis of singular
robot poses [HUSO7]. It is possible to give a complete global description of the
manipulators kinematic characteristics using an algebraic approach. This is due to
the fact that Study’s parametrization of the 3-dimensional Euclidean motion group is
free of parametrization singularities. The complete kinematic description is inherent
in the constraint equations, derived by using the linear implicitization algorithm
(LIA), introduced by Walter and Husty [WAL10], as well as the geometric description
of the manipulator. The paper uses Study’s parametrization of the Euclidean motion
group, the ideals belonging to mechanism constraints and methods to solve
polynomial equations are the mathematical equivalents of the mechanism
constraints. The challenge of this method is to achieve a Groebner basis (which will
provide all the singular conditions) while preserving all the geometric parameters as
variables. The analysis of the PARA-BRACHYROB robot using this method is
presented in [VAI 15] and [SCH 18]. The method itself will not be presented here as
there will be a chapter dedicated to this method within this thesis, but the final
result supplied a polynomial equation which resulted in a supplementary condition
that, added in the control algorithm, ensures the robot safe behaviour during the
procedure.

Workspace analysis of PARA-BRACHYROB

Two approaches will be illustrated here, an analytical one developed based on the
geometrical model of the robot and a geometrical one developed using the Siemens
NX software applied on the modelled structure of PARA-BRACHYROB. The second
approach is interesting because it proposes an approach which enables the
visualisation of all the 5-DOFs of the robot within a three-dimensional
representation.

For the study of the robot workspace (as this cannot be non-dimensional) numeric
values have been assigned to all the geometrical parameters, values that were then
used as design parameters for the experimental model.

The robot workspace has to be generated taking into account the coordinates of an
insertion point I(X,,Y,,Z,) and then using the inverse geometrical model the

geometrical loci of all the validated target points E(XE,YE,ZE), can be obtained.

Besides the obvious results this analysis will also point out the importance of
efficient positioning of the robot with respect to the patient and the location of the
pairs of Insertion and Target points in order to obtain the best possible dynamic
results.
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The geometrical parameters used in this study are:
» d, =400mm,b, =400mm,l, =65mm,d, =400mm,b, =500mm,
» |,=65mm,|_=200mm,h=187mm,d,, =500mm.

For the active joints the following limits were defined:
> q = Omm,q,.max =950mm,i=1,2,4,5, q; = O,q3max =2r.

In figure 3.16 the maximum workspace of PARA-BRACHYROB is displayed, generated
for a set of coordinates for the insertion point where all the active joints are located
close to the midway of their str}_qkes.

200
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Figure 3.16.The maximum theoretical workspace of the cylindrical parallel robot BR3

Figures 3.16 a) — f) illustrate the workspace volumes determined for different
insertion points coordinates illustrating the importance of the proper definition of
the robot positioning with respect to the patient and the targeted organ. For the
workspace generation using the inverse geometrical model, a volume which
integrates the robot workspace is initially defined. One considers that all the points
in that volume are within the robot workspace, and for each point of the needle tip,
the values of the active joints are determined. When a valid combination for the
active joints is obtained the set of coordinates which defined the target point is
saved. The matrix of the validated needle tip coordinates represents the robot
workspace. For the validation, a set of conditions were imposed as follows:

» q, <g;<q, i=1.5 -the values of the active joints must be located between

the lower and upper limits of their strokes;

> q,<4q,,9,<q; - this pair of conditions imposes for each of the two
translational joints of the cylindrical modules the relative positioning of the
actuators which cannot pass one over the other;

> q,>q,+I +1, - this condition imposes that the point C1 will always be located
on top of the points C2 (with respect to the Z coordinate) as the needle will
always be inserted from a higher position, downwards;
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> g,—q,<d;andg;—q, <d, - these last two conditions limit the maximum
distance between the pairs of active joints of each cylindrical module.
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Figure 3.17. PARA-BRACHYROB workspace for different insertion points

Analysing the robot workspace modifications based on the coordinates of the
insertion point, one can conclude that for optimum performance the values for the
coordinates of point | should not vary with more than £150 mm on X axis, £50 mm
on Y and Z axis with respect to the values obtained for the maximum robot
workspace.

As this type of application requires a careful preplanning, the best relative
positioning between the patient and the robot can be easily determined before the
actual procedure avoiding any misbehaviours during the actual procedure.
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The geometrical modelling of the workspace, detailed for several structures in the
PhD thesis of Dragos Cocorean [COC16], proposes the generation of the workspace
using a random function that will generate a suitable configuration of the robot and
tracing the coordinates of the needle tip, drawn as a sphere. This of course
generates a point cloud where the needle orientation is not known, but knowing the
values of all the robot coordinates this can be represented as a line that passes
through the sphere, thus obtaining a 5-dimensional representation of the
workspace. This idea is not fully studied yet and because each trace represent an
actual body in the modelling software the analysis is limited to several thousands of
points (depending on the computation power of the computer) but the potential of
the solution is quite high and will be further investigated in the future. Some of the
results on the analysis on PARA-BRACHYROB are illustrated in figure 3.18.

b) Detalied view of the robot workspace in 5-dimensional representation
Figure 3.18. Geometrical modelling of the PARA-BRACHYROB workspace
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The trajectory generation algorithm and mechanical structure validation

The kinematic equations determined before are used in the robot control for the
actuation of the active joints with respect to a given medical task. Using the
simulation package from Siemens NX, namely the RecurDYN solver, a motion will be
simulated both using the mathematical model and the output data in terms of
variations at the levels of the active joints will be inserted in the NX solver which will
actuate the structure. Comparing the resulting data, both the mathematical model
and the mechanical design will be validated.

In the NX simulation model, the following simplifications are used:
» It neglects gravity forces and the masses of the bodies in motion;
» The external and inertia forces do not affect the motion;
» The bodies and joints are considered to be perfectly rigid.

A real situation was defined for the robot motion as follows:

» The robot has a current arbitrary position which is known with respect to the
fixed coordinates system;

» The robot will receive two sets of coordinates for the insertion point and the
target point inside the patient;

» The robot motion is decomposed into two parts: in the first, the robot will
move from its current location to the insertion point, achieving, in the same
time the final orientation for the needle; in the second part, the robot will
drive the needle, along a linear path to the target point.

The geometric parameters used for this simulation represent the final dimensions of
the robot which have been slightly modified in comparison with the ones used to
study the workspace generation:

d,=400mm; b, =395mm; l, =67mm;
d,=400mm;  b,=495mm; [, =67mm; (3.80)
| =170mm; d,=-112.5mm; d,=615mm;

The negative value of the parameter d,. shows that at the beginning of the
procedure the needle is fully retracted. In the current (starting) position of the robot
the coordinates of the needle tip (point C) are:

X_=307.5mm,; .
w.=90

Y. =800mm; ) (3.81)
0. =60

Z.=400mm;

c
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For the motion simulation a real scenario has been selected, namely the treatment
of a tumour located in the liver. The patient is positioned lying on his back with the
robot targeting the tumour from above.

The two sets of coordinates defining the insertion point and the target point inside
the patient are given:

X,=360mm; | X, =380mm;
Y, =750mm; Y, =810mm; (3.82)
Z,=350mm; | Z, =280mm;

The orientation angle of the needle is calculated using the equations:
v, =atan2(Y, -V, X, — X,);

O, :atanZ(\/(Y, V) (X, -X,),2Z, —ZT);

(3.83)

As motion parameters the following maximum speed and acceleration were
imposed for the needle tip, values considered safe for the medical procedure:

v, =20mm/s; a_ =10mm/s’ (3.84)

The simulation results are illustrated in the next figures, which validate both the
kinematic model and the structure design.
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Figure 3.19. The needle tip trajectory (two steps motion)
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Figure 3.20. The variation of the coordinates, speeds and accelerations at the level of the active
joints (Dotted line represents the Siemens NX simulations)

PARA-BRACHYROB experimental model

All the achievements with respect to the development of PARA-BRACHYROB from an
idea up to an experimental model were achieved within the project no. 173/2012,
code PN-II-PCCA-2011-3.2-0414, entitled “Robotic assisted brachytherapy, an
innovative approach of inoperable cancers - CHANCE”, financed by UEFISCDI, and
represent the joint work of a large interdisciplinary team. The achievement itself
illustrates the importance of teamwork as a single scientist cannot cover all the
necessary interconnected fields of work to achieve by himself such results.

The design of the mechanical structure of PARA-BRACHYROB is presented in detail in
[COC16]. From the constructive point of view, the robotic structure is positioned on
an aluminium plate frame which can be fixed to the CT Scan using the calibrated
locations of the mobile couch, with the main 5 active joints (motors) fixed to the top
of the frame from where these are referenced (figure 3.21). The needle insertion
module motion is obtained by rotating the ball screws and/or grooved shaft held by
bearings connected to the fixed frame, necessary for a smooth motion at the active
joints. All passive revolute joints are being designed with friction plastic bushings for
attenuating the possible vibrations. The frame is supported by the ball screws,
cylindrical and grooved shafts as well as the aluminum support plates that transfer
the generated forces and vibrations to the CT table. For additional precision both
columns will be connected on top by a structural bridge which will both stabilize the
robotic structure and provide a viable electrical connection path. The two arms will
determine a specific workspace which varies with their length.

-99-



Ball screws

Cylindrical shaft

Robotic arms

Insertion
Module

Aluminium
supports

Figure 3.21. The mechanical structure of the PARA-BRACHYROB robotic system

As the needle insertion will be made always from a top position going downwards
the right cylindrical module will have a larger horizontal arm by half the distance
between the two Cardan joints to enable a wider orientation range of the needle
insertion module. The distance between the two Cardan joints has been chosen in
accordance with the available workspace of the CT and the needle length, directly
influencing the orientation and positional precision of the needle, establishing a
ratio between them.

The needle insertion module (figure 3.22) was designed to enable the efficient
insertion and retraction of the needle for any given trajectory. Based on the
conclusions presented in [STR11] regarding the needle deflection a force sensor will
be integrated mechanism to monitor the force variation during the needle insertion
though the body. The different types of tissue (layers of skin, fat, muscles, internal
organs parenchyma) have different resistances and in case the force exceeds a
certain limit the needle will deflect from the trajectory risking an unwanted damage
of proximal structures, imposing a total retraction and the repeating of the
procedure. A detailed experimental analysis on this issue will be presented in the
next chapter.
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Figure 3.22. The needle insertion module

Furthermore, the mechanism uses several guiding rings to reduce (if not to
eliminate) any bending of the needle during the insertion. The module has a
mechanical release mechanism which enables total control of the needle length
inserted inside the patient and also its safe retraction in case of an emergency. The
mechanism itself consists of a linear module that moves along a screw with a fine
pitch (0.8 mm per rotation) and it is actuated through a timing belt which enables
the positioning of the actuator itself in parallel with the module, making it very
compact. Being positioned between the Cardan joints, the mechanism is suitable for
a wide variety of brachytherapy needles. In the control unit, the doctor must specify
the needle length and the parameter d, will use the input given value to suit that

dimension.

The control system of PARA-BRACHYROB
The control system of the robot has two main components:

» The hardware which integrates a PowerPanel from B&R Automation, which
can be seen basically as a programmable logic controller with a display and
the actuators from Maxon which are connected through a CANOpen
communication interface;

» The software which integrate the actuator control (made based on the
CanOpen communication protocol), the final equations that determine the
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motion parameters that have to be sent to the actuators for a given trajectory

and the user interface.
The main idea of the control system was to design a simple user-interface that could
be safely manipulated by user with limited knowledge in engineering where the
entire procedure is performed in a stepwise sequence (that cannot be changed)
acknowledging the successful completion of each step before moving to the next. A
detailed structure of the control software for PARA-BRACHYROB is presented in
figure 3.23, structured on three levels:

1. Communication protocol level which include the data transfer for the
CanOpen interface;

2. Information exchange level which integrates all the functions developed for
the robotic structure. These include specific functions for the actuation of the
motors as well as mathematical functions for the inverse and direct kinematic
models of the robot along with the trajectory generation algorithm. As
supplementary safety condition a workspace and singularity validation
function has been added which is run before every motion.

3. User-interface level which integrates all the commands that can be given by
user for the robot actuation.

Level 1

Communication
Protocol

Read EPOS
(CAN)

Write EPOS
(CAN)

\

Read ||Read Profile ||sto

2a I p Enable ||Disable || Clear
Position| |Analog| |Position|pasitionl
ot Modo Epos [|Epos Fault

NN e

Homing

Information
Exchange \———‘
Workspace
Checking MGD MGI
N
Calibration
Level3 [T —=
User Interface —]
Draw | Define Go To
Force Graph Insertion Point Insertion Point
Stop Activate
Seek Needle Movement Robot
Print Needle Initiate Deactivate
Position Robot Robot

Figure 3.23. The control architecture of PARA-BRACHYROB
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The interface has three control screens which integrate each a separate control. The
first one provides the means to perform a fully automated procedure (figure 3.24)
allowing the automated needle insertion. The use of this control solution is
conditioned by an existing pre-planning and definition of the number and locations
for all the Insertion-Target pairs of points. The stepwise procedure is illustrated
next:

1. The robot is positioned of the CT-Scan and calibrated with respect to the laser
system (using the button Calibrate) — this will ensure that the relative position
between the robot coordinate system and the measurement system of the
CT-Scan is known and the robot can use the input data given relative to that
external reference system;

2. The patient is positioned on the CT-Scan mobile couch and carefully calibrated
based on the external markers defined during the first scan. Once this
operation is done it is confirmed on the robot using the button Validate

Patient Position;
Previous Screen et
— Initialization
Homming Calibrate \.-‘alldate_ !]a‘tIEI’I‘l
position
—Robot Control
Faositioning Commands: Graph force sensar:
Open File J Read Data J
X
! Go to point
Ingetion . [
e - 2
Heedle Change
7 0.0 o
Validate

AT 001 insertion point
T t
pauri%i YT 0.0| Insert needle J

i j{ 0.0 Retract needle J Meedle pasition:

Seek
Stop J | 0o | o0 ‘ o0 ‘ needle tip
Activate I Deactivate I

Figure 3.24. Control interface for the automated needle insertion

3. The next step is to reset all the encoders on the robot using the single active
button on the interface, Homming. This command will reposition all the
actuators on the boundary of their strokes, using external limit switches. One
all the actuators have reached their positions the next command becomes
available: Needle Change.

4. By pressing the Needle Change button the robot will move in the pre-set
working position (the point C).

5. Once this position is reached the interface will allow the insertion of a mobile
drive in a secure USB port on which there will be a file that will store, all the
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pair of points of interest (Insertion - Target). The sequential reading of the
data is done with the buttons Open File and Read Data. For security reasons
the Open File button can be used only once (it becomes disabled after the
first use) and the Read Data will cycle through the points only once until the
EOF (end of file) is reached.

6. When a pair of points is loaded, the coordinates are transmitted to the
controller and the button Go to Insertion Point becomes active.

7. By actuating the button Go to Insertion Point the robot will perform the first
motion sequence moving from point C to the point | (Insertion) with the
needle oriented on the insertion trajectory.

8. Once the point is reached the button Validate Insertion Point becomes active.

9. When the medical team validates the insertion point the next button
becomes active, namely Insert Needle that will determine the needle
insertion of the needle on the distance calculated between the pair of points
(I-T).

10. When the target point is reached the robot will release automatically the
needle and the empty module will be retracted back to the pre-set working
position (point C).

11.The needle position is validated by a quick scan and the procedure is repeated
starting from step 6.

12.When all the needles have been inserted the robot is retracted in the
Homming position not allowing any other commands, to ensure the patient
safety.

13.The patient is transported in the secured treatment room where the
radioactive seeds will be inserted using a special device and the robot is
removed from the CT-Scan table.

The interface has also a graphical area where the real-time resistance force for the
needle is displayed. The needle insertion will stop automatically in case a certain
force threshold is reached. Also the needle insertion can be stopped manually at any
instance and the needle can be retracted. The robot has also a general stop button
and an emergency button when power is cut, the actuators released and the robot
can be removed immediately.

The other available interfaces allow a manual definition of the coordinates of the
insertion and target points and the individual control of the actuators but from the
medical point of view these are only for testing purposes.

Experimental tests in a controlled environment

The experimental model of PARA-BRACHYROB was teste in November 2016 within
the Amethyst Oncology Clinic, with the assistance of dr. Gabriel Kacso which
provided both the access to the CT room and the necessary technical assistance to
interface the two systems. Based on the agreed medical protocol a ballistic gel
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model was created inside which were inserted elements which density similar to the
liver and the entire medical procedure was simulated.

a) The positioning of the robot on the CT table and its calibration  b) The positioning of the ballistic gel model on the CT and the
using the laser system of the CT — Scan (the green lines) reading of the coordinates of interest
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Figure 3.25. Experimental tests with PARA-BRACHYROB in medically relevant environment

f) Needle insertion inside the tumour under CT real-time control
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Figure 3.26. Real-time monitoring of the procedure and the validation of the needle location
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Figure 3.27. Needle position inspection at the end of the procedure and the validation of PARA-
BRACHYROB as an efficient robotic solution for the treatment of malignant tumours using real-

time CT Scan monitoring

In the end...

The development of robotic systems for medical applications is a very important
field of work, hampered unfortunately by the limited possibility of validation of the
proposed solutions due to extremely high homologation costs and limited access to
proper testing conditions. The development of PARA-BRACHYROB represents a
success story showing that in research the only real barriers are the limits that one
imposes to himself.

However, these achievements have also set a level for the future development that
must be respected once it was proven possible and also a proof that medical
research can be achieved in an efficient way with limited funding.
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Chapter 4. Advanced systems for minimally invasive
percutaneous therapy

“The future depends on what we do in the present.”
(Mahatma Gandhi)



Minimally invasive percutaneous therapies

Needle placement techniques cover a wide area of medical applications, where the
task can be described, in a very simple way, as the insertion of a needle (fig. 4.1) on
a certain trajectory, from outside up to a target point situated in the patient body.
Needle placement covers applications like biopsies, fluid extraction from internal
organs (cardiac tamponade, lungs) or placement of radioactive seeds in different
body organs in minimally invasive cancer therapy [STR11, BOCO08].
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a) b)

Figure 4.1. Needle insertion task, demonstrated using the PARA-BRACHYROB experimental model

This chapter will present several devices that were developed for this task:
» A robotic system developed for prostate biopsy;
» A set of three instruments that can be used as end-effectors for a robotic
system, covering:
o Prostate biopsy, using a dedicated biopsy gun;
o Brachytherapy, enabling the successive insertion of up to 6 needles;
o Radio-frequency ablation.

An innovative parallel robotic structure designed for transperineal
prostate biopsy — PBS-BOT

A short overview of prostate cancer

Prostate cancer is the most widely spread form of cancer, generally affecting men of
age over 45. Several studies showed that 80% of the men over 70 had different
forms of prostate cancer, most of them not being aware of that. The latest
achievements in this field have improved a lot the survival rate and life expectancy
of cancer patients but the extremely high incidence of this disease places prostate
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cancer on the second place as death cause, with an annual death rate of over
250.000 cases, with only pulmonary cancer being deadlier [YAC12].

The prostate is a gland in the male reproductive system and the prostate tumour
begins inside the prostate and may grow to involve the entire gland having a slow
evolution in time. Moreover a large percentage of the tumours located in the
prostate are benign (non — cancerous) and do not require any cancer specific
treatment (radiotherapy, surgery etc.). Nevertheless, several studies conducted on
men that died of other causes revealed that about 30% of the men aged 50 and
over 80% of the men over 70 had different forms of prostate cancer, most of them
not knowing about it [YAC12]. This shows that this form of cancer is not very
aggressive but its high incidence rate makes it one of the most deadly diseases in
the world. As in any disease, early diagnosis allows simpler curative actions, less
patient trauma, better life expectancy and quality for the patient.

5 years survival rates by stage of diagnosis

» Local — nearly 100% ¥ Very hard to detect
» Regional — nearly 100% ¥ Hard to detect
§ Distant—28% ¥ Easy to detect

New approach, targeted biopsies, with near 1 mm accuracy

Figure 4.2. Motivation for a paradigm change in prostate cancer

Nevertheless, the diagnosis for prostate cancer is carried in the same way as it was
performed 50 years ago [YAC12, GIU11]. The preliminary investigations for
malignancy suspicion criteria impose the positive result of at least one of the
following markers: PSA (Prostate Specific Antigen) larger than 4ng/ml, detection of
nodules during the digital rectal examination or positive appearance during grey
scale TRUS (transrectal ultrasound) [GIU11]. When suspicion arises, the next step
involves a 12-core, TRUS guided biopsy, which aims to harvest tissues from every
areas of the prostate to diagnose cancer [GIU11]. However, this technique is
performed without knowing the exact 3D tumours location and it was proven that
more than 30% of the cases, it provides false-negative results. Magnetic resonance
imaging (MRI) enables a better view of the prostate with clear tumour definition,
but MRI guided biopsy can be achieved only with MRI compatible materials which
make the procedure prohibitive. However, it was proven by many medical research
centres that mp-MRI (multi-parametric MRI) is very useful in pin-pointing the
prostate tumours especially in the anterior part of the gland which suggests that a
prior mapping of the biopsy target cores using the MRI would enhance the correct
diagnosis rate following a biopsy, by accurately defining the targets that will be used
afterwards during the prelevation procedure [PET12].
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The current worldwide ultrasound guided biopsy technique, following the 2012
European Society of Urogenital Radiology (ESUR) guidelines for prostate cancer has
some major drawbacks:

» Low real-time image quality;

» Blind biopsy;

» Impossibility of registering the 3D location of the biopsy cores.
These aspects make a follow-up investigation impossible as the prelevation of tissue
from the same core to assess its evolution in time cannot be done.
In the same time, the tissue biopsy is the only technique which can confirm
definitely the existence of cancer and it became a focus point for many research
centres which proposed different approaches in order to improve its diagnostic
accuracy.
In order to make a significant step ahead towards a really targeted procedure, every
device shares a common requirement which conditions its development (figure 4.2):
the need of a highly accurate targeting solution which could reach a defined point
inside the human body with an overall accuracy of 1 mm, which is well beyond the
human natural capabilities, as shown in [STR11, POD14]. The first researches in this
field proposed robotic solutions which targeted a specific organ (e.g. robots for
prostate brachytherapy and biopsy) but no general use solution has been developed
so far. A very recent report [POD14] (August 2014) published by AAPM (American
Association of Physicists in Medicine) makes a very thorough review of all
achievements in robotic brachytherapy presenting 13 robotic solutions (12 for
prostate and one for lung cancer) emphasizing the need of additional solutions and
proposing also a guideline for their characteristics.
From the medical point of view, the prostate biopsy can be performed in two ways:
transrectal (fig. 4.3) and transperineal (figure 4.4).

\ Suspect

area

Suspect

Prostate
gland

Biopsy gun

Ultrasound probe

Figure 4.3. Transrectal prostate biopsy Figure 4.4 Transperineal prostate biopsy
(©Mayoclinic health library ) (©AvantGardeUrology)
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The transrectal approach uses an ultrasound probe inserted through the rectum,
with the patient in gynaecologic position or prone sitting on one side, with the
biopsy gun attached to the probe. The transperineal approach uses the ultrasound
probe in the same position but the needle is inserted separately through the
perineum (fig. 4.4).
The transperineal technique is less used until now in medical practice but as shown
in [CHA 13] - a review article published in Nature, it has multiple advantages:
improves the cancer detection rate;
reduces the false negative results;
improves the sampling of the anteroapical (the apex of the prostate) region;
eliminates the sepsis risk (which appears due to the perforation of the
intestine) especially for the high risk patients with diabetes.
Its underuse is determined by the longer procedural times, the slightly more
expensive equipment required and the needs of high-grade anaesthesia, but globally
its benefits overcome by a large margin its drawbacks.
From the medical point of view, the transperineal technique has two main
approaches (schematic view illustrated in fig. 4.5):
1. The use of the needle guiding template which allows the needles to be driven
on parallel trajectories in different areas of the prostate;
2. The use of a single entry port, created by a very small incision in the skin,
situated on the median line of the body, driving the needles on concurrent
trajectories.

ANENANRN

Guiding template Perineum Prostate Single skin incision  Perineum Prostate

. lllll' Illll
° | ; '.
| | |
@
L
| | |
® d f |
. II.I.' lIIIII
Needles v/ Needles O/
Parallel, guided trajectories Concentric, non-guided trajectories

Figure 4.5. A schematic comparison between the two techniques

The second approach is less invasive, and even though it lacks a guiding tool for the
needle, due to the lower tissue resistance it is more accurate and the patient
discomfort is greatly reduced. This second technique is more difficult to be
performed by a physician who drives the needles manually, by hand, but it
represents the best option for a robotic approach where the needles are held

steadily by the robot.
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Transperineal prostate biopsy — a robotic task oriented application

Medical concept: Using accurate 3D data (given as target coordinates) of the patient
obtained through MRI investigations, the robot should manipulate independently the
ultrasound probe and the biopsy gun, to ensure the targeted, accurate tissue
prelevation from the designated locations with an error of maximum 1 mm.

In the case of transperineal prostate, there are defined two independent access
ports, the rectum for the ultrasound probe, and the incision in the perineum for the
biopsy gun and for this reason a modular parallel structure with two independent
kinematic chains each using its specific RCM (Remote Centre of Motion) is proposed
and illustrated in fig.4.6.

+ /y
{0 ,y*
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x

Figure 4.6. The kinematic scheme of one module of the PBS-BOT

The first module which is used for the manipulation of the ultrasound probe has 4
DOF which with respect to the entry port are three rotations and a translation along
the longitudinal axis of the probe. The second module which is dedicated for the
guidance of the biopsy needle has only 3 DOF (as the rotation of the needle around
its longitudinal axes is not needed). Two coordinate systems are defined:

» OXYZ a fixed coordinate system with the three axes oriented along the axis of
the human body (Z — vertical axis, X — lateral axis Y — longitudinal axis),
positioned in such a way to ensure the motion of the first two active joints in
the OXZ plane;
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» A second, mobile coordinate system, Exyz, is attached to the tip of the end-
effector, with the Ey axis coincident to the longitudinal axis of the medical
device.

The kinematic scheme of one module of the PBS-BOT (fig. 4.6) consists of a 2-DOF
translational parallel module with the active joints g,and g, which determine the

position of the point A in a plane parallel with the OZX plane. Two passive
translational joints T1 and T2 are moving along arcs with a common radius R,
determining a sphere with the centre in the point B. The displacement of the two
translational passive joints T1 and T2 is determined by the point A. Due to the fact
that the two passive joints have a circular motion relative to the planar motion of
the active joints g, andgq,, a passive translational joint T3 is introduced to

compensate for the variation of the Y coordinate of the point A. As the orientation
of the segment d varies with respect to the fixed coordinate system OXYZ, a
spherical joint S1 is used at the connection point. Thus, the active joints g,and g,

will determine the motion of the segment AE along the radii of sphere of radius R
ensuring the collinearity of the points A, B and E at all times, the point B
representing the RCM of the robotic module. The third active joint, g, is a

translational joint which generates a motion of the point E along the A-B-E line,
which represents the y axis of the mobile system Exyz attached to the end-effector
(the ultrasound probe). The rotation of the end-effector around the Ey axis is
achieved using the fourth active jointg, .

Biopsy
Modt\ile

(Insertion Point Human Anatomic
B2 for Needle) Model

B (Insertion Point
for TRUS)

Lo | ‘ __-="Ultrasound
R - Module
Figure 4.7. The virtual model of PBS-BOT with the human anatomical model
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The second module used to guide the biopsy needle will be positioned on top of the
first one, upside-down (mirrored) having the same kinematic scheme where the
fourth active joint will be replaced by a simple actuation device which will trigger
the biopsy gun. The use of passive circular prismatic joints will enable the
construction of modules with different radii and the assembly/disassembly for
sterilization will be faster and simpler.

A simplified virtual model of the robot, which illustrates the setup of the
transperineal robotic system PBS-BOT, is illustrated in figure 4.7.

Structural analysis of the PBS-BOT

For the structural synthesis of the prostate biopsy robotic system the equation
(3.20) introduced the previous chapter will be used.

The two modules which are used for the guiding of the ultrasound probe and the
biopsy gun are mechanisms of family F=0. The first module, used for the guiding of
the ultrasound probe, has the following inputs:

N=6,C.=5,C,=1,C, =1 (4.1)

Using (4.1) in equation (3.20) the mobility degree of the ultrasound probe module is:

M, =6-N-5-C,~4-C,~3-C,=4 (4.2)

The second module which does not have the rotation around the y mobile axis (the
longitudinal axis of the needle) has one less mobile element and one less joint of
class 5, leading to the following inputs:

N=5,C.=4,C,=1,C, =1 (4.3)

The mobility degree of the biopsy gun guiding module is:

M,,=6-N-5-C;—4-C,—3-C,=3 (4.4)
The geometric modelling of the PBS-BOT
Based on the constructive similarities between the modules, a single module will be
analysed. A set of geometrical parameters are introduced in order to obtain a purely

parametric kinematic model of the robot:
» The radius R of the arc which generates the RCM;
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» The length d of the distance between the centre of the spherical joint
S1 and the translational joint T2;

» The coordinates of the point B (Xg,Yg,Zs) Which represent the centre of
the sphere on whose surface the joints T1 and T2 execute the motion;

» The length | of the insertion mechanism, when q3=0.

Inverse geometrical modelling

The coordinates for the tip of the probe are defined by the vector:
X=X, Y. z. 4T (4.5)

All the geometrical parameters of the system are considered known. The
mathematical model can be easily solved using the collinear property of the points
A,B and E. Due to the fact that, with respect to the line AB the point E can be
situated either between the two or beyond point B, a sign variable is introduced,
when calculating the length of the segment EB.

ss=sign(Y, —Y,) (4.6)
EB:ss-\/(XE ~X,) +(Y.~Y,) +(2.-2,) (4.7)

With the length of EB known, the joint g; can be determined:
q,=R-I1+EB (4.8)

With the coordinates of the points E and B known, the angles ¥ and & which define

the orientation of the robot end-effector corresponding to the fixed coordinate
system OXYZ can be calculated as follows:

w =atan2(X, —X,,Y, —Y,) (4.9)

9=atan2(ZE —ZB,ss-\/(XE —X,) +(Y.~Y,) (4.10)

Using the value of g3 the distance between the points A and E can be calculated:
AE=1+q,+d (4.11)

Using (4.9 + 4.11) the coordinates of point A are:
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X, =X, —AE -sin(y)-cos(0)
Y, =Y, —AE -cos(y)-cos(6) (4.12)
Z,=Z,—ss-AE-sin(0)

From this point on, the values of the coordinates can be easily validated by
comparison of the computed distance between points A and B in two ways:

AB,, =R+d (4.13)
AB, :\/(XA — Xy )2 +(YA —Y; )2 +(ZA —Z )2 (4.14)

Knowing the coordinates of point A it is possible to define the active joints g; and q,.

q,=2
{ . (4.15)
q,=X,

The rotation of the end-effector is an independent motion which is described by:
q,=y (4.16)
Direct geometrical modelling

For this approach, the coordinates of the active joints are considered known:

Q=lg, 4, 9, a,l (4.17)

Using the values of the active joints and the property of points moving on a sphere,
the coordinates of points A can be calculated as follows:

X, =0,
Y, =Y, —\/ABZ —(2,-2,) = (X, = X,) (4.18)
Z,=q,

Where the length of the segment AB is determined using the equation (4.8).

Considering the fact that the orientation of the coordinate system has to be defined
using the points A and B and point E has two possible configurations on the AB line,
the following conditional parameters are introduced:
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If g;+1<R
sn=rmand ss2=-1
Else (4.19)
sn=0and ss2=1
End

The equations for the angles v and @ are:

w =sn+atan2(X, —X,,Y,—Y,) (4.20)

Q:atanZ(ZB—ZA,\/(XA_XB)2 +(YA_YB)2 —sn (4.21)

The length of the segment AE can be easily determined geometrically using eq.
(4.12), and with (4.20) and (4.21) the coordinates of the point E can be calculated as
follows:

X. =X, +AE -sin(y)-cos(6)
Y, =Y, +AE-cos(y)-cos(0) (4.22)
Z,=Z,+ss-AE -sin(0)

The rotation of the end-effector is an independent motion resulting that:

W :q4 (4.23)

At this point, the geometrical model of the robot is completed with all the equations
depending on only three parameters: R, d and I.

The kinematic modelling of the PBS-BOT

Using the equations from the geometrical models the implicit functions are
determined in order to calculate the Jacobi matrices:

Z;—q
f1:q1—2E+(1+q3+d)-(BA—Bl)

Xs—q
JZ:quﬁ(“%”)'% (4.24)

2

f, :q3—R+1—55-\/(XE—XB)2+(YE—YB)2+(ZE—ZB
fi=a,—v
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The following notation is introduced:

u:\/(XE X)) + (Y, =Y,) +(2.~2,) (4.25)

Knowing that the Jacobi matrices represent the partial derivatives of the implicit
functions with respect to the end-effector coordinates (matrix A) and active joints
(matrix B) [MERO6], their explicit form is:

0 0 —1
-1 0 0
A= _ _ _ 4.26
SS(XE X;) SS(YE Y,) SS(ZE Z,) 0 (4.26)
u u u
0 0 0 -1
Respectively,
, U+g;+d) 0 Z-a9, |
AB AB
(I+qg,+d) X,—q
B= 0 1— 3 B 12
7B B (4.27)
0 1 0
0 0 1

Singularities analysis

Based on the equations (4.26 and 4.27), the determinants of matrices A and B can
be determined in an analytical form:

ss-(Y,—Y;)

det(4)= =2 (4.28)

u

And respectively:

(d—AB+I+q,)

det(B) = Ve

(4.29)

These two determinants share a common geometric condition when they vanish,
which is described in the following three equations below:
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Y=Y,
u=EB=0 (4.30)
d+/+q3:A_B:>/+q3:R

The common condition described by the three relations in eq. (4.30) corresponds to
the case when the end-effector tip (the point E) is located in the centre of the
sphere, namely superposed over point B. In this case, the tip of the end-effector will
remain fixed for any motion at the level of the active joints q; and q,. It has to be
underlined that “theoretically” the robot loses in this point two degrees of freedom,
but by actuating the joint g3 the end-effector will be moved without any problems.
In fact, this situation represents an advantage because, when the robot reaches the
access port in the body, for both the ultrasound probe and the needle of the biopsy
gun, the tool can be oriented freely, ensuring its positioning, before the insertion, in
the best orientation without any danger for the patient. Based on the above it can
be concluded that the robot works in a singularity free configuration, ensuring
maximum safety during the entire medical procedure.

The kinematic modelling of the PBS-BOT for speed and accelerations

For solving the kinematic model at the level of speeds and accelerations, the
following vectors are defined:

X=X, Y. 2. 4T (4.31)
X=[X, V. Z. ¢T (4.32)
Q=[¢, ¢ ¢ 4q,I (4.33)
Q=[4, 4, G, 4§, (4.34)

With the help of the Jacobi matrices between the velocity vectors X and Q, the well-
known equation [MERO6] can be written:

A-X+B-Q=0 (4.35)

The equation which characterizes the accelerations is:
A-X+A-X+B-Q+B-Q=0 (4.36)
The solving of inverse and direct kinematic models with unique, analytical equations

will enable their future implementation in real-time control architecture for an
optimized motion control.
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Workspace modelling of the PBS-BOT

For the correct definition of the geometrical parameters of the PBS-BOT, workspace
modelling in correspondence to the application at hand and a study of the robots
accuracy is demanded.

For the precision mapping a relative coefficient between displacements of one unit
at the level of the active joint and its corresponding motion at the level of the end-
effector will be calculated.
For the prostate biopsy medical task, for both robot modules, the following
conditions apply [YAC12]:
» the ultrasound probe can be inserted up to 150 mm inside the patient rectum;
» the prostate maximum size does not exceed the size of a sphere with a radius
of 40-60 mm;
» the biopsy gun has to avoid the penetration of the urethra (fig. 4.4) where a
cone with the opening angle of 5° is defined as a “no access zone”.

Considering the similarity in structures, figure 4.8 illustrates the workspace of one
module, the other having the same workspace.

Figure 4.9 presents a cross-section through the workspace of the biopsy gun
module, in a parallel plane with YOZ at the X = 180 mm, to emphasize the avoidance
of the urethra using the safety cone required by the physicians, condition applied for
the biopsy gun module only.
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Figure 4.8. The workspace of one module of the Figure 4.9. Cross-section in the workspace of
PBS-BOT the biopsy gun guiding module of the PBS-BOT
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Precision Evaluation

An important requirement for any medical device used in an invasive way refers to
its secure utilization and the motion accuracy becomes one of the most important
features correlated with safety. For the workspace modelling the points were
generated using constant increments for the advance of the point E for the
orientation of the instrument and the translation along its longitudinal axis.

Using the data obtained during the workspace modelling a comparison between the
motions of point E (the TCP of the medical tool) and the point A which is responsible
for the orientation of the instruments inside the patient body, has been achieved.
Knowing that the point E has a constant increment the ratio between two
consecutive positions of the point E and the corresponding values of the point A can
be calculated. Considering the motion of point E as a unit motion the ratio will show
the corresponding motion at the level of point A. Figure 4.10 illustrates the
simulation results, for the following parameters: R=300 mm, d=32 mm, |=195mm.
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Ratio

0 0.5 1 1.5 2 2.5
Displacement of point E between two consecutive positions

Pct A
PctE

Displacement [mm]
[\
1

(e}

L |
50 100 150
length inside the body [mm]

Figure 4.10. Relative motion of the points A and E within the robot workspace
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The first graph illustrates the ratio between the motions of points A and E with
respect to the depth of the instrument inside the human body. As the motion takes
place around a fixed point (B) in its vicinity the ratio is clearly higher but the most
important aspect is that at maximum depth is larger than 2.3 which mean that the
point E can be accurately controlled (for a unit displacement of point E one would
need 2.3 units of displacement for the point A).

The second graph represents the distance between two consecutive positions of
points A and E with respect to instrument depth inside the body. It can be seen that
point A has a linear variation independent with respect to the depth of the
instrument, which shows that, for a given depth the motion accuracy does not vary
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with the orientation of the instrument, meaning that for a given depth the robot
accuracy is the same for any orientation.

This data is very useful for the dimensioning of the components and the selection of
actuators for the experimental model in order to achieve the required precision
imposed by the medical task.

The kinematic simulation of the PBS-BOT

The kinematic simulation of the PBS-BOT will be achieved according to the medical
task, namely the transperineal prostate biopsy the two modules having different
behaviours:

» The module guiding the ultrasound probe allows the positioning and
orientation of the instrument, outside and inside the body (within specific
limits) to enable the proper visualization of the prostate;

» the module guiding the biopsy gun have a motion split into two separate
stages: having the current pose of the robot and target point inside the
prostate, the algorithm calculates the final required needle orientation and
will achieve it prior to the needle insertion, which represents the second
motion stage, performed always on a linear trajectory inside the patient body.

For the determination of the needle final orientation, and the required motion at
the level of the robot active joints the following parameters are given: the
coordinates of the current position of the instrument tip denoted with C (X, Yc,Z)
and the coordinates of the target point, T(X+,Y1,Z1).

Knowing the coordinates of the point B (XB,YB,ZB) the initial and final orientation

of the robot can be modelled using the equations:

w,=r+atan2(X, —X,,Y,—Y,) (4.37)
(9,=atan2(ZB—ZA,\/(XA_)(B)2 +(YA—YB)2)—7T (4.38)

Respectively:
y, =atan2(X, —X,,Y,—Y,) (4.39)
Qf:atanZ(ZB—ZA,\/(XA_XB)2+(YA_YB)2) (4.40)

The numerical parameters for the kinematic simulation of the PBS-BOT are:

R=300mm,d =32mm,| =195mm (4.41)
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A real case scenario was defined for the biopsy gun robot module motion as follows:

v The robot has a current arbitrary position (point C) known with respect to a
fixed coordinates system;

v' The robot will receive a set of coordinates for the target point inside the
patient (point T);

v" The robot motion is decomposed into two parts: in the first, the robot will
move from its current location to the insertion point, achieving, in the same
time the final orientation for the needle ( v, and Hf ); in the second motion
stage, the robot will drive the biopsy gun, along a linear path to the target
point.

The maximum values for the speeds and accelerations for both motion stages are:

v=10mm/s,a=5mm/s’.

A numerical example is presented, for the following set of points:
X.=210mm,Y.=300mm,Z.=240mm
X; =180mm,Y, =382.5mm,Z, =229.74mm (4.42)
X, =220mm,Y, =450mm, Z, =250mm

Figures 4.11 and 4.12 present the time history diagrams for the variation of
coordinates, speeds and accelerations at the level of the needle tip (point E)
respectively at the level of the active coordinates. In figure 9, the sudden change in
the angle values for  and @ corresponds to the reach of the point B when the

angles change value with .
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Figure 4.11 Time history diagrams for the displacement, velocity and acceleration of the
instrument tip (point E)

-123 -



[

ql (mm)
2
k=
vql {(mm/s)
aql (mm/s%)
f=1

y
tn

_as0b

g 200

£ 150 ;

%100 e T i
50 . N T .

0 5 10 15 20 0 5 10 s 20

2

aq2 (movs)

vq? (mm/s)

g3 (mmy
w = m
f=] f=1 L=
V3 ()
[=] i 6
agq3 (mm/s")
= h

o
n
=
=
=
—

at )
=

v (°48)
=]

agd ©/s?)
=

055 5 10 15 20 0y 5 0 13 20 g < 10 13 20
L 1 L
Figure 4.12 Time history diagrams for the displacement, velocity and acceleration of the robot

active joints

=
—

As there is a general opinion shared by medical experts which favours whenever
possible (based on the availability of the medical infrastructure) the transperineal
approach, the use of either one of the transperineal approaches is not definitely
decided. As it will be shown later in this chapter, an experimental study done for the
measurement of the tissue reaction forces gives the motivation for favouring the
single incision approach which is the technique used in the European Institute of

Oncology in Milano, Italy and also by the medical experts within the Cluj-Napoca
Municipal Hospital.

While an experimental model of the PBS-BOT was not build the virtual simulations
give confidence that the solution is a solid option for the development of a robotic
device dedicated for transperineal prostate biopsy.
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A Needle Insertion Module for Robotic Assisted Transperineal Prostate Biopsy

Before introducing the design of module dedicated for operating the biopsy gun
which can be used in a robotic assisted prostate biopsy, the medical protocol for
such a procedure has to be defined. For transperineal prostate biopsy a 6 stepwise
procedure has been proposed, considering that the robotic system used has the
capability of manipulating both the biopsy gun and the TRUS probe:

Step TRUS Module Biopsy gun Module

i The module is initialised, moved into The module is initialised and moved into home

home position and calibrated with position and calibrated with respect to the

respect to the patient. patient.

The TRUS probe is inserted through the The robot will position the needle from the

patient rectum and adjusted to provide home position to a predefined position based

proper US view of the prostate. on a pair of predefined Insertion and Target
points.

The US probe is adjusted to acquire the The needle is inserted through the perineum

needle on its trajectory to the target tissue, on a linear trajectory, into the prostate

point. gland until the target point is reached.

A final position check for the needle is The biopsy gun is fired leading to a quick

performed. actuation of the stylet (a) followed by quick
actuation of the cannula (b) in order to capture
the target tissue inside the needle.

The US probe is kept in place. The needle is retracted from the patient
following the exact same trajectory it used for
the insertion and then moved to home position.

The US probe is kept in place. The sample tissue is unloaded and, if necessary
the gun is reloaded and placed back in the
module.

For each following required sample steps from 3 to 5 are performed for the TRUS module
and steps from 2 to 5 for the Biopsy Gun module.
The US probe is retracted and the The module isretracted into the home position.
module is moved to the home position.

As the biopsy gun was mentioned several times figure 4.13 illustrate the specific
instrument that was used in the module design.

biopsy gun handle 198 mm unloaded

. (180 mm loaded)
rotating sleeve
(360° fotading) ™

\
= biopsy needle

firing button cylindrical peaks

cylindrical cuts
Figure 4.13. CAD illustration of the biopsy gun with geometric details
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It is a BARD Monopty 22mm biopsy gun (Fig. 4.13), which contains a biopsy needle
with the back side encapsulated into a plastic handle with a rotating sleeve that is
used to load the gun, and a circular button behind the handle to fire the biopsy gun.
The gun loading procedure is done in a sequence having two steps: by rotating the
sleeve counter-clockwise about 180° the needle cannula gets retracted by about 18
mm, and next, by rotating the sleeve counter-clockwise another 180° the stylet is
retracted again by 18 mm. The gun loading sequence is performed manually by the
clinician, having no effect on the accuracy of the procedure, as after the biopsy gun
is loaded it will be mounted in the guiding module in a fixed position. The first step
of the loading sequence is used also to remove the biopsy tissue after prelevation.
The internal stylet has an opening where the sample tissue is stored after the gun
firing. The unloaded gun, the first loading sequence detail of the tip and the loaded
gun are shown in the next figure.

a) Unloaded biopsy gun b) Half loaded, stylet detail c) Loaded gun (18 mm shorter)

Figure 4.14. Details of the loading sequence of the BARD Monopty 22mm

A stepwise illustration of the biopsy gun behaviour during the procedure is
illustrated in figure 4.15 following closely the sequence presented before.
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Figure 4.15. The prostate biopsy protocol with focus on the biopsy gun
The module should have the following characteristics:
1. Efficient robot connection. The module has to be attached to a robotic system

that would perform the positioning of the module+needle assembly with the needle
tip in the Insertion point and aligned on the predefined linear trajectory.
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2. Fast and reliable biopsy gun attachment. Even in the case of a transperineal
biopsy there will be multiple cores harvested from the prostate. Thus, during the
procedure, after each sampling the doctor needs to detach the gun, remove the
sample tissue and then reattach the gun in the module. This must be done without
any misalignments between the attachments.

3. Needle deflection avoidance. The biopsy gun needle is almost 200 mm long and a
diameter of 1.7 mm, which makes it very easy to bend in contact with an obstacle.
Thus a supplementary guiding element will be used as a stiffness element close to its
tip. This element, along with all the other that come into contact with the needle
itself, must be either sterilisable or for single use so it has to be detachable.

4. Total length/retraction parametrization. In the control program the total length
and retraction (when the biopsy gun is loaded) must be parametrized as the
insertion has to be made is such a way that when fired the target point to reach the
clearance on the stylet (which would ensure that the right tissue has been sampled).

Based on the above, the biopsy gun module has three main components, namely: a
platform that is linked with the robot, a mobile (relative to the fixed platform)
support that holds the biopsy gun, and a needle tip holder. The robot connection
module will be achieved in two points in such a way to enable the direct mounting
on either PARA-BRACHYROB (presented in chapter 3) or on another device
developed in CESTER, BIO-PROS1 [TUC 18], which is a robot with two independent
modules, designed especially for transperineal prostate biopsy.

universal joint universal joint z
(proximal) (frontal)

platform

Ishaﬁ

< ’ hiopsy gun
Figure 4.16. Conceptual scheme of the needle insertion module

The linkage between the fixed platform and the biopsy gun support is described in
Fig. 4.16. The Cartesian coordinate system is fixed on the platform of the module
into a point desired for the connection with the robot (this will make it easy to
correlate the needle insertion module to the robot coordinate system). Therefore
the centre of the module coordinate system will be superposed over the centre of
the universal joint from the frontal part of the end effector (for the biopsy needle).
The needle longitudinal axis is parallel to the OX axis and lies in the XOZ plane at
distance d,ceqie- The linkage between the platform and the mobile support is created

via two parallel passive cylindrical joints (using the shaft (1) from the support and
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the bushings (2) from the platform). This will ensure the translation motion that will
insert the needle on the linear trajectory inside the patient body.

The shaft length (lshar) and the tube length (l.,,e) permit a total translation (lians) of
the support (and needle):

0 < |hyans| < e — !

trans‘ = Ishaft —

(4.43)

tube

As the shafts slide through the bushings |, varies, i.e. if the shafts are translated
along X’ and X"’ axes (parallel to OX) allowing the motion in both directions, i.e. the
insertion and retraction of the needle.

The needle tip has the coordinates:

Xnt Xnt
Yoo =] O (4.44)
Z d

nt needle

Where x,; can be determined as following:

Xnt = Ineedle + Itrans + dst (445)

Where d; is the distance in along the X axis from the origin O and the proximal part
of the needle when translation is minimum (i.e .zero in our case) and it can be
computed from:

dst = dO—base —1 (446)

trans

Where dg.nbase represents the distance (X coordinate) from O to the needle base (the
proximal part). Finally, the needle tip coordinates are obtained:

Xnt Ineedle + Itrans + dst
Yoo |= 0 (4.47)
4 d

needle

The linear motion is obtained through the active prismatic joint (3) which is actuated
along the X; axis (parallel to OX) using a screw/nut mechanism.

The CAD design of the needle insertion module and its components, developed in
Siemens NX, are presented in Fig. 4.17. The biopsy gun support has a fixed part (4)
and a revolving part (5) (around R axis parallel to OX) to allow an open/close
sequence to place and fix the biopsy gun. The biopsy gun is placed into the mobile
part (5) of the support and then the support is closed by pushing it up against the
fixed part (4) and locking the two parts together via a screw mechanism (6). The
biopsy gun handle has a design with four cylindrical partially cut in the back side and
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two cylindrical peaks in the front side (a negative mark of the external shape of the
biopsy gun handle). The support design takes advantage of these geometric
features, and with a back cover (7), it ensures a reliable fixed position of the pistol
when the support is closed'. On the left and right side of the support there are
cylindrical shafts (1), which create cylindrical joints with the fixed platform. On the
top there is a platform (8) (parallel to XOZ plane) with a carving in which a ball nut
(3) is fixed to create the translation mechanism. The firing mechanism is simply a
spindle drive (9) fixed into a support (10) placed and fixed behind the back cover (7)
of the fixed support part (4).

Figure 4.17. CAD design of the needle insertion module with its highlighted components.

The platform (11) (lying on a plane parallel to OXZ) is connected with the pistol
support via two bushing (2) which in combination with the cylindrical shafts (1) from
the support creates two parallel cylindrical joints. The translation motion of the
support relative to the fixed platform is achieved with a rotating ball screw (12)
(connected with the nut (3)) actuated by the motor (13) through a gear mechanism
with two cogwheels (14) and a timing belt (15).Two mounting blocks (16) are fixed
to the platform, in the same plane, to enable the connection between the needle
insertion module and the robot.

The needle tip holder (17) is connected in the frontal part of the fixed platform (11)
using a sliding sledge with springs (18). The needle tip holder has a mechanism
designed with three grooved wheels (19) with spinning axes parallel with QY. The
sledge purpose is to allow the motion of the holder along an axis parallel to the
needle axis, motion that is needed when the clinician mounts the gun into the
support. l.e. the holder must be moved away from the gun when the pistol is being
mounted, and moved back after the support is closed so the needle goes through
the holder. The holder is removable from the sledge for sterilization related issues
(or it can be made out of plastic for single-use). The holder (17) is fixed into its plug

! This design is valid only for the Bard biopsy gun. Such an adaptation has to be achieved individually for
each type/size of gun used.
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(20) using either a magnet or a compression spring (21) for exact positioning and a
screw (22) for stiffness. The needle holder is fixed relative to the insertion point,
and the biopsy needle slides through it in the insertion stage. The wheels
mechanism reduces friction in comparison with a fixed needle holding mechanism,
which helps especially on the pistol firing stage when the needle instantaneous
acceleration is high. The space between the wheels is 1.7 mm i.e. the mechanism is
designed for the standard 1.7 mm diameter biopsy needles found within the
Monopty 22mm biopsy gun’.

For a needle insertion correlated with the clinical specifications presented in section
2, the length of the cylindrical shafts is chosen to be 175 mm while the length of the
cylindrical counterparts from the platform is 60 mm. This offers a total of 115 mm
translation of the needle tip, which allows certain flexibility in determining the
needle distance relative to the insertion point, and allows the reach of the target
point from various needle positions and orientations.

The total mass of the needle insertion module is:

m =m. +m (4.48)

module fix move

Where mg, is the mass of the parts that are not actuated by the modules motor
(platform, needle holder, motor), and M. is the mas of the motor actuated parts
(support, biopsy gun, firing mechanism).

The formula needed to calculate the thrust generated when torque is applied is:

E :27z-771-T

; Bh (4.49)
With:
F,.= Thrust generated by the torque (N);
Ph = Feed screw lead (mm);
n = Positive efficiency of the feed screw (%);
T= Driving torque (Nmm).

F, can be viewed as the frictional resistance on the guided surface (i.e. friction inside
the cylindrical joints of the module):

Fa =H-Me9 (450)
Assuming perfect surface contact in the cylindrical joints, and taking into account

the tissue resistance on needle insertion, using Eq. (4.49) the net thrust when
torque is applied is defined as:

? For other needle diameters the wheels have to be changed in order to ensure an efficient guiding contact.
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I:total = Fa + I:tissue (451)
Where Fiie = tissue resistance.
The torque needed to maintain a linear motion (constant velocity) of the biopsy gun
in the insertion stage is:
Ph

T=F 6 ——
27 -1y

total

(4.52)

The torque needed to accelerate the needle has to be computed by accounting all
the moments of inertia of the rotating parts:
T.=Jd-® (4.53)
Where:
J— total moment of inertia (kg-m?)
@— angular acceleration (rad-sec”)
The total moment of inertia is calculated from:

2
J :mmove-(ij +J.+J,+J, (4.54)
2.7
Where:
J,— moment of inertia of the screw
J.— moment of inertia of the gear attached to the screw
J,— moment of inertia of the gear attached to the motor shaft
, 1
J.=Jd,=m, -d 'S (4.55)
Where:
My, —  mass of the pulleys from the gear (10 grams)
d- outer diameter of the pulleys (15 mm)
The angular acceleration can be calculated from:
. d(@2-7-N)
0=——-= 4.56
" (4.56)
With:
N — number of rotations per sec.

A very important aspect related to the overall module design and the accuracy of
the procedure is the analysis of the needle behaviour when inserted through the
different layers of tissue up to the target point. A special attention will be given to
the skin penetration which is a very tough and elastic layer of tissue.

As the literature data is somewhat inconclusive regarding the resistance forces for
needle insertion techniques and the different surveys [JIA14, YAN18] report many
approaches but inconstant values, an experimental setup has been created to
measure the tissue resistance forces for the specific needles that are used for the
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minimally invasive non-surgical techniques, in a configuration as close as possible to
a real case scenario. An important aspect that has been overlooked by many
scientists is the effect of the neighbouring tissues, thus a setup where a small piece
of tissue is used can lead to false information as its behaviour can be totally
different when the overall forces are distributed over a large volume.

Thus, for the experimental tissue an ex vivo large pork leg with all the internal
structures intact has been used as a test sample (figure 4.18). The needle was
inserted into the tissue using the ZWICK/ROEL testing equipment (basically a
calibrated press with force sensors in the moving head, which can perform motions
on the vertical axis with different velocities setups) while the reactive force was
continuously registered. The results obtained from 5 experimental trials, as well as
the mean of those trials are presented in Fig. 4.19 for biopsy needle insertion, with
and without skin incision. The point of insertion was carefully selected not to be
closer than 5 mm than the previous insertion point to avoid following a needle path
that was already used, therefore measuring lower forces since the tissue was
already penetrated. However with this approach it is easy to observe the variations
in the force curve since the needle, most likely, penetrated trough different tissue
(fat, muscle etc.) for every experimental trial. The velocity during needle insertion
was 10 mm/sec and the force was registered for 8 sec. This leaves a variable interval
of depth length of about 70 mm. As illustrated in Fig. 4.19, the resulted tissue
resistance to needle insertion was in less than 10 N.

Figure 4.18. Tissue resistance on needle insertion experimental setup. Overview on the left; close
view on right.

The experimental results validated also a medical variation of the transperineal
procedure performed by specialists from the European Institute of Oncology, Italy,
which perform a small incision in the perineum skin and insert the needle in a cone
shape through a single port, rather than using parallel trajectories, as presented also

in the first part of this chapter (see figure 4.5) [COB15].
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Tissue resistance on needle insertion (without skin incision) Tissue resistance on needle insertion (skin with incision)

Faorce [M]
Faorce [M]

Time [s] Time [sec]

Figure 4.19 Reported tissue resistance for needle insertion using ex vivo animal tissue without skin
incision (on the left) and with skin incision (on the right).

With this approach, where a skin incision was performed, the resistance force of the
tissue has a more linear evolution, eliminating the spike which appear when the skin
is penetrated which leads to an increased accuracy due to the elimination of the
needle deflection. This approach eliminates the use of a guiding template making
the manual needle insertion somewhat more difficult, but using a robotic arm for
the needle guidance this drawback is eliminated. Simulation using Siemens NX™
software showed a mass of the mobile parts of the needle insertion module = 175
grams (using Al 5086). The biopsy gun mass is = 50 grams, and by considering the
nut and the spindle drive masses, the total moving mass of the module is =240
grams. The friction coefficient in the cylindrical joints is 0.04 (steel to teflon since
teflon bushings are used inside the joints). By using equation (9) the torque value
required for needle insertion (at constant velocity) of = 0.0017 Nm is obtained.
Using equations (11-14), with the screw moment of inertia = 0.0285-10° (kg-m?), the
pulleys moments of inertia = 0.2813-10°°, the required needle velocity =10 mm-sec™
and acceleration =10 mm-sec” (thus the acceleration time is 1 sec), and finally the
rotational velocity 10 rot-sec™’, the extra torque required for accelerating motion is
obtained = 37.52 - 10° Nm.

The force needed to fire the biopsy gun was experimentally determined by pressing
the loaded biopsy gun firing button against a force sensor FSR® from Interlink
Electronics™, while the data was acquired using National Instruments™ hardware
(NI USB-6210) and MatLab™ software (Fig. 7). The experimental bench was
developed inside CESTER research center. Output data from 31 experimental trials
showed a normal distribution with a mean of 2.689 V (at gun firing instance) and a
standard deviation of 0.11. The force sensor was calibrated using standardized
weights to determine the characteristic curve that describes volt to force conversion
(Fig. 7). Out of this curve, a force of 7.84 N resulted to be de mean value at the gun
firing instance.
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An electromagnet or a spindle drive that offers a force of 10 N is recommended
since it gives an extra = 25% interval to ensure the gun firing. In the selection of the
actuation solution weight is a critical parameter which has to be minimized.

7.84 N
at 2.69 V J

power supply

w

Voltage (V)
N

characteristic curve

+  Voltage vs. Force

0 2 4 6 8 10 12 14 16 18 20

force sensor Force (N)

Figure 4.20. Experimental setup for the gun firing needed force (left). Voltage to force
characteristic curve of the force sensor (right).

Following the above results (calculated and experimentally determined) the
proposed actuators (motor and spindle drive) for the needle insertion module and
the screw/nut mechanism are the following:

- The Spindle Drive GP 6 S §6 mm from Maxon Motor™; max continuous force of
10 N, max intermittent force 18 N, with a mass of 4 grams.

- The motor, ECX SPEED 8 M @8 mm, and the planetary gearhead GPX 8 @8 mm
from Maxon Motor™; offer continuous torque of 0.008 Nm and a maximum
intermittent torque of 0.012 Nm with a mass of 9 grams.

- The ball screw and the ball nut from THK, screw model MDK 0401-3 with its
afferent nut. The mechanism has the lead of 1 mm, efficiency of 0.95 and it
works well at a rotating speed of 600 RPM. The mass of the screw is 10.15
grams while the mass of the nut is 10 grams.

The total mass of the needle insertion module with the biopsy gun mounted is
around 560 grams. The compact solution proposed for the needle insertion module
makes this device suitable for a wide variety of biopsy procedures, extending its
utilization to other organs as well: liver, kidneys, breast, and thyroid. The overall size
makes this device also capable of performing CT-Sim guided biopsies, working as the
end-effector of a robotic arm which works inside the gantry of the imaging device,
such the PARA-BRACHYROB robot [19]. The modular design allows, with minimal
changes its conversion towards another biopsy gun, imposing as a single restriction
the presence of the release mechanism at the end of the proximal head of the
medical instrument.
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A Multi-Needle Insertion Module for Robotic Assisted Brachytherapy

Before

introducing the design of module dedicated for robotic assisted

brachytherapy, the procedural steps are described below:

Step

Preplanning

The patient undergoes a complete non-invasive imagistic investigation (CT — compulsory
and MRI —if needed) for the exact definition of the tumour(s) location.
The CT images are analysed and the following parameters are defined:
The radiation dosage and type.
The number of needles.
The matrix distribution of the needles.
The linear trajectories which have to avoid the proximity of high risk areas (organs
penetration, blood vessels, nerves) and high density tissues (cartilages, bones).
Using a CT-Scan equipment which has an external laser-based fixed coordinate system
(see figure 3.3), the patient position for the procedure is established to enable:
a. Comfortable fixed patient position during the entire procedure (as only local
anaesthesia will be used);
b. Easy access to all the predefined trajectories for the robot with the needle
insertion module positioned above the patient.
A set of markers is positioned on the patient to enable:
a. An accurate reproduction of the patient position with respect to the external laser
based coordinate system;
b. A clear view of the needle insertion points achieved through:
i. Markers highly visible under the CT-Scan;
ii. A needle guiding plate where the holes of interested are marked.
Using the CT-Scan the patient is scanned again and all the markers are validated making if
needed the final fine adjustments.
The relative robot-patient position is optimized to ensure that all the targeted points can
be reached (are located within the robot workspace) and the final trajectories are
validated.

oo oo

CT guided robotic assisted brachytherapy

Using the numbered mounting holes the robot is positioned on the mobile CT-Scan couch
followed by the patient, whose position will be reproduced using the existing markers
(step 4). The patient and robot are calibrated with respect to the laser coordinate system
and the transformation matrix for the transformation of the patient coordinates into the
robot coordinates is introduced.

The robot performs the homing and then positions the needle insertion module in a
predefined point, above the patient, but not very far from the area of interest.

The coordinates of the pairs of points (Insertion — Target) are loaded using a secured USB
drive to avoid any human errors.

The first needle is positioned from the current (neutral point) into the Insertion point
oriented on the linear trajectory defined by the first pair of points. Due to the external
markers the doctors will be able to see any misalignments before any invasive action has
been performed.
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The needle is introduced into the patient at a depth of 40-50 mm followed by a quick
scan aimed to validate the trajectory.
If needed, small trajectory corrections are applied.

In case the trajectory has an error higher than 0.2°-0.5° (depending on the target depth)
the needle is retracted and introduced again.

The needle is introduced until the targeted point and then released from the insertion
module.

For each following needle the steps 10 — 14 are repeated until all the needles are in place.

The robot is retracted into the home position to allow full access to the inserted needles.

The needles are connected to dedicated equipment that will delivered the radioactive
seeds based on the treatment protocol.

After the treatment the needles are extracted from the patient body and the patient is
removed from the CT-Scan mobile couch.

The robot is removed and the procedure is completed.

Patient follow-up

The patient evolution is monitored and based on his/her evolution sub-sequent
treatments are scheduled.

All the information is stored in a database recording the robot parameters, procedural
times as well as all the medically relevant data such as needle accuracy and treatment
efficiency.

The procedural steps described below are somewhat autonomous, based on the
careful preplanning even though they require a stepwise validation. The only human
intervention during the procedure would be the loading of a new needle in the
insertion module of the robot. This can be seen as a potential source of errors
motivating the idea of developing a multi-needle module that would perform an
automated loading of the sub-sequent needles.

The multi-needle insertion module has two main mechanical subsystems: one
designed to load one needle at a time, from a magazine that can hold up to 6
needles and one which performs the insertion on a linear path until the calculated
depth. The first subsystem is the needle storage mechanism (Fig. 3) with a total
capacity of 6 brachytherapy needles and the second subsystem is the
loading/insertion mechanism (with the main component being the needle gripper).

The two subsystems (actuated by two motors) work together with a synchronized
motion as follows:

1. With the actuation of motor 1, both the needle storage airscrew element, and the
needle loading gripper will rotate. The needle is guided (by the storage airscrew
element) through a circular channel (Fig. 4.21) and at the end of the channel it is
grabbed by the gripper. This synchronous motion is provided by the actuation of
two shafts simultaneously (using the motor 1). The two shafts rotate in opposite

directions with different speeds (1:6) the different ratio being achieved using a
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planetary gear. This makes possible the loading stage of a single needle, and the
storage of up 6 needles (displayed on circular pattern at equal angles).

2. After the loading stage, the needle is fixed in the gripper, and the pre-insertion
stage begins (actuated by motor 2 through a screw/nut mechanism), i.e. the needle
is moved on a linear path until it enters from through the needle tip guiding element
(Fig. 4.22). From here the insertion stage is performed based on the preloaded
coordinates, followed by the release of the needle with the actuation of motor 1
(30° rotation opposite of the loading direction). The shaft that guides the gripper
allows both the translation on a linear path and the rotation of the gripping claws.

3. With the needle inserted the loading mechanism is actuated back (motor 2) to the
needle loading position. To load another needle the motor 1 is actuated 390° (to
compensate for the 30° motion used during the release needle stage).

rotation of the

airscrew element airscrew
element

brachytherapy needle

needle trajectory

brachytherapy needle

Figure 4.21. The needle magazine sub-system

needle storage
needle tip

guiding element

shaft

motor 1

brachytherapy
needle

motor 2

_ screw/nut
needle gripper mechanism planetary gear

Figure 4.22. CAD model of the multi-needle insertion module
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One critical aspect that has to be pointed out is that after the needle is released, the
robot has to retract the medical instrument on the same linear path that has been
used for the needle insertion until the needle exits the needle tip guiding element
hole, in order to leave the needle inside the tissue without causing trauma.

An experimental model for the multi-needle insertion module has been achieved
using commercial of-the-shelf motors, bearings and a linear rail. All the other
components have been manufactured using 3D print manufacturing technology
from ABS (Fig. 4.23).

Figure 4.23. Experimental model of the multi-needle insertion module

As in the case of the prostate biopsy module a set of experiments has been
performed:

1. The tissue resistance: the experimental measurements performed with the same
setup (see figure 4.18) revealed a similar behaviour with a slight increase in the
maximum force (12 N) for the skin penetration. As this procedure is performed in
the a CT room and the fact that the needles will be inserted through different points
of entry into the body the use of local skin incisions is a bit more difficult but the
overall benefits recommend this approach.
2. The needle loading: 50 experimental trials were conducted by only testing the
needle loading stage. Out of the 50 trials 45 were successful (90% success rate),
while in the other trials the needle loading failed due to various reason (friction
between the needle and the circular path in which is guided, improper gripping due
to elasticity of the ABS). This aspect issued a series of optimizations for the final
design of the instrument.
3. Experimental procedure on a phantom: A set of experiments were performed
based on a medical scenario using a human torso phantom and ballistic gel (to
simulate the tissue resistance). As shown in Fig. 4.24 a breast cancer procedure and
a hepatic carcinoma treatment were simulated where the instrument was mounted
on PARA-BRACHYROB.
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Fig. 4.24. Brachytherapy experiments a) - b) breast brachytherapy (general and close-up view); c) —
d) liver brachytherapy (general and close-up view).

A module for robotic assisted Radio-Frequency Ablation

Percutaneous radiofrequency ablation (RFA) is one of the thermal ablation
procedure used in radiation oncology as a treatment method for liver cancer [BAR
14, BAR15, GRA0O6, RAD13]. RFA scope is to heat the tumour in a controlled way,
until the liver cancer cells reach necrosis. One way the clinicians use to achieve RFA
of the liver tumours, is with a special needle (containing a set of electrodes) that is
inserted through the patient abdomen, within the tumour, and is able to deliver an
adjustable dose of electromagnetic radiation in the radio spectrum (generated by
specialized medical equipment). Limitations of RFA are mainly because of the
position inaccuracies of the needle or electrodes [BRAO7]. Medical imaging is
required in order to overcome the limitations, e.g. the clinician is able to confirm the
correct needle placement (before starting the RFA), and the degree of the therapy
success (after the RFA is complete). Moreover, robotic assisted needle placement
may improve upon the accuracy of the needle and electrode positioning within the
tumour.

Starting from the description of the manual procedure [GRA06, RAD13] a protocol
for the robotic assisted percutaneous RFA procedure is defined using a RITA RFA
needle manually mounted in the RFA module which will be guided using the robotic
system PARA-BRACHYROB.
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The RITA RFA needle [ANG18] is presented in Fig. 4.25, with examples of two
different handle actuation levels to illustrate the shape and the volume that the
electrodes cover (when the electrodes are inserted they take an umbrella like
shape). The volume is adjustable to offer flexibility on the tissue ablation procedure,
i.e. the electrodes are inserted based on the tumour size (at this stage it is important
that the clinician validates the electrodes position).

electrodes at 1st

insertion Ivl
handle at 1st

insertion Ivl

| electrodes at the
~ last insertion vl

handle at the
last insertion Ivl

Fig. 4.25. RITA RFA needle with different electrodes insertion levels

The RFA robotic assisted procedure protocol is defined as follows:

Step Action

The patient undergoes a complete non-invasive imagistic investigation (CT — compulsory
and MRI —if needed) for the exact definition of the tumour(s) location and size.
The CT images are analysed and the following parameters are defined:
a. The insertion and target point;
b. The insertion level of the electrodes;
c. The patient position during the procedure based on the tumour location and the
pair of insertion and target points.
Using a set of external markers the robot is calibrated with respect to the patient.

The robot will move from the homing position to the insertion point defined previously.
(Fig. 4.26. —step 1)

The needle is inserted following a linear path to a predefined depth - the target point (Fig.
4.26. — step 2); the insertion is monitored using an ultrasound (US) probe manually
manipulated by the doctor;

The electrodes within the needle are inserted by actuating the needle handle on a linear
path until a predefined level (Fig. 4.26. — step 3)
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Once the position is validated by the doctor (through US) the RFA procedure is started by
delivering the radiofrequency trough the electrodes (Fig. 4.26. — step 4); at this stage the
clinician is constantly monitoring the therapy progress to ensure that all the electrodes
heat up to a certain value to provide medical efficiency

After the therapy is over the electrodes are retracted inside the needle cannula (Fig. 4.26.
—step 5)

. The needle is retracted from the patient (Fig. 4.26. — step 6)

The robot is sent into Homing position (Fig. 4.26. — step 7) and the needle is dismounted
from the instrument

The patient follow-up is performed at clear intervals to establish the treatment efficiency.

Target point
Tissue gl
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Fig. 4.26. The RITA needle manipulation during the RFA procedure

Following the FRA protocol the instrument should have two degrees of freedom
(namely two independent motions), one for needle insertion/retraction and the
other for electrodes insertion/retraction. Both motions are linear and have to be
precise, with a good resolution, to ensure the accuracy for reaching the target point
in the tissue, and covering the desired volume with the electrodes (based on the
tumour size).

Fig. 4.27 illustrates the medical instrument with its components. To achieve the two
linear motions of the instrument, a rail (1) was used together with two mounted
sledges (2,3) that hold two motion independent handles (one attached to the needle
for the needle insertion 4 and the other attached to the needle handle for
electrodes insertion 5). The linear motion for the needle insertion is performed with
a ball screw/nut mechanism (6), where the screw is rotated by a motor (7), and the
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nut is linearly actuated on the screw rotation axis. The electrode insertion/retraction
is also done with a second ball screw/nut mechanism (8), actuated by another
motor (9). A frame that holds both nuts is used, to ensure the motion requirements
of the instrument, i.e. with the actuation of motor (7), both sledges (with both
handles) are moved, thus obtaining the needle insertion stage, and with the
actuation of motor (9) only the sledge (3) is moved for the electrodes insertion
retraction stage. To increase precision and decrease the needle bending risk, the
needle (10) is held by a needle holder (11) at its tip (the needle slides through the
holder at the insertion/retraction stage).

Fig. 4.27. The CAD model of the FRA instrument

For the experimental behaviour of the needle, the same experimental setup as for
the other two types of needle was used. The experiment was performed with and
without a small skin incision (five trials for each). Fig. 4.28 shows the experimental
results, where the needle was inserted 8 sec at a constant speed of 10 mm-sec™. It is
shown that a small skin incision reduces the force required for the insertion stage.
This should improve the procedure precision since the needle bending due to
resistance should be lower.

A set of experiments has also been conducted using the designed module mounted
on the PARA-BRACHYROB robotic system, to validate the overall procedure. The
experimental model of the instrument and the experimental trial with the robotic
system are illustrated in Figure 4.29.
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Fig. 4.28. Tissue resistance during needle insertion.

Fig. 4.29. Experiments with the RFA module guided by PARA-BRACHYROB

In the end...

The fight against cancer is far from being won but each day research centres all over
the world make important steps in the development of new techniques which aim
to improve if not to cure more and more forms of cancer. A challenging task with
great responsibility beautiful and scary in the same time, the fight against cancer
will end but only when a cure will be found.
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Chapter 5. Robotic rehabilitation of the upper limb

“Strength doesn't come from what you can do. It comes from overcoming
the things you couldn't.” (Rikki Rogers)



A short overview on the post-stroke rehabilitation

Based on the data presented in the first chapter there are several aspects that not
only encourages but imposes the development of robotic devices capable of
providing an efficient aid in the rehabilitation of a post-stroke patient:

» The EUROSTAT population projections estimates that in the European Union
(EU) the percentage of population aged over 65 will increase from a value of
17.1% in 2008 to 30% in 2060 while the population aged over 80 will rise from
4.4% to 12.1% for the same period;

» One of the major disability causes among elderly people is neurological with
emphasis on stroke;

» The incidence of the first stroke in Europe is 1.1 million and prevalence
around 6 million;

» The post-stroke one year survival rate is around 75% with 80% of the survivors
experiencing long-term reduced manual dexterity.

Based on this data, MAR defines an acute demand for the development of new
methodologies in rehabilitation that will allow physicians to treat, with better
perspective, a larger number of patients. Furthermore, current projections in
neurologic rehabilitation point out the following critical aspects:

» Stroke is one of the major diseases which target especially the elderly
population;

» Stroke incidence will increase with the increase of average life span of the
population;

» In less than 20 years the medical system will be unable to supply sufficient
medical personnel to attend stroke patients;

» Due to lack of economical sustainability and unavailable technologic solutions
there are no devices specialized in the acute post stroke rehabilitation.

The robotic systems represent a viable solution which can allow physical therapists
to develop patient-oriented rehabilitation programs that can maximize the
therapeutic effects aiming towards an increased quality of life in the framework of
Activities of Daily Living (ADL).

The rehabilitation management differs for the different stages of stroke follow-up,
the scientific and medical community accepting largely the time based classification
proposed in [PET11]. Thus, the post-stroke stages are:

» Acute phase: covers the period of less than three months post-stroke;
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» Sub-acute phase: covers the period between three and six months post-
stroke;

» Chronic phase: covers the period of more than six months post-stroke,
spreading up to two years, after which further patient progress is low and
rehabilitation has only conservative role.

The literature has also emphasized cases where patients that experienced long time
disability (> 2 years) have achieved outstanding progress when a newly developed
technique was used and this is why, based on the information exchange capability of
nowadays, extensive databases should be created to allow patients to benefit from
the positive results of other cases as, especially in physical rehabilitation, there is
absolutely no therapy that will work in 100% of the cases.

Human Robot interaction — a must in robotic assisted rehabilitation

Robotic rehabilitation for the upper limb has its origin in the 1990s, with multiple
devices becoming commercially available. The existing patient oriented studies have
proven their efficiency in increasing upper limb motor scores and muscle strength,
however very often these improvements had little to no effect upon the patient
performance increase in ADL. Based on this general view, multiple reviews that
covered a wide number of medical and technical papers (over 400 publications)
have been analyzed to identify the weak spots in the current approaches. Based on
this data, a classification of the interaction modalities in robot assisted rehabilitation
is defined as result of the existing literature information [BAS14a, GOP16, KAN11,
LO12, LOU11, POS10] and presented in the following table (Table 5.1).

Table 5.1. Interaction modalities review

Control Specifications Control scheme
modality
Assistive The patient voluntary movement s HUMAN i + /N PERFORMANCE
required. The robot assists the patient by L N {

providing partial weight support or forces
that lead to the task completion.

ROBOT
Active The robotic system acts only as a g _+,/‘> PO mANCE
measurement device without providing any *
forces upon the limb.
R ROBOT
Passive The robot performs the movement without — Human > + /7 PERFORMANCE
any contribution from the patient. \{

ROBOT
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Control Specifications Control scheme
modality

Passive A bimanual configuration where the | G~ * /T PERFORMANCE
mirrored unimpaired limb is guiding (through an o | jj

active device) the exact/mirrored passive

motion for the affected limb. O UNAFFECTED SIDE
Active - The task is completed by the robotic device Human PERFORMANCE
assistive only when the subject cannot achieve it I

completely. From this stage, the robot acts XC)

in a passive mode. ROBOT
Corrective The subject motion is stopped when a

certain error level is reached from the " ) PERTORMANCE

given task, afterwards the task is reissued o

and the robot works in an active mode. vosor | N
Path-guidance The robot will assist the motion on a given | acmvemooe

trajectory by performing corrections when ousgcTon | } | PERFORMANCE

a deviation occurs. HoesE e

ASSISTIVE MODE

Resistive The robot applies resistive forces against e : /) PERPoSMANCE

the given motion task.

ROBOT

Based on this classification it is clear that not all human-robot interactions can be
applied for every patient and it is the physical therapist task to identify correctly the
best possible treatment for a patient based on the motor evaluation scoring such as:
the Fugl-Meyer score [CHE14, GLAO2. WEI11], Action Research Arm Test [NOR14,
WEI11], Motor Activity Log [WEI11] and others [LYL81]. The existing HRI modalities
emphasize the idea that a robotic device would not replace the human therapist,
instead would allow him to individually assess patient progress, determine
personalized rehabilitation regimes, and to use multiple motivational tools to
encourage and support patient progress, to attend multiple subjects and many
more.

An in-depth analysis of the current studies and reports reveal the following
conclusions [ABD14, BAS14a,COL16, DIP12, KLA14,L010, NOR14, POS10, YAD16,
YOO15, WEI11]:
» To the current day the existing data has shown that no physical therapy seem
as preferable and the selection of the best rehabilitation plan depends on the
physical therapist and the patient evolution;
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» Most of the robotic devices that reached a maturity level of hospital testing
provide a selection among the following four modalities for training: active,
active-assisted, passive and resistive;

» Several studies illustrated that in some cases robotic structures have
improved the motor scores and muscle strength but without positive
influence on ADL;

» One possible reason for the limited transfer of motor gains to ADL is that the
earlier studies on robot mediated therapy have only focused on the proximal
joints of the arm, while integration of distal with proximal arm training has
been recognized as essential to enhance functional gains.

» A second problem identified as progress limitation is the lack of physiological
activities — some robotic systems perform only repetitive motions without any
feedback from the patient, lacking a real HRI.

For acute patients the modalities with better outcome on body functions were
active (2 out of 3 groups, 67%), assistive (4 out of 6 groups, 67%), active-assistive (5
out of 10 groups, 50%) and passive (6 of 13 groups, 46%). [BAS14a]

For subjects in acute phase, inclusion of passive mirrored and resistive modality did
not lead to improvements in body functions (in none of the 4 and 3 groups,
respectively). [BAS14a]

In chronic phase instead, the inclusion of passive-mirrored modality led to
improvement in 75% of the groups (6 out of 8), while the inclusion of resistive
modality was effective on 71% of the groups (12 of 17). [BAS14a, PER16]

The path guidance modality led to the best results for chronic patients (6 out of 6
groups improved on body functions). Results for other modalities are similar among
them, with all the other modalities being effective on about 60% of the groups.
[BAS14a, SQU 14]

Additionally, it is known that post-stroke training should include exercises that are
as “task-specific/functional” as possible to stimulate motor relearning, which further
supports inclusion of the hand and with proximal arm training. [BAS14a, DIP12]

Motion amplitudes at the level of the upper limb

In order to enable the proper design of a robotic system that will enable the
performing of these motions, a set of measurements were achieved on a number of
21 patients [MAJ16], compared to other literature results and corroborated with
several standards that evaluate the weight and length of each body segment. This
data enables the definition of the technical specifications of a new robotic system
with proper motion scaling and link dimensioning and load capacity. Three widely
accepted metrics were used for limb weight and length estimation:

1. The Plagenhoef model [PLA13];

2. The R.L. Huston model [HUS08];

3. The Contini model [CONG66].
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For the motions description the anatomic planes of the body are used, as defined by
the medical community:
1. The Coronal (Frontal) plane: divides body into anterior and posterior portions;
2. The Sagittal plane: divides the body into left and right portions;
3. The Transverse (Cross-Sectional) plane: divides the body into superior and
inferior portions.

oagittal Plane

) Coronal Plane
Transverse Plane

5

Body Planes

Figure 5.1. The planes of the body [WIK18]

With respect to the body planes, a corresponding Cartesian system is defined for the
robotic system, as illustrated in figure 2.

OZY plane = Coronal plane

Z
OXZ plane = Sagittal plane /

o >

/ X OXY plane = Transverse plane

Figure 5.2. Cartesian coordinate system correlated with the body planes
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Shoulder Motions
At the level of the shoulder, four motions are defined, each of them described in the
following lines:
a) Shoulder flexion and extension is performed in a plane parallel with the
sagittal plane of the body:
Starting position: patient in standing/sitting, the upper limb is placed parallel with
the body and the palm faces the sagittal plane.
eShoulder flexion without rotation: the upper limb, with the elbow extended
is raised from the starting position towards the front of the patient without any
rotation from the shoulder joint.
eShoulder extension: the upper limb is rotated backwards, until possible,
keeping the elbow extended.
b) Shoulder abduction and adduction is performed in a plane parallel with the
coronal or frontal plane:
Starting position: patient in standing/sitting, the upper limb is parallel with the body
and the palm faces the coronal plane.
eShoulder Adduction: from the starting position the upper limb is moved with
a lateral motion and brought in front of the body
eShoulder Abduction: from the starting position the upper limb is raised with a
lateral motion until the maximum possible angle is reached in the shoulder,
palm faces the floor.
The measurements performed on 21 patients involved in the study revealed the
data presented in Table 5.2.

Table 5.2. Motion amplitudes in degrees [°] for the shoulder motions measured from the starting
position

Motion type Maximum Value Mean Value Minimum value
Left Right Left Right Left Right
Shoulder flexion 120 114 98.3 93.75 72 72
Shoulder extension 65 72 48.77 48.66 30 29
Shoulder abduction 114 102 90.9 89.15 68 74
Shoulder adduction 44 44 25.3 24.55 7 8

Elbow motions
At the level of the elbow three motions are defined, all performed in a plane parallel
with the sagittal one.

a) Elbow flexion is performed alone, without the flexion as some people cannot

(naturally) perform the elbow extension.
Starting position: patient in sitting/standing, the upper limb in extension, 90
degrees flexion in the shoulder, elbow fully extended, palm faces upwards.
» Elbow flexion: from the starting position the elbow is flexed to
maximum, bringing the forearm over the arm.
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b) Elbow supination/pronation.
Starting position: patient in sitting/ standing, the arm is parallel with the trunk,
elbow is flexed to 90 degrees, and palm faces the sagittal plane:
» Elbow supination: the forearm and the hand is rotated, with the palm
pointing upwards
» Elbow pronation: the forearm and the hand is rotated, with the palm
pointing down.
The measurements performed in the study are summarized in Table 5.3.

Table 5.3. Motion amplitudes in degrees [°] for the elbow motions measured from the starting
position

Motion type Maximum Value Mean Value Minimum value
Left Right Left Right Left Right
Elbow flexion 150 152 131.1 137.7 56 122
Elbow pronation 92 104 77.75 81.1 54 40
Elbow supination 100 128 84.55 81.55 60 62

Wrist Motions
For the wrist two motions are defined.
Starting position: patient in standing/sitting, the upper limb is flexed to 90 degrees
in the shoulder joint, elbow and the wrist are fully extended, the arm being situated
in a plane parallel with the transverse one.

» Wrist Flexion: the patient flexes the wrist upwards;

» Wrist Extension: the patient extends the wrist downwards.
The measurements performed in the study are summarized in Table 5.4.

Table 5.4. Motion amplitudes in degrees [°] for the wrist motions measured from the starting
position

Mot Maximum Value Mean Value Minimum value
otion type Left Right Left Right Left Right

Wrist flexion 98 90 60.7 58.9 22 27

Wrist extension 72 62 45.1 45.1 18 24

Robot specifications
Robot design has been widely addressed in literature, such as in [CARO6, CAROS,
GOM12], as in first design stage one has to set up design specifications (PDS) in
terms of functions, performance, operation, manufacturing, environment, materials
and control interfaces. The robot structure is defined based on the number of
degrees of freedom required for each upper limb joint with the definition of the link
lengths and associated limb weight based on the anthropometric body data.

a) Shoulder Motions
It is considered an OXYZ coordinate system placed with the origin in the rotating
centre of the shoulder (the tip of the humerus) where two degrees of freedom are
required:
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» one rotation around the QY axis for flexion/extension;

» one rotation around the OX axis for abduction adduction;
For the shoulder mobilization the robot can use the following two anchor points
(AP) positioned on the upper limb:

» the main (actuated) anchor in the distal third of the arm;

» the support anchor in the area of the hand and the wrist.
When moving the arm from the shoulder the robot has to support the entire weight
of the arm which has the following percentages of the total body weight, based on
two different models, Plagenhoef [PLA13] (Table 5.5) and Houston [HUS08] (Table
5.6):

Table 5.5. Calculated weight for the upper limb; Plagenhoef model.

Plagenhoef (shoulder)

Males Females
Total weight 5.7% 4.97%
Examples calculated in kilograms [kg]
70 kg 3.99 3.48
80 kg 4.56 3.98
90 kg 5.13 4.47
120 kg 6.84 5.96

Table 5.6. Calculated weight for the upper limb; Houston model.

RL Houston (shoulder)

Males
Distribution 5% 50"% 959
Total weight 3.41% 4.14% 4.96%
Examples calculated in kilograms [kg]
70 kg 2.387 2.898 3.472
80 kg 2.728 3.312 3.968
90 kg 3.069 3.726 4.464
120 kg 4.092 4.968 5.952
Females
Distribution 5% 50"% 95"%
Total weight 2.59% 3.15% 3.81%
Examples calculated in kilograms [kg]
70 kg 1.813 2.205 2.667
80 kg 2.072 2.52 3.048
90 kg 2.331 2.835 3.429
120 kg 3.108 3.78 4.572

When fixing the anchor points, the limb length must be taken into consideration,
with some average data being presented below, extracted from two different
studies (Plagenhoef [PLA13] in table 5.7 and Contini [CON66] in table 5.8) and
completed also with the specific values for most common total body height.

-153 -



Table 5.7. Calculate anchor points for the shoulder; Plagenhoef model.

Plagenhoef (shoulder)

Male - calculated value for different heights

Segment TBH [%] 160 cm 170 cm 180 cm
Upper arm 17.2 27.52 29.24 30.96
Forearm 15.7 25.12 26.69 28.26
Hand 5.75 9.2 9.775 10.35
Active AP 11.47 18.35 19.49 20.64
Passive AP 36.72 58.76 62.43 66.10
Female - calculated value for different heights
Segment TBH [%] 150 cm 160 cm 170 cm
Upper arm 17.3 25.95 27.68 29.41
Forearm 16 24 25.6 27.2
Hand 5.75 8.625 9.2 9.775
Active AP 11.53 17.30 18.45 19.61
Passive AP 37.14 55.72 59.43 63.15
Table 5.8. Calculated anchor points for shoulder, Contini model.
Contini (shoulder)
Male - calculated value for different heights
Segment TBH [%] 160 cm 170 cm 180 cm
Upper arm 18.9 30.24 32.13 34.02
Forearm 14.5 23.2 24.65 26.1
Hand 12.8 20.48 21.76 23.04
Active AP 12.60 -20.16 -21.42 -22.68
Passive AP 37.60 -60.16 -63.92 -67.68
Female - calculated value for different heights
Segment TBH [%] 150 cm 160 cm 170 cm
Upper arm 19.3 28.95 30.88 32.81
Forearm 15.2 22.8 24.32 25.84
Hand 11 16.5 17.6 18.7
Active AP 12.87 -19.30 -20.59 -21.87
Passive AP 38.79 -58.18 -62.06 -65.94

b) Elbow Motions
It is considered an OXYZ coordinate system placed with the origin in the rotating
center of the elbow having the OZ axis along the upper arm (when the arm is

positioned along the body the OZ axis will point upwards), defining the two degrees
of freedom for the elbow motions:

» one rotation around the OY axis for the flexion/extension;
» one rotation around the OX axis, considering a 90° angle between the arm

and the forearm, having the arm along the OZ axis and the forearm along
the OX axis.
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The anchor points for the forearm are:

» active anchor point in the distal third of the forearm;

» the passive anchor point, in the distal third of the arm.
When moving the forearm, the robot has to support the weight of the forearm and
the hand which has the following percentages of the total body weight based on
two models, Plagenhoef [PLA13] (Table 5.9) and Houston [HUSO8] (Table 5.10).

Table 5.9. Calculated weight for the forearm and hand; Plagenhoef model

Plagenhoef (forearm)

Males Females
Total weight % 2.52% 2.07%
Examples calculated in kilograms [kg]
70 kg 1.76 1.45
80 kg 2.02 1.66
90 kg 2.27 1.86
120 kg 3.02 2.48

Table 5.10. Calculated weight for the forearm and hand; Houston model.

RL Houston (forearm)

Males
Distribution 5% 50"% 959
Total weight 1.57% 1.91% 2.29%
Examples calculated in kilograms [kg]
70 kg 1.099 1.337 1.603
80 kg 1.256 1.528 1.832
90 kg 1.413 1.719 2.061
120 kg 1.884 2.292 2.748
Females
Distribution 57% 50"% 95"%
Total weight 1.18% 1.44% 1.74%
Examples calculated in kilograms [kg]
70 kg 0.826 1.008 1.218
80 kg 0.944 1.152 1.392
90 kg 1.062 1.296 1.566
120 kg 1.416 1.728 2.088

When fixing the anchor points, the limb length must be taken into consideration,
with some average data being presented below, extracted from two different
studies (Plagenhoef [PLA13] in Table 5.11 and Contini [CON66] in Table 5.12) and
completed also with the specific values for most common total body height.
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Table 5.11. Calculated anchor points for forearm; Plagenhoef model.

Plagenhoef (forearm)

Male - calculated value for different heights

Segment TBH [%] 160 cm 170 cm 180 cm
Upper arm 17.2 27.52 29.24 30.96
Forearm 15.7 25.12 26.69 28.26
Hand 5.75 9.2 9.775 10.35
Active AP 10.47 16.75 17.79 18.84
Passive AP -5.73 -9.17 -9.75 -10.32
Female - calculated value for different heights
Segment TBH [%] 150 cm 160 cm 170 cm
Upper arm 17.3 25.95 27.68 29.41
Forearm 16 24 25.6 27.2
Hand 5.75 8.625 9.2 9.775
Active AP 10.67 16.00 17.07 18.13
Passive AP -5.77 -8.65 -9.23 -9.80
Table 5.12. Calculated anchor points for forearm; Contini model.
Contini (forearm)
Male - calculated value for different heights
Segment TBH [%] 160 cm 170 cm 180 cm
Upper arm 18.9 30.24 32.13 34.02
Forearm 14.5 23.2 24.65 26.1
Hand 12.8 20.48 21.76 23.04
Active AP 9.67 15.47 16.43 17.40
Passive AP -6.30 -10.08 -10.71 -11.34
Female - calculated value for different heights
Segment TBH [%] 150 cm 160 cm 170 cm
Upper arm 19.3 28.95 30.88 32.81
Forearm 15.2 22.8 24.32 25.84
Hand 11 16.5 17.6 18.7
Active AP 10.13 15.20 16.21 17.23
Passive AP -6.43 -9.65 -10.29 -10.94

The negative values of the Passive

AP state that the anchor point is positioned

behind the origin of the coordinate system, in opposite sense with respect to the

Active AP.

¢) Wrist Motions

It is considered an OXYZ coordinate system placed with the origin in the rotating
center of the wrist with the OX axis pointing towards the fingers (when the forearm

is positioned horizontally the OZ axis will point upwards), defining the one degree of
freedom for the hand motions:

> one rotation around the OY axis for the wrist flexion/extension.
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The anchor points for the wrist mobilization are:

» active anchor point: the palm and the dorsal side of the hand;

» passive anchor point: the distal third of the forearm.
When performing the wrist mobilization, the robot has to support the weight of the
hand which has the following values with respect to the total body weight based on
two different models, Plagenhoef [PLA13] (Table 5.13) and Houston [HUSO8] (Table
5.14):

Table 5.13. Calculated weight for the hand; Plagenhoef model.
Plagenhoef (hand)

Males Females
Total weight % 0.65% 0.5%
Examples calculated in kilograms [kg]
70 kg 0.46 0.35
80 kg 0.52 0.40
90 kg 0.59 0.45
120 kg 0.78 0.60

Table 5.14. Calculated weight for the hand; Houston model.
RL Houston (hand)

Males
Distribution 5% 50"% 95"%
Total weight 0.43% 0.52% 0.63%
Examples calculated in kilograms [kg]
70 kg 0.301 0.364 0.441
80 kg 0.344 0.416 0.504
90 kg 0.387 0.468 0.567
120 kg 0.516 0.624 0.756
Females
Distribution 5"% 50™% 95"%
Total weight 0.34% 0.42% 0.50%
Examples calculated in kilograms [kg]
70 kg 0.238 0.294 0.35
80 kg 0.272 0.336 0.4
90 kg 0.306 0.378 0.45
120 kg 0.408 0.504 0.6

For the positioning of the anchor points, the limb length must be taken into
consideration, with the average data being presented below, extracted from two
different studies (Plagenhoef [PLA13] in Table 5.15 and Contini [CON66] in Table
5.16) and completed also with the specific values for most common total body
heights.

- 157 -



Table 5.15. Calculated anchor points for hand; Plagenhoef model.

Plagenhoef (hand)

Male - calculated value for different heights

Segment TBH [%] 160 cm 170 cm 180 cm
Upper arm 15.7 25.12 26.69 28.26
Forearm 5.75 9.2 9.775 10.35
Hand 2.88 4.60 4.89 5.18
Active AP -5.73 -9.17 -9.75 -10.32
Passive AP 15.7 25.12 26.69 28.26

Female - calculated value for different heights

Segment TBH [%] 150 cm 160 cm 170 cm
Upper arm 16 24 25.6 27.2
Forearm 5.75 8.625 9.2 9.775
Hand 2.88 431 4.60 4.89
Active AP -5.77 -8.65 -9.23 -9.80
Passive AP 16 24 25.6 27.2

Table 5.16. Calculated anchor points for hand; Contini model

Contini (hand)

Male - calculated value for different heights

Segment TBH [%] 160 cm 170 cm 180 cm
Upper arm 14.5 23.2 24.65 26.1
Forearm 12.8 20.48 21.76 23.04
Hand 6.40 10.24 10.88 11.52
Active AP -6.30 -10.08 -10.71 -11.34
Passive AP 14.5 23.2 24.65 26.1

Female - calculated value for different heights

Segment TBH [%] 150 cm 160 cm 170 cm
Upper arm 15.2 22.8 24.32 25.84
Forearm 11 16.5 17.6 18.7

Hand 5.50 8.25 8.80 9.35
Active AP -6.43 -9.65 -10.29 -10.94
Passive AP 15.2 22.8 24.32 25.84

The negative values of the Passive AP state that the anchor point is positioned
behind the origin of the coordinate system, in opposite sense with respect to the
Active AP.
As it can be seen for the complete set of motions of the upper limb, a set of three
anchor points are defined which are either active or passive depending on the
motion performed:

» the distal third of the arm;

» the distal third of the forearm;

» the palm and the dorsal side of the hand.
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The defined set of anchor points enables the development of a robotic device that
can perform a wide variety of motions for multiple joints of the upper limb. Based
on the data presented in section 2, this approach should an increased impact on the
post-stroke patient rehabilitation with positive impact upon ADL.

Medical protocols for robotic assisted post-stroke patients

Due to the different management of the patient in the post-stroke stages, two
separate protocols are defined:

a) Medical protocol for robotic assisted rehabilitation in acute post-stroke
patients

1. In order to start rehabilitation, in the acute phase, the patient must be
conscious, hemodynamically stable, without fever and with CT/MRI
confirmation of the brain lesion (to exclude other diseases).

2. The patient is initially assessed by a physical therapist (both mechanical and
dynamical) and assigned an initial post-stroke score. One of the above
mentioned scoring tests can be used are repeated in a periodic cycle following
the stroke, as follows: Month 1, Month 3, Month 6, Month 12. As an
alternative to classical scores an evaluation chart can be developed, to cover
properly the entire limb evaluation.

3. The robot motion amplitudes are adjusted based on the initial data from point

4. The patient is positioned sitting on the side of the bed or on a chair if possible.
For more severely affected patients, the exercises will be performed with the
patient lying in bed.

5. The robotic device is attached to the patient.

6. The rehabilitation procedure is initiated, based on the physical therapist’s
recommendations — programmed mode - predefined exercises (5 repetitions
each), or in one of the following working modes:

passive;

EMG proportional driven;

Direct nerve potential driven;

ECoG (ElectroCorticoGram) driven.

For exercises, the following motion sets are defined, in different sequences

and in advanced rehabilitation stages in different combinations, attempting

to replicate ADL similar motions, performed in a passive HRI:

I.  Shoulder — Flexion, Extension, Abduction, Adduction (optional
Rotation);

II. Elbow —Flexion, Extension, Supination, Pronation;

. Wrist — Flexion, Extension;

IV.  Fingers - Flexion, Extension. (3 joints for fingers 2-5 and 2 for finger 1).
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. The device is detached.

The physical-therapist evaluates the integrity of muscles and ligaments

. The steps 2-8 are repeated for each rehabilitation session.

Medical protocol for robotic assisted rehabilitation in sub-acute and chronic
post-stroke patients

. In the sub-acute and chronic phases, the patient has a well-known

hemiparesis level with clear indication and an assessment score.

The patient is evaluated by the physical therapist that establishes, based on
the score the rehabilitation therapy, conditioned by the limb mobility and
patient overall state.

. The robot motion amplitudes are adjusted based on the initial data from point

2.

4. The patient is positioned in an orthostatic position, sitting on a chair,
where possible. This allows focus on the upper limb rehabilitation,
avoiding the balance and gait problems. For more severely stroke patients
which cannot support this stance, an alternative position will be used,
depending on the subject capability.

The robotic device is attached to the patient.

The rehabilitation procedure is initiated, based on the -therapist

recommendations in one of the following working modes:

predefined exercises (5 repetitions each)

passive-mirrored motions;

EMG proportional driven;

Direct nerve potential;

ECG (ElectroCorticoGram) driven;

Path Guidance: The patient must follow a trajectory on a computer screen,

with the robot acting as a partial guide when the patient cannot complete

the motion or as a resistive guide in later recovery stages.

For the predefined set of exercises, the HRI modalities use are Resistive, Active,

Active

l.
Il.
Il.
V.

0o

10.

-Assistive, for the following motions:

Shoulder — Flexion, Extension, Abduction, Adduction (optional Rotation);
Elbow — Flexion, Extension, Supination, Pronation;

Wrist — Flexion, Extension;

Fingers - Flexion, Extension. (3 joints for fingers 2-5 and 2 for finger 1).
Path Guidance

The patient performs multiple exercises based on the therapeutic program.

At the end of the procedure the device is detached.

The physical therapist evaluates the integrity of the muscles and ligaments of
the patient, if necessary.

The steps 2-8 are repeated for each rehabilitation session.
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11.Based on the patient progress recorded by the robotic system the exercises
are adjusted for the next session.

12.The evaluation of a new robot performance must be correlated to the
potential patient progress following the robotic assisted therapy and it can be
achieved in two ways:

A. Use a single group of patients, evaluate them before and after the therapy
using a standard scoring procedure (such as Fugl-Meyer score, Action
Research Arm Test, Motor Activity Log) and compare the results with the
literature;

B. Split the group in two, using normal therapy on the control group and
robotic assisted exercises on the other comparing the FM scores before and
after therapy. (This option would be preferred being conditioned only by a
sufficient number of patients which would generate statistically relevant
data).

An innovative robotic device for upper limb rehabilitation — ASPIRE

Targeted amplitudes and motions

The ASPIRE robotic device is developed with the purpose of reproducing the
necessary motions used in the rehabilitation of the upper human limb, more
specifically at the level of the shoulder and the forearm joints. Following a number
of discussions and sampling procedures carried by kinetotherapists and neurologists
at the Municipal Hospital of Cluj-Napoca, both motions that are used in
rehabilitation procedures, and the angular dimensions that need to be achieved
when defining the operational workspace of the robotic system were determined.

For the purpose of achieving shoulder rehabilitation, two motions need to be
reproduced. These motions are as follows:

1) Shoulder flexion/extension. In rehabilitation, the patient must start with the
midline of arm parallel to the body’s vertical midline (neutral position). The
arm is then rotated using the shoulder joint forward (in front of the patient)
for flexion and backwards (behind the patient) for extension, all of these
rotations must be done while maintaining the arm in the same plane as it was
in the neutral position.

2) Shoulder abduction/adduction. In this case, the patient must yet again start
with the arm in the same neutral position. The arm is then moved away from
the body (abduction) via a rotation from the shoulder joint, adduction
represents the arm being moved towards the body and in front of it in the
same notion as it was moved away.
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For the purpose of achieving forearm rehabilitation, a single motion is being
implemented within the design of the robotic structure, mainly forearm
pronation/supination.

1) Forearm pronation/supination. For this motion the patient must hold the
arm parallel to the body, while keeping the elbow flexed at a 90 degrees. The
pronation/supination is obtained by rotating the hand around the midline of
the forearm.

As mentioned before, a sampling procedure was carried out on patients from the
Municipal hospital of Cluj-Napoca. Measurements (i.e. goniometry performed by the
kineto-therapist on post stroke subjects) were made on 21 patients (11 females and
10 males), ranging between the ages of 43 years and 83 years. The measurements

taken are showcased in Table 5.17.
Table.5.17. Mean angular amplitudes measured on patients

Joint_Side_Movement Mean Std.Error Std.Dev.
Shoulder_R_FL 93.75 2.32 10.38
Shoulder_L_FL 98.3 3.28 14.68
Shoulder_R_EXT 48.67 3 12.73
Shoulder_L_EXT 48.78 2.62 11.1
Shoulder_R_ABD 89.15 1.69 7.57
Shoulder_L_ABD 90.9 2.03 9.07
Shoulder_R_ADD 24.55 2.08 9.3
Shoulder_L_ADD 25.3 1.78 7.95
Elbow_R_PRON 81.1 3.33 14.89
Elbow_L_PRON 77.75 2.95 13.21
Elbow_R_SUP 81.55 3.91 17.48
Elbow_L_SUP 84.55 2.08 9.31

Legend: FL-flexion; EXT-extension; ABD-abduction; ADD-adduction; PRON- pronation; SUP-
supination; R-right arm; L-left arm; Std.Error-Standard error; Std.Dev.-Standard Deviation

It should also be mentioned that while achieving the flexion motion, upon
surpassing a 90-98 degrees amplitude, the patient, depending on whether the left
or right limb is used, has to begin the pronation/supination motion of the forearm,
in order to make sure that the muscles actuating the shoulder joint does not suffer
unnecessary strain.

2.2 Kinematic representation of the ASPIRE robotic system

The ASPIRE robotic system is a 3 DOF spherical robot with hybrid architecture (with

spherical motion of the moving platform guided by a parallel mechanism and a

rotation of the moving platform around its O’X’ axis — Fig. 5.3). The kinematic

scheme of the robot is presented in Fig. 5.3. with the general representation in Fig.

5.3.a and the mechanism representation in Fig. 5.3.b. A fixed coordinate frame OXYZ

is defined at the centre of the spherical motion with Z axis pointing up (vertically)
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and the X axis pointing in front of the patient. Consequently Z and Y axis are the
rotation axes of the two active joints q; and g,. The ASPIRE spherical robot is
composed of 2 kinematic chains, kinematic chain 1 (KC; actuated by q;) which will
perform the motion of abduction/adduction around the shoulder, and kinematic
chain 2 (KC, actuated by g,) which will perform the motion of flexion/extension
around the shoulder. The two kinematic chains are geometrically represented by
geodesic curves on the sphere that defines the motion, and intersect at the origin of
the moving platform coordinate frame X’Y’Z’ at a distance R as shown in [BIR 18]. It
should be noted that when the two kinematic chains are actuated, the angle
between the geodesics (G; and G,) changes, which makes it necessary to have a
rotation motion between the two kinematic chains (r). The third rotation actuated
by as; (which has the same rotation axis as ry is introduced to maintain the
orientation of the arm during the rehabilitation exercise and to allow the
pronation/supination of the forearm (around the elbow joint).

Figure 5.3. Kinematic scheme of the ASPIRE parallel robot

The advantages of the 3-DOF ASPIRE parallel robot over the 2-DOF one which has a
free rotation at the intersection of the 2 kinematic chains previously introduced in
[PLI18] are: i) it allows fine control over the flexion/extension, abduction/adduction
exercises of the arm by controlling the forearm orientation (which reduces the risk
of injury), and ii) it allows the pronation/supination of the forearm (which is also
part of upper limb rehabilitation exercise).
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Kinematic modelling of the ASPIRE robotic system — a methodical approach

The kinematic modelling and singularity conditions are two important aspects in
robotics since they allow motion control based on the kinematic equations, and
avoid specific configurations (singularities), where the robot loses control by gaining
or losing one or more DOFs. The mathematical modelling of these problems greatly
benefits the safety of using the robotic structures, especially when they are
designed for medical purposes. This section presents the mathematical modelling of
the ASPIRE robot structure starting from the kinematic modelling, followed by
deriving the singularity conditions from the kinematic models.

ASPIRE kinematic model

The kinematic model was derived in Cartesian coordinates. The motion of the

moving platform coordinate system O’X’Y’Z’ relative to the fixed coordinate system

OXYZ, is constrained by the two geodesic curves G; and G, (see Fig. 5.3) defining the

kinematic chains KC; and KC,. Each geodesic is contained in a plane; the plane
equations for each geodesic curve intersect in a line (which is actually the radius R):

{Pl :s?n(ql)x+cos(q1)y =0 5.1)

P, :sin(g,)x +cos(g,)z=0

with P, intersecting OZ axis and P, intersecting OY axis. By adding the final
constraint equation, the sphere equation cantered in the origin of the fixed
coordinate frame and radius R (x*+y*+z2=R?) and by solving Eq. 5.1 for x’, y’, 2’
(using the Maple software) the coordinates of the moving platform origin are
obtained:

T 1 ' | |
) _\/(sin(qz)z-cos(ql)z+cos(q2)2-sin(q1)2+cos(q2)2.COS(ql)zj cos(q,)-cos(q,) R

[ 1 . Qi . .
Y _\/(sin(qz)z-cos(ql)z+cos(q2)2-sin(ql)2+cos(q2)2.cos(ql)zj sin(q,)-cos(a;)-R (5.2)

z' =— 1 -sin(qg,)-cos(q,)-R
B sin(g,)’ -cos(q,)* +cos(q,)’ - sin(g,)* + cos(q,)’ - cos(q, )’ % .

Eqg. 5.2 represents only one of the two resulted solutions (since the line computed
from the intersection of P, and P, will in fact intersect the sphere in two points).
However, only this solution is of interest due to the mechanism intended
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functionality (Fig. 5.3 shows the mechanism working with positive values of X).
Furthermore, Eq. 5.2 describes the constraints of the mechanism in the
flexion/extension and abduction/adduction motions of the shoulder joint. To add
the pronation/supination motion of the forearm, the angle between the two
geodesics (and Py, P, respectively) must be considered. Let a be the angle of the
pronation supination of the forearm (dependent on the active joint q3). Due to the
ever-changing angle (B) between the two geodesics (at the actuation of g, and q,),
the angle a is computed as:

0!=Ci3+ﬂ (53)
where:
ﬂ:arccos( ViV ] (5.4)
ARA

With v; being a vector normal to the plane containing G, and v, being a vector
normal to the plane containing G,:

v, =sin(qg,)i +cos(q,)]

Lo e (5.5)
v, =sin(q,)i —cos(q,)k

Eg. 5.2 and 5.3 represent the constraints of the moving platform origin and are

dependent on the active joints g;. By setting q; = q;(t) the time derivatives may by
computed obtaining thus the kinematic equations for velocities and accelerations.

Singularities within the robot workspace

The singularity conditions are derived based on the kinematic model presented so
far. A Jacobian may be computed from 2 out of the 3 equations from Eq. 5.2 (only 2
equations are needed since there is a dependency between the 3). For our
computation Y’ and Z’ coordinates are used and a Jacobian is computed by
differentiating with respect to g, and q,:

oy' oy'
oq, 0q,
J =
az 1 ay 1 (5 . 6)
oq, 0q,

Computing the determinant yields the singularity conditions for the ASPIRE robotic
structure (a singularity occurs when the determinant vanishes):
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R=0 (5.7)
cos(q,)=0 (5.8)
cos(q,)=0 (5.9)

Eq. 5.7 implies that the robot is in singular configuration when the radius of the
sphere is 0 (which is physically impossible). Eq. (5.8) — (5.9) implies that singularities
occur when g; and/or g, have a value of +11/2 (poses at the edge of the workspace
according to Fig.5.3 and should be avoided by mechanical constraints or active joint
stroke limits).

Fig. 5.3 illustrates the relevant singularities in the ASPIRE robot workspace. When
one of the active joints g1 or g2 are actuated by /2 the robot loses one DOF which
corresponds to a gimbal lock. When both active joints q1 and g2 are actuated by
tn/2 the moving platform acquire self-motion (the robot becomes totally
uncontrollable which may harm the patient).

mobile platform

g, motion is lost self motion

Fig. 5.3. Singular poses for the ASPIRE robotic structure
Preliminary design of the ASPIRE robot

The ASPIRE robotic rehabilitation device has adopted a parallel structure with a
spherical architecture. The reasoning behind this comes firstly from the fact that the
rehabilitation motion amplitudes that need to be used on the patients have to be
accurate, assuring that the patient’s joints limits are not surpassed, as this could
lead to unwanted muscular strain and/or tissue damage (it should be noted that the
muscular structure of the patient can be weakened after a stroke). Secondly, due to
the fact that all of the joint motions targeted by the system can be equated via the
usage of rotation joints, it was determined that the complexity of the design of the
device can be kept at a minimum, by adopting a spherical structure, this in turn
would also accommodate the implications of a parallel structure outputting a high
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precision of motion. Furthermore, as some patients suffer from complete loss of
muscle control, the architecture must be able to support the entire limb weight with
anchor points for each body segment, including the hand.

Initially, two different versions of the ASPIRE structure have been modelled using 3D
CAD software. One of these is aimed towards choosing a less demanding actuation
solution, and the other towards providing greater user friendliness.

The initial design of the ASPIRE robot included only the two rotation joints targeting
the shoulder joint motions, but as it was mentioned before, fully executing the
flexion of the shoulder above a certain angular value, requires an additional rotation
to be introduced under the form of forearm pronation/supination. As a result a third
rotational joint was introduced, which not only enables the flexion to be carried fully
and correctly but it also allows the device to achieve another rehabilitation motion
at the level of the forearm. The addition of the third rotation joint also enabled the
necessity of making several modifications and additions to the device structure,
mainly in the form of new gripping elements for each of the upper limb segments.
Initially within the system, the arm would have to be maintained in a stretched
position, with the proximal part of the forearm serving as the active anchor and the
back of the shoulder joint serving as the support anchor. Following the addition of
the third joint, two new gripping points are added, and these are located on the
wrist and respectively the hand, between the thumb and the fingers. Following
further analysis the addition of more gripping points also improves the patient’s
experience with the device overall, as the arm is more safely secured within the
device, and the additional mobility of the arm due to the added joint can confer a
more natural motion to the human arm.

The two ASPIRE solutions

Following the medical and demographic data analysis, mentioned in previous
sections, it is quite clear that rehabilitation devices are becoming a necessity.
Despite that, currently there are no standards that define the system characteristics,
safety conditions and behaviour of such a device. For this purpose an ISO
standardization is under development at this moment with the code IEC/CD 80601-
2-78, but until finished we have to rely on other methods of defining the
characteristics that will influence the design of the robot. Therefore, several aspects
that are considered important to the development process have been assessed in
[VAI 17] and these have led to the development of two robotic structures (Fig.5.4).

One important aspect that needs to be mentioned is how the integration of the
patient within the robotic structure affects the overall structure of the device. Due
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to the large diameter of the arm and as a result the guided platform, it is impossible
to maintain the alignment of the axes (as opposed to a single point on the surface of
the sphere), as such it was observed that a rotation between the two axes needs to
be permitted. The following two versions of the device will present two methods of
maintaining axis alignment for this particular robot.

The first version of the robot has what can be defined as a closed architecture. The
alignment of the axes is achieved via a modification in the guiding element, as this is
no longer unitary but divided in two different components (Fig. 5.4.a), each one
attached to its corresponding spherical rail. During motion these two components
rotate relative to each other thus maintaining the collinearity of their axes as well as
alignment between the vertical and horizontal axes of the shoulder joint.

¥—\"" B _;’.//5’

b)
Figure 5.4 The two ASPIRE versions. a) closed version; b) open version.

The closed design also permits the actuators responsible for the shoulder motions to
maintain their position during operation as such the only actuator related masses
and forces that need to be taken into consideration during motion are the
pronation/supination motor generated ones.

The second version of the ASPIRE device (Fig.5.4.b) adopts a more open design. This
form of the robot approaches the axis alignment problem by rotating the entire
assembly around the vertical axis as such the horizontal axis keeps its position
relative to the vertical one, at all times. This modification to the design also
permitted the horizontal guide to be reduced in size considerably, almost by half, as
such the robot design has become relatively one sided. This has permitted the
modification of the arm gripping elements in order to allow easier patient mounting
and offer the device a more user friendly design by removing as many obstructive
elements from the patient’s field of view. One disadvantage that this version
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presents as it is compared to the first one has to do with its actuators, and how
these will be affected by the new modifications. Due to the fact that the vertical
rotation motion includes all of the device’s components aside from support
elements, the actuator responsible for this respective motion will have to handle a
greater load overall when compared to the previous version where it only needed to
carry the guide, the mobile platform, the human arm and the gripping elements, as
opposed to all that plus the horizontal guide and its associated elements.

Another advantage of the open structure is that its open design will allow the
medical specialist to have easier access to the patient and visual confirmation of the
patient’s wellbeing, and the execution of the rehabilitative motions during
operations, as one side of the patient is permanently visible, with the gripping zones
being the only portions of the human body that are obstructed.
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Figure 5.5. Assessment of the two ASPIRE conceptual solutions

- 169 -



In terms to accomplishing the rehabilitation of the upper arm safely and efficiently,
both versions are on par with each other but as mentioned before, these devices
have several differences between themselves. In [VAI17] a set of nine (9) technical
characteristics required by a robotic structure for rehabilitation were weighted, with
respect to the application, their final importance being a criteria of structure
efficiency. Figure 5.4.a illustrate the obtained results that have been used to
compare the two conceptual solutions proposed for ASPIRE using the Pugh selection
criteria. (Fig. 5.4.b). Assessing with neutral effect the first solution a comparison of
each individual characteristic has been made with respect to the second one. Thus,
the closed version has lower aesthetics, provides less accessibility and makes the
use of an external sensor system more difficult but due to its architecture it has
better mechanical functionalities based on the even distribution of loads.

The final result point out that the first solution is more efficient for robotic
rehabilitation and will represent the starting point for the development of the
constructive model of ASPIRE but the final design will provide also a solution of the
uneven load distribution while keeping the architecture opened.

Numerical simulations for the ASPIRE robot — An exercise oriented trajectory

This section presents numerical simulations for the ASPIRE proposed models. The
motion ranges of both models is the same, i.e. both moving platforms are
constrained on a sphere with same radius. Consequently the kinematics (the
dependency of the moving platform position relative to the active joins) is the same.
Four sets of coordinates were chosen (for both the proposed module) based on
spherical values. The motivation is that the spherical motion definition (using
angular values rather than Cartesian coordinates for the TCP) has a direct
correspondence with the way the medical experts will define a therapeutic exercise:

w,=0 Wy =—30 w.=-30 w, =60
A): ;(B): J(C): (D) 5.10
R IR e R Ot S

C

As the motion is performed on the surface of the sphere, the angle and arc length
can be computed using the following equations (illustrated for the A-B motion):

DX =cos (6, )-cos(y,)—cos(8,)-cos(y, )

DY =cos(6,)-sin(y,)—cos(8,)-sin(y,) (5.11)
DZ =sin(6,)—sin(6,)

Thus resulting that:
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JDX? +DY? +DZ7?
2 (5.12)

o =2-asin

The motion time is computed based on the angle and imposed maximum speed and
calculated acceleration in order to achieve a trapezoidal profile for the speed:
A) Maximum speed is achieved, resulting in a three stage motion having the time
intervals denoted with  t1 — acceleration time, t2 — motion time until deceleration,
t3 — full motion, and their corresponding equations for the acceleration value:

o ,_ld ,_l

=2 ¢ =0 ¢ L9 (5.13)
& w w &
VeV . O —0
g, = A = e (5.14)

2 27 22 2 2
2-t,-t,—t; —(t,—t,) 2-t,-t,—t; —(t,—t,)
The trajectory from point to point was computed with an angular velocity ®=10"/s

and an angular acceleration of o =5/ s*for a period of t =30s. The variation of the
active joints, velocity, and acceleration, as well as the arc length variation, and the
Cartesian displacement is illustrated in Fig. 5.6.
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Figure 5.7. Trajectory representation on the sphere

trajectory

Figure 5.8. Siemens NX trajectory simulation for the open architecture ASPIRE module

trajectory

Figure 5.9 Siemens NX trajectory simulation for the closed architecture ASPIRE module.

The corresponding motion on the sphere is presented in figure 5.7. The computed
trajectories were validated with Siemens NX software, and they are illustrated for
both ASPIRE modules (Fig. 5.8 for the open module, and Fig.5.9 for the closed
module).
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In the end...

Robotic assisted rehabilitation is a critical field of research which will become
increasingly integrated as a common therapeutic practice in the next decade due to
the natural age shifting of the population, where the role of the physical therapist
will shift from the performing of the exercises with each patient to the
development, programming and setup of personalized treatment plans for the post-
stroke patients, thus defining a new paradigm in this medical field.

Research will have to address also safety issues which relate to the possibility of
using such devices without the physical presence of a medical expert whereas any
improper setup can lead to harming the patient without even realising it.

The simple setup and the possibility of adapting a robotic device to an as high as
possible percentage of the population will enable the large scale use of such a
system increasing also the acceptance, enlarging the patient database, improving
and optimizing the exercises.

Whether we like it or not, in 10 to 15 years a change will have to be made in the
post-stroke patient management and until then researchers will have to deliver
mature, tested, validated and more importantly efficient solutions that will have a
positive impact on the quality of life of the post-stroke patients.
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Chapter 6. Some final thoughts

“Scientists have become the bearers of the torch of discovery in our quest for
knowledge” (Stephen Hawking)



Scientific, professional and academic career development

Personally, | consider that the Habilitation title represents an important step in my
academic career, an element that certifies the reach of a level of maturity from
scientific point of view, when younger scientists, at the beginning of their research
activity will rely on my experience to complete their doctoral studies. This title
honours me and in the same time obliges me to a continuous evolution in research
and education. As a personal opinion, as member of a research centre, | placed the
two terms in that specific order as, in order to educate the new generation of
scientific researchers in an environment connected to the social and economic
current context, it is critical that us, the senior researchers to understand these
realities and to find ways towards progress through research but also to have the
skills and wisdom to communicate them to our younger colleagues through
education.

Regarding the research activity | would like to continue to work on the topics that
defined my development in the last 15 years, namely robotics in medicine. With
respect to the above, | commit myself to contribute to the continuous development
and evolution of the CESTER Research Centre through:

v Continuous study and development of the research topics of interest at
European level in the field of medical robotics;

v" The dissemination of research results with valuable original contributions in
prestigious journals and scientific conferences;

v’ Identification and active involvement in attracting research funds through
national and European projects that will provide the necessary funds to
achieve valuable research results;

v" Achievement of new competences and skills in the development of parallel
robots;

v" Improvement of the communication skills at scientific and personal level.

As the next step in my personal evolution | look forward towards the fulfiiment of
my moral duties as a future PhD coordinator and learn how to guide young
engineers in their pursuit to become scientific researchers.

Academic development plan

As members of the academic staff of one of the most prestigious Technical
Universities in Romania, we are committed to contribute to its evolution but also to
the support of its role within society. Again, | find here a strong synergy between
research and education. The evolution and progress of our University is supported
through recognized results in research achieved by its members but its main role
towards society is the education of new generations of engineers. So, through
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research we remain connected towards the current societal needs being thus able
to educate the young in the right direction.

Personally, with respect to my academic development | commit to:

v' Continuously improve my teaching skills to create an attractive and
stimulating environment for the students;

v Continuously improve my communication skills to understand the specific
needs of the younger generations;

v’ Continuously update the contents of my lectures;

v’ Prepare a new didactic material for the lecture Modelling and Simulation of
Robots with focus on parallel architectures;

v’ Learn to develop interpersonal skills in the relation with PhD students.

| will also contribute to the development of the human resource in our research
centre by identifying bachelor and master students with aptitudes and passion for
research and their integration in our structure as apprentices, young researchers
and later on PhD students.

Scientific and professional development plan

As a member within CESTER since the beginning of my PhD studies | always valued
research considering it a cornerstone in the evolution of society. As a natural
consequence, valuing also the Continuous Learning paradigm, | will work towards
improving my knowledge in:

v Kinematic modelling of parallel robots;

v’ Design optimization approaches;

v Autonomous systems;

v Internal and external sensors;

v’ Control and information flow.

Professionally | must learn to find a balance between everything valuable in life
because this equilibrium will not only enable me to focus on all aspects of life but
also to be more efficient in each of them.

The Organization of Economic Cooperation and Development estimates that by
2020 the knowledge stock will double each 73 days. In this context, we, as teachers
for the young generations will have to commit ourselves to a continuous evolution,
to educate the future engineers in an evolving world, where education becomes
both factor and effect. And the key towards high level education in engineering is
research. And research must be the outcome of passion, stubbornness, denial of fail
and continuous evolution.
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Some closing remarks

It seems that this book, this thesis, this collection of ideas, this summary of years of
work, has reached its inevitable end...

An End which is also A Beginning as it represents the commitment of responsibility
towards the younger generation of researchers which aim towards perfecting
themselves, towards the creating of knowledge, towards the quest of discovery.

It took me a while to decide how should | end this work, and I've decided that
everyone who had the curiosity and patience to reach this part is entitled to some
sincere words about Research regarded as a Beauty and a Beast.

I’'ve always considered that Impossible is Nothing, but | have realized that | don’t
have the necessary personal abilities to change the system, as this implies a good
knowledge of politics and the mastering of the art of compromise. So | will try to
express my beliefs and my thoughts with hope that someone will take up the fight
and create a better environment for us, the researchers.

The dark side of research

Our greatest adversary in our quest towards new discoveries is time. Why is that so?
Because, in the current system we dedicate much to less time for the actual
research while investing to much effort in side quests with little to none added value
but unfortunately necessary for our survival.

In order to be able to do research one needs resources, both human and material
and the value of these resources will have an impact on the quality of research. Of
course, this means that one needs to fight for these resources and dedicate time to
receive them. This means that one needs to invest time in attracting funds (that will
improve the material resource) and educate the younger generation (that will
improve the human resource). But this is not the issue here. The real problem(s)
refer to accessibility for these resources.

The sub-financing level of research

Our country still trails way behind Europe (I don’t even want to mention USA or
Japan) regarding the amount of money invested in research. Putting the personal
well-being in front, slowly but steadily we managed to destroy our industry followed
closely by the national network of research institutes which represented the bridge
between universities and industrial companies the two sides complaining very often
that “universities are doing research without relevance for the industry” and “the
industry is just production without innovation”. The funding of research has also
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decreased creating a hunger and many times transforming collaboration into
competition between groups of researchers. But all these things are well-known,
many choosing not to speak about them, however the question that arises is: What
can we do? Should we just criticise or act?

In my opinion the big issue is the loss of confidence and trust. The society has lost
its confidence in the capability of us, researchers, to produce added value which in
the end should turn into increases revenues, the industry does not trust us,
researchers, of being capable of creating industrial innovation and finally, we, the
researchers, do not trust ourselves anymore for being capable of breaking the
barriers of knowledge.

So, for this particular problem, | believe that is us, the researchers, who have to
make the first step. We need to become unsatisfied with our situation and we need
to want more. We have to regain that trust, step by step, search for new
opportunities, learn, evolve and the rewards will start coming. But unless we can
prove that we can provide more value for the funds we receive we will get nothing.

The brain drain and the competition with industry

As in many other fields the lower income countries are facing a big threat whereas
the younger generation is attracted towards two main directions:

1. Leaving the country and work abroad for a much higher income, without a major
concern on the personal development and carrier;

2. Starting to work early in a company, which in most cases, means a reduced
amount of time invested in the studies, which supported also by the early income
will not encourage the students to pursue a carrier in research.

The companies are, of course, interested in attracting the best students because a
good worker will have a greater added value for the company while the mirage of
working abroad is a generalized problem in all the countries from Central and East
Europe.

What can we do? Should we just watch passively and complain that we cannot get
good students to work in research anymore?

Again, | think that this matter is completely in our hands. We should fight fire with
fire. The companies advertise their jobs? We can do the same. We can also find,
with the help of the university and research grants, means to provide a financial
benefit for the young students even before they graduate.

In my opinion there is no greater satisfaction for an engineer than to see something
real and functional coming out as a result. So, by carefully integrating students in
our teams, encourage them to do their master studies (in an active way) we have a
great chance of having skilled, competent and | would say even a bit experienced
PhD students that will generate, of course, greater added value for the research.
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The paperwork around the research activities

| have reached now what | consider to be the greatest thread against our efficiency
in research. In the last 5 years the amount of paperwork that needs to be prepared
in more and more complicated ways has increased multiple times, consuming a lot
of time and adding a continuous frustration. After being awarded a grant (where
theoretically the financing authority has decided to trust a certain team in their
capability of generating innovation through the awarded funds), a researcher must
become an expert accountant, human resources manager and a public acquisitions
specialist. Everyone working as a senior researcher in a grant understands this
frustration.

What can we do? | believe that here we need institutional help. And | don’t refer
here to assistance in preparing the paperwork, but rather in a paradigm change
where there will be less restrictions and more trust. Once a grant is awarded the
manager should be allowed to perform the assumed tasks without further
justifications for each step. Just take a look at acquisitions. In research, most of the
time one needs the state-of-the-art equipment which of course is produced by a
certain company. But you have to go through fire and hell to get that equipment and
always prepare a tonne of documentation to avoid the sharks hunting for a “deal”.
We are considered outlaws in case we favour the only manufacturer that meets our
demands but all the shell companies that hunt these deals are never to be blamed.
The persons with decisional power in both universities and research institutes could
develop a joint strategy and as a whole to convince the authorities to reduce the
burden of documents which has only a negative impact on the performance,
available time, state of mind all leading towards lower added research value.

| started with the “dark side” to be able to finish in a positive manner. Why?
Because | still believe that we can achieve great things, because | believe in
research, | believe in our power to improve and | want to contribute to that.

| consider myself very fortunate to be part of a great team which slowly became
more than a group of co-workers, more than a group of friends, it became family. Of
course, families do argue, do complain sometimes, BUT they stick together and fight
together for the ultimate goal: innovation through commitment, dedication, desire
and joint effort.

However, behind all the criticism above, | don’t see defeat | don’t see despair; |

see opportunity, challenge and hope that if we don’t sit back, we can make things
better.
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Research, engineering and education

“If we knew what it was we were doing, it would not be called research, would it?” —
Albert Einstein.

In today’s society which is dominated by achievements, knowledge and evolution,
innovation is no longer achieved by joining desire and opportunity, but by
exploiting the grey matter of the engineer behind the novelty.

Research represents the cornerstone of engineering and the ultimate source of
personal integration in the current trends representing maybe the most important
component in the daily activity as engineers and teachers. Research however, must
be performed with wisdom, awarded as a continuous effort of self-improvement,
pushing the frontiers of knowledge and denial of impossible.

Now as an older person, | look back in time and | see all the people that have
contributed to my development both as a researcher and as human being. It seems
that inevitability has struck and this is the point where | have to start giving back. A
good friend of mine once told me: “In order to be a righteous man, never forget
where you started from!” In my opinion this means that once we get higher in ranks,
with longer titles than the name itself, it does not mean that we are smarter or
superior. All this is just the benefit of time. However what we do get is experience
and this experience has to be put up for the greater good, passing the knowledge
that was once given to us to the next generation, closing the circle of evolution and
becoming better researchers.

With the completion of this book, | will probably be granted the responsibility of
guiding other researchers in becoming specialists in a certain field showing them the
meaning of research, innovation, effort and stubbornness towards the ultimate
goal: making a small contribution to the evolution of knowledge in a form that
society awards a PhD title for it.

This is it...

—The End —
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