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Abstract

Major progress in abdominal surgery has ocalioeer the last decades with the introduction
of laparoscopic and minimally invasive ketques in the operaij room. These innovative
procedures attracted much attentdue to several advantages: the need for smaller abdominal
incisions, resulting in faster recovery dhe patient, improved cosmetics, shorter
hospitalization and a significantdection of costs. However, suegl instrumentation for this
type of intervention remains still non-intuitigd much more difficult to use than tools for
open surgical procedures. As a consequeahesge minimally invasive techniques are limited
to fairly simple procedures.

Due to the landscape of medical reimbursemtdre is a substantial push by insurance
companies, health care organizations and hdspdaxtend minimallynvasive techniques to

a wider range of surgical prabares in order to dhuce hospital stays arderefore costs. In
order to respond to these demands, a strong odsetiort has been made over the past years
on the development of enabling minimallgvasive technologies, mainly through the
introduction and development of robotic systesrgical robots sigridantly contribute to
the improvement of the surgical performancearmyeasing the dexterity and user-friendliness
of surgical procedures through the use of tmbielemanipulation. However, despite years of
research, the field of surgicadbotics is still only at the lggnning of a very promising large
scale development. Although a large number sfesps have been developed, several issues
are not yet addressed, limiting théoption of surgical robots ka/broader rangef hospitals.

A major limitation is related to the lackf internal dexterity, caused by the mobility
constraints imposed by the small entry p@t one hand, it is important to increase the
dexterity of the end-effeots inside the body, overcamg the issues of limited
manoeuvrability in the abdominabvity. On the other hand, the system must be introduced
through conventional trocars. The managementhf trade-off is etxemely challenging,
making the development of dexterous micro-mamifmrs one of the most important issues in
the field of robotic systems for surgery.

Another limitation is that the current surgiagobots are voluminous, competing for precious
space within the operating room and signifitanncreasing the complexity of operating
room logistics. Access to the patient is thus impaired, which raises safety concerns.
Furthermore, due to the phgal separation from the operagi area and lack of force-
feedback on the existing surgical systems, esomg cannot feel the contact forces between
instruments and tissue. This limitation meguse long operating times and unintentional
damage of tissue and suturing material.

Although bringing several technicadvantages for surgeonsurrent robotic systems are
extremely expensive in acquisition, maintenardisposable tools and training, representing
much higher direct costs compared with ogeargery and laparoscopic instrumentation. For
this reason, access to robotic surgery is limited tainority of hospitals that can afford to
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purchase it and have enough patient volum@sgtfy the acquisition. This tendency towards
centralisation of complex minimally invasivergaries draws patients from hospitals without
surgical robots and places a sigrafi¢ burden on the health care system.

This thesis investigates ndvenechanical systems to be used in different surgical
telemanipulators, solving the limitations ofiging robotic and manual surgical equipment.
Firstly, in the area of patierstafety, by providing the surgeavith more compact systems,
secondly, in the area of surgical dexterliy, providing new multi-DOF micro-manipulators,
which can deliver complex kinematics to rematel narrow places, arigally, in the area of
health care cost, by providing mew telemanipulator that iable to deliver dexterous
manipulations, as current robotic systeng, through a more affordable technology.

These objectives implied not only an inveatign of technical aspects such as the
performance requirements of su@itools, but also the invesatijon of the different medical
procedures and surgical tasks used by asataring minimally invaive interventions.

Although, the solutions studied in this thesivddeen applied in the context of surgical
systems for MIS, the outcome of this research can be extended to several otheticapplica
fields. From a general perspective, the ultengbal of this thesis is to propose a document
which may be useful and inspiring for machawesigners, developers, stientists who wish

to create efficient remotely controlled manipulators for several applications involwilig m
DOF manipulations.

Keywords- minimally invasive surgery, surgicalobotics, telemanipulator, mechanical
system, cable-driven system



1 Introduction

1.1 Medical Background

The field of abdominal surgery has been pregirgg strongly over the dathirty years with
the continuous introduction of wetechniques and tools. Contemal open surgery has been
the reference technique, requiring the use of &flarge incision to allow an effective access
to the operating field, Figure 1-1. This largeigmon, which can go up to 300 mm (Delaney et
al., 2005), enables the surgeon to have a direegt of the patient anatomy as well as a direct
contact with the tissue. The introduction ofmple surgical instruments, such as knives,
scissors, graspers and retractors, is alsmipted, making possible a precise performance of
the different surgical tasks. Surgeons are @blese their hands, worlgrtogether in the most
natural area of their manual workspace, allowing natural hand-eye coordination (Sung and
Gill, 2001). For delicate surgicalctions, it is even possibl® increase the stability and
precision of the task by supparg the wrists and elbows on thatient body or on an armrest
designed for this purpose (Rosen et al., 2010).

Figure 1-1: Example of an open surgical procedure:rgdaabdominal incision for the patient but a
straightforward and intuitive accefes the surgeon. (image fromtuitive Surgicallnc.(2012))

However, with open surgery, and due to the extremely large dimensions of the incision, the
post operatory effects of the wound are often considerable. Bleeding, discomfort, long
recovery time and high costs are some of ihresequences of thisdtily invasive surgical
approach (Williams et al., 1993). Besides these clinical disadvantages, open susgery
generate inferior cosmetically outcospeharacterized by long visible scars.

In order to reduce the invasiveness of opagisal procedures, Minimally Invasive Surgery
(MIS) has been introduced in a variety of procedures (Moorthy et al., 2004). One of these
MIS procedures is the so called Laparoscopic &yr{l_S) that is performed in the abdominal



cavity. It requires three to six small incispolof about 5 to 15 mm, for the insertion of
different surgical instruments and endoscapiciature cameras into the abdominal cavity
(Jacobs et al., 1991). The surgeon and the astistook at an external monitor where a
picture of the internal abdomen is displayetile rigid surgical instruments are inserted
through the other incisions, Fig. 1.2. These imsgnts differ from conventional open surgery
tools in that the working end is separatemhfrits handle by an approximately 30 cm long and
5-13 larger diameter shaft (Rgrer, 1998). Space for the surgeybtained by inflating the
abdomen with C@gas (Jacobs et al., 1991). The erndpsc camera and the instruments are
inserted through trocars (plastic or metahmaas) with airtight sealing. This solution
prevents leaking of the G@as through the incisions and s the tissue in the incision
area. Figure 1-2 showsah.S approach with the surgical tools operating.

Figure 1-2: Example of a laparoscopic surgical procedure: multi small incidtrtee patient but an indirect
and not intuitive access for the surgeon. (image Nucleus Medical Media, Inc.(2009))

The benefits of MIS are numerous. In congam with traditional surgery, the patient’s
discomfort, surgical trauma, aesthetical outesyrand potential complications occurring after
surgery are dramatically reduced (Perissatlet1992). Moreover, the time a patient has to
stay in the hospital and the rehabilitatiorripgé are shortened. Consequently, both direct
health care costs and indirect costs, inVestker productivity, can be lowered (Bailey et al.,
1991).

Despite such advantages, there has recently deequest from patients asking for a further
reduction in the invasiveness of laparoscopgdéh et al., 2010), whicwould result in a
decrease in the number of incisions and consebjum the number of visible scars. One of
the most recent trends to achieve this goatalbed Single IncisiorLaparoscopic Surgery
(SILS) (Chamberlain and Sakpal, 2009). Tteshnique consists of getting access to the
peritoneal cavity using a single skin inoisj Figure 1-3. However, SILS introduces even
more technical constraints than LS (Curcillod et al., 2009). For @tance, surgeons are
required to use adapted laparoscopic instrusneittich are not intuitive to use and lack of
suitable dexterity. As a result, these issues make the implementation of this happroac
extremely difficult (Filipovi ugura et al., 2008).



Figure 1-3: Current single-incision configuration of lapacopic instruments (image from www.sw.org)

The great majority of SILSprocedures currentlyperformed is cared out through the
umbilicus with penetration of the abdominal wal, the umbilical midline. However, such an
approach can lead to a deformed umbilicus, whogegrity and appearance is considered to
be extremely important for many patients (Cand Ferreira, 2007, Baoba et al., 2008) and
to an increased rate of incision hemater the procedu(®iontz et al., 1994).

Due to these presumed disadvantages, a novebagpto enter into thabdominal cavity for

SILS has been developed. Subcutaneousicalrgunnelling (SST) disconnects the skin
incision from the entrance of the peritonealigathrough the abdominal wall (Hagen et al.,
2010). Therefore, the skin incision can be placed in almost any cosmetically favourable
location of the body such asetlsupra-pubic hair, groin, axak or previous (Figure 1-4).
Then, a subcutaneous tunnel is formed terethe peritogal cavity throughhe abdominal

wall at a mechanically favourable location, suchhesrectal muscle to decrease the risk of
incision hernias.

Insertion tube Trocar

Path in tissue v
Distal instruments

Figure 1-4: Subcutaneous Surgical Tunnelling, SST, procedwhere the surgicalstrument reaches the
peritoneal cavity, from the incision pointydlugh the abdominal wall (Beira et al., 2011a)

The flexibility of this method of access maké possible to theoretically customize each
incision to the specifics of each patient, melgag existing scars, cosmetic preferences and
individual weak areas of the abdominal wallaldition, having the MIS instruments inserted
close to a horizontal orientation allows @asy access to different quadrants of the abdomen,
decreasing significantly the total operating time.



There are several theoretical benefits of the SST approachidimgl the potential for
reducing pain, blood loss, recovery time, hosgtays and medical costs (Chamberlain and
Sakpal, 2009). However, this technique hageit demonstrated a clear economic or clinical
benefit beyond improved cosmesis [Gettn@08). The surgical community is questioning
the safety of these procedures and whethemgmoved cosmetic deserves the cost of new
equipment, extended operating room (OR) tirmaed added risk potential (Gettman et al.,
2008).

In spite of the debate, a scarless approaciiirages to be the ultinba goal of surgery and
there has been an increasing research etifodevelop new rigid and flexible endoscopic
technologies for SILS, SST and Li®ying to fill a technologicafjap that is evident for this
kind of procedures.

1.2 Challenges of MIS

While MIS is now standard for simple procedures, the use of these techniques for complex
surgeries is still being performed only in avfexcellence centres worldwide (Gettman et al.,
2008). Surgical equipment for this kind of oggons remains non-ergonomic and much more
difficult to use than tools for @m surgery. In addition, the ei®f these tdmiques requires

more skills from surgeons (ChamberlaindaSakpal, 2009). This fact becomes even more
critical for SST where toslare basically adaptation$ LS equipment (Filipovi ugura et

al., 2008).

Due in part to the landscape of medicalmbursement, there is a substantial push by
insurance companies, health maintenance nizgdons and hospital® extend MIS to a
wider range of surgical procedures (Canealgt2008). The major goal is to reduce hospital
stays and therefore costs. In addition, recoveries are typically faster and legk pdiich is

an essential aspect to be considdoedhe patient (Canes et al., 2008).

In order to respond to these demands anthigogical challenges, rdeal device companies
and research institutions have been racing tvermpast years to enable minimally invasive
technologies for MIS, through the designboth manual and robotic systems.

1.3 Manual Surgical Equipment

MIS procedures demand a notorious technalaginvestment in terms of engineering.
Regular equipment do not respond to the regoénts for complex surgeries. In order to
propose alternatives and solutipiiss important to mentiosome of the @gting limitations

in the current manual equipment for MIS, whiare pointed out beneath (Canes et al., 2008,
Gettman et al., 2008, Guo et,£#008, Kaouk et al., 2008, Raoatt, 2008, Chamberlain and
Sakpal, 2009, Hong et al., 2009):



A single access point create®iplems with clashing of ingtments inside the patient

as well as crowding and clashing of corslsopes, and instruments outside the patient.

A fixed port also means a potentially longéistance to the surgical site requiring
longer endoscopes and adapted imsgmtation to perform surgery.

Long instruments make it difficult to achiewngles to reach certain areas in the
abdominal cavity, such as ttever abdomen and pelvis.

Limited range of motion and triangulatingfdiulties due to multiple trocars location
result in difficult grasping, cutig, dissecting, and suturing tissues.

The insertion line of the camera is usually not aligned with the natural axis of the
surgeon’s eyes, which causes the operation area and the instruments tips to be seen
from a different direction, Figure 1-5.

Patient

Endoscopic
Camera

Instrument

Figure 1-5: Disturbed hand-eye coordination due to misalignment of the natural viswfakie surgeon’s eye
and the view direction dhe endoscopic camera

The monitor on which the images are presented is usually not positioned in the
surgeon’s natural direction of view but ortralley next to the patient, so that the
surgeon has to look up and to the diml®iew the monitor, Figure 1-6.



Figure 1-6: Disturbed hand-eye coordination due to misalignment of the natural viswfakie surgeon’s eye
and the view direction of the monitor. (image from World Laparoscopy Hb$pl12))

The long and straight endoscopic instrursefarce the surgeons to work in a non-
ergonomic posture for hands, arms and body.

The entry incision acts as a point of taa - the fulcrum effect. Consequently, the
freedom of positioning the instrumentsreduced from 6 DOF, to 4 DOF and the
movements of the surgeon’srthabout this insion are mirroredrad scaled relative
to the instrument tip, Figure 1-7.

Surgeon’s ability to feel the interactionttvithe tissue is lost because there is no
contact between handsd tissue anymore.

=

Point of
Rotation

Figure 1-7: Disturbed hand-eye coordinatibecause hand movements are mirrored and scaled relatively to the
point of rotation

These equipment limitations significantly didié the hand-eye cadination and complicate
the surgical procedure, increasing the learmingye required to use MIS. Despite surgeons’
considerable skill and ability to work within those constraints, ¥pamsion of MIS remains
limited due to the indirect wagf instrument manipulation (Cas et al., 2008). One of the
most effective ways to give back to surgedms intuitive manipuléon is through robotic
solutions, due to their increased deityeand ergonomy (Sackier and Wang, 1994).



1.4 Robotic Surgical Equipment

Over the last years, surgeons have been geowwith robotic solutionto overcome some of
the disadvantages of manuaktrumentation for MIS [Kauk2009]. The robotic approach
significantly contributes to the improvemeott the surgical performance by improving the
dexterity and user-friendlinesin the surgical procedurethrough the use of robotic
telemanipulators. Although a wide range ofgscal robotic devicedhiave been developed
(Sackier and Wang, 1994, Zemiti et al., 2004) thg aommercial systems that have already
been used in human surgery are daeVinci Systemby Intuitive Surgical(Madhani et al.,
1998) andZEUS by Computer Motion.

Surgical robotic systems consist of three maomponents: (1) a computer controller, (2) a
surgeon’s interface device (master) and (3) spgaibigned instruments attached to robotic
arms, with extra degrees of freed@tave) (Madhani et al., 1998).

In order to visualize this suaal frame, surgeons can sit before the console looking at the
surgical field in a right ergonomic position. Thegeon fingers engage the master controls in
such a way that hands and wrists are in a nigbasition relative to the &g and in line with

the surgeon’s point of view. The surgeoroks virtually at his own hands holding the
instruments, like controlling instruments foresp surgery, Figure 1-8. As a result, these
systems can provide to surgeons several adgastlike an ergonomic position, natural hand-
eye coordination, wrist dexterity and steragmc visual feedback, making feasible the
execution of complex surgical tasks by minimatlyasive techniques (Madhani et al., 1998).

Figure 1-8: The Da Vinci Robotic System (image from Intuitive Surgical Inc.(2010))

However, despite years of research and tlyh lgotential of some systems, the field of
surgical robotics is still only at the beginning of a very promising large scale development.
Although a large number of robotic manipulatdrave been developgTaylor and Jayne,
2007), some issues are not yet addressed, ngndi broader adoption of robotic systems by
the majority of the hospitals. In this way, fig@jor lines for improvements can be identified:

1. Surgical instruments should be provided with additional endoscopic degrees of
freedom to increase their internal dexterity and facilitate the executigreofse
surgical tasks inside the abdominal cavity;



2. The slave units should be more compact, enabling the patientdasbg reached in
case of a surgical emergency and the platfto be easily moved and stored within
the operating room;

3. Force feedback should be provided to sors, restoring their sense of touch to
improve safety, reduce cognitive load and speed-up the procedure;

4. The time required to set-up such systems should be reduced;

5. The costs of acquisition, maimi@nce, disposable tools atndining should be reduced.

While the nature of the three first points is esisdly technical, the two last limitations have a
significant economic impact itoday’s surgical landscape.

Although bringing several technical advantages for surgeongntuobotic surgical systems

are extremely expensive in acquisition, n@mance, disposable tools and training,
representing much higher direct costsmpared with open surgery and laparoscopic
instrumentation (Camberlin et al., 2009). Fas tteason, access to RolodBurgery is limited

to a minority of hospitals that (a) can affaadpurchase it and (lhave enough patient volume

to justify its acquisition. This tendency towardentralisation of complex minimally invasive
surgeries draws patients from hospitals withilngt da Vinci robot and places an additional
burden on the health care system. In additiogselsystems require a considerable amount of
OR time for the setting-up procedures. However, due to the presence of costly personnel and
equipment, it is extremely importatat reduce OR time to reduce costs.

1.5 Objectives and Approach

The research work developed on this thegas motivated by the study of new mechanical
systems to be used in different surgical rtedeipulators, solving the limitations of existing
surgical robots, analyzed on the previ@estion. These objectives implied not only an
investigation of technical aspscsuch as the performance requoiemts of surgical tools, but
also the investigation of the different medipabcedures and surgical tasks used by doctors
during minimally invasive operations.

This work have been applied and demonstratedhe design of three different surgical
systems for minimally invasive procedurgd:) a positioning manipulator for surgical
instruments, (2) a high dexterity endos@opnicro-manipulator and (3) a mechanical
telemanipulator for the remote control of seaditools. While the te first show superior
performances in terms of dexterity and compagnéhe third mechanical system is able to
increase the force feedback of new stabjdevices while écreasing their cost.

The systems (1) and (2) were integrated i dlesign of a new surgical platform for SST,
consisting in one of the first attempts tovel®p a robotic device to perform surgical
procedures by this recent minimally invasieehnique. As shown in Figure 1-9, this SST
Platform consists on a robotielemanipulator, where the usEm control an endoscopic slave
manipulator by using a remotely located masta@nipulator. The goal i® bring bi-manual
manipulation and standard surgical procedumside the abdominal cavity, creating the
illusion to surgeons that they are directly performing open surgery inside the body of the



patient. By reaching this goal, this platformable to overcome som& the most critical
limitations of existing surgical robots, being extrely compact (due to the use of system (1)),
having increased internal dexterity (due to the use of system (2)) and being able to provide
force-feedback to the surgeodii€ to the use of system (2)).

D Slave
L Manipulator
Master | | T ke e aiaa "

Manipulator Endoscopic
““““ Manipulators

S

Surgeon

Figure 1-9: Architecture of the SST Platform, where the nmmoeats of the surgeon, applied on a master
manipulator, are replicated by two endoscopic manipulators, inside thetisaiedominal cavity

The Slave Manipulator of this SST Platforrmginly composed by systems (1) and (2). The
endoscopic unit (system (2)) is composedtlwy Endoscopic Manipulators, conceived to
increase the dexterity of the Slave Manipulatwide the patient’s body. Their requirements

in terms of size, dexterity, force and precisiare beyond the existingfate of the art. The
external positioning unit (system (1)) consists in a Positioning Manipulator, whose purpose is
to move the Endoscopic Manipulators inside #bdominal cavity of the patient, whose new
kinematics respects the constraimtposed by the incision point.

System (3) enabled the development of a new surgical platform for laparoscopic surgery, with
improved technical and medical performances (Fdli10). It consists of fully mechanical
teleoperated device, whose kinematics allowgeans to reach high dexterity levels inside
the abdominal cavity of the patient, while resfing the constraints posed by the incision
point. In addition, the low in&a of its moving elementand the low-friction of its
mechanical transmission are able to provideklzsh and ripple-free movements, with force-
feedback and motion scaling, giving to the sorga realistic rendering of the forces at the
distal instruments. The use of a fully mechanical technology miakasnsiderably more
affordable to produce than existing robotic fdans. It will also allow a reduction in the
operating room time by being faster to set-Uijpese cost-reduction features increase the
relevance of this system in today’s surgical devices landscape.
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Master Slave
Manipulator Manipulator

Patient

Surgeon

Figure 1-10: Architecture of the new laparoscopic platfocomposed by a fully mechanical telemanipulator,
composed by a master and a slave units

Although, the solutions studied dhis thesis have been amu in the context of three
surgical systems for MIS, the outcome of thesearch can be extended to several other
application fields. From a general perspective, utiimate goal of thishesis is to propose a
document which may be useful and inspiringfaachine designers, developers, or scientists
who wish to create efficient and adaptesnogely controlled manipulators for several
applications involvingnulti-dof operations.

In the frame of this work, two journal papdrave been published (Beira et al., 2011a, Beira
et al., 2011b) and four patent ajpptions filed, covering the techuail solutions studied in this
thesis. A new start-up companyjstalMotion Sarl (www.distathotion.com), has also been
created to further develop and commercializeogel surgical deviceising the mechanical
systems developed here.

1.6 Thesis Outline

This thesis is structured as follows:

Chapter 1 introduces the context in which thespnt work was developed. A short survey on
current trends in the MIS field is presented dne different types oéxisting surgical tools
and devices are presented togetlwith the main challenge3he aims of the thesis, its
originalities and the scientific contributions are also stated.

Chapter 2 presents a state of the art oftiexjssurgical robotic sstems. Their technical
features are analyzed and tHesy limitations are identified.

Chapter 3 presents the most important medaal technical requirements for a surgical
device, being subsequently used to provide guidelines for the design of high performance
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surgical systems. Then, the general concepts of the surgical platforms in which the thesis
work is applied are presented.

Chapter 4 presents the development and analysisiew external positioning manipulator, to
be used on SST platforms. The descriptiontled related geometry and constraints is
presented, manipulator's mobility is analyzadd both inverse and direct kinematics are
solved. A symbolic form for the Jacobian matsxderived, the worksgze is studied and the

singular configurations are identified. A dynamanalysis is performed and the required
maximum speed and maximum torque of theuaicirs are obtained for a set of typical
trajectories to choose the most appropriateiaors. Finally, a working prototype of the

system is presented.

Chapter 5 introduces the new micro-mechanioahipulator that will enable the design of
high performance miniature endoscopic maniputat The advantages and disadvantages of
several different design possibilities are enwated and the conceptual development of the
system is shown. The geometrical modeling ef $histem is derived, Keng into account the
cable topology of the systemndithe definition of several miensional values of extreme
importance for the realization of this specikind of systems. The relationships between
applied actuator torques and exerted foraes also analyzed, having in mind the coupling
effect of the multi-DOF cable driven transmssi This chapter also presents the developed
and realization of a three-DOF-prototype tlsatves as a case study to validate the novel
manipulator concept.

Chapter 6 presents the design considematiand concept generation of a new fully
mechanical telemanipulator system that is abldeliver dexterous manipulations to remote
and narrow places, like the human abdominal cavity. The development of its mechanical
transmission is analyzed and its specific kiaéic model is discusde The realization of a
working prototype is presented, whiclhused to validate the system concept.

Chapter 7 concludes this work, summarizegdiselts and presents future work directions.
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2 State of the Art

2.1 Master-Slave Telemanipulators

Over the last decades, robotic technology Ibesn progressively employed, as a mean to
overcome the difficult working conditions durihS procedures, caad by the non-intuitive
and non-ergonomic instrumentation. Currently, the majorityefaolbotic systems for surgery
do not have any kind of autonomy, being coligb by surgeons as a surgical instrument.
Most of the surgical robotic systems share shme general conceptpviding a continuous
exchange of movements between the usertlamdurgical instruments inside the body. This
kind of systems, where a manipulator has therobower other manipulat is often referred

as a master-slave system (Cui et al., 2003)eri@nipulation is a scheme in which a slave
manipulator, which is usually in a remo@mvironment, tracks the motion of a master
manipulator (Cui et al., 2003).

Surgical telemanipulation is deloping along a similar path t@botic telemanipulation. In
the 1940s and 1950s, Goertz (Goertz, 1952) Idped mechanical telemanipulators for the
manipulation of highly radioactey materials (Figure 2-1). Goedzremote manipulators, at
first purely mechanical devices, restore@ tlull six degrees of motion freedom to the
operator and provided force feexdl through the stl ribbon links.

z |
MOTION

|
ELEVATION |
ROTATION 7% [ | MASTER ARM
= (CONTROL SPACE)

TONG |
MOTION s

. |
|
RIE

Fo AZIMUTH
ROTATION

SLAVE ARM
(OPERATDNG SPACE)

Figure 2-1: Mechanical telemanipulators for radictive materials (Goertz, 1952)

Goertz’'s manipulators were soon made etettr (Goertz and Thopson, 1954), and in the
1980s Bejczy and others (Bejczy and Saligbdr, 1983) used emerging minicomputer
technology to generalize the control systenemable kinematically different devices to be
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used for master and slave. These systems therelirect precursorsf today’s telesurgery
systems.

2.2 Surgical Robotic Systems

The first surgical telerobot system wdsveloped at SRI International under thARPA
Advanced Combat Casualty Care Programthe early 1990s (@en et al.,, 1991). This
system was designed for open surgery with ®DOF manipulators coupled with a stereo
vision system.

Nowadays, the most famous systemmuapotic surgery is the da Vinci, bytuitive Surgical
(Guthart and Salisbury Jr, 2000he device includes a master, anguter controller and four
robotic arms: one for the camera; and three (ltaiven), carrying surgal tools, Figure .The
surgical platform adopts cable drives to atéutools, providing overall 6 DOF inside the
body and 1 DOF for the tool actuation. The oJeparformances of #h system are fairly
good, enabling the performance of several minimahlMasive surgical mcedures worldwide.

Figure 2-2: The Da Vinci Robotic System from Intuitive Surgical Inc.(2010) (image froaitimé Surgical
Inc.(2010))

However, despite all these advantages, simsiges are not yet addressed, limiting the wide
adoption of robotic systems in by the majoritytbé hospitals. In aattempt to solve these
limitations, several research groups and produaes developing robotic systems for a wide
variety of surgical interventions. In this section, some of the most relevaopeedted
surgical robotic systems are presented.

The Amadeus Composé&r, shown in Figure 2-3, from th@anadian company Titan Medical

Inc. (2011) is about to enter the market, beangotential competitor to the da Vinci system.
Little is known about this system as the new-born company is putting huge efforts to protect
its intellectual property. The robot has fouaved arms with seven DOF each, including the
distal instrument, and its master consolecasposed of two haptidevices that are very
similar to Quanser’s five-DOF Haptic Waii@uanser, 2011). The company is putting huge
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efforts to protect its intellectual propertynch claims that the system will provide force
feedback and more dexterityan the da Vinci system.

Figure 2-3: The Amadeus Composé&rfrom Titan Medical Inc. (2011)

TheZeus Systenty Computer Motionis also a dual-handed tefgerated surgical system for
MIS (Ghodoussi et al., 2002) sltmulti-axis positioning systemowes an endoscopic tool and
also actuates grasping and tooll motions. Three DOFs of translation are provided to the
tool by a relatively compact positioning manigiar, which positions the proximal end of the
tool module for both manipulation and adaptatiorthe entry port lcation, Figure 2-4. Its
“MicroWrist” robotic instruments have fewer DOF than Da Vinci with only 1 DOF moving
the grasper by a cable drive mechanism (Fausit,2007). The wrist ya actuator is located

in a small cylindrical module at the proximal epfcthe tool. Grasping &gation is applied to
an internal pushrod via a tool interface a #nd of the external positioning arm through a
movable tongue on the tool shafollowing the fusion betwee@omputer Motionand
Intuitive Surgical the ZEUS robot is no longer produced.

Figure 2-4: The Zeus Surgical System (Faust et al., 2007)

The Raven Surgical Robot is a cable actuatedical manipulator designed to perform both
MIS and open surgery, developed by a multidisciplinary team of engineers from the
University of Washington and the University @&lifornia-Santa Cruz (Lum et al., 2009). As
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shown in Figure 2-5, the slawobot is composed by maniptdrs with seven DOF, being
teleoperated by a remotely located surgeon’s console, with two master-inpcgsdedn
upgrade of this system, the RAVEN II, was deped to be an open wce platform and is
now used by several American labtories for research purposes.

Figure 2-5: The Raven Surgical Robot frometluniversity of Washington and the University of California-
Santa Cruz (Lum et al., 2009)

The Miro Surge Robot was developed at herman Aerospace Research Establishment
(DLR) (Seibold et al., 2005). The end-effectofsits slave robot, called Mica instruments,
can provide 3 degrees of freedom inside thteepabody (KUbler et al., 2005) and integrate a
six-DOF force sensor in the wrist, Figure62The surgeon’s consofeatures two sigma.7
haptic devices able to provide foraetiback in seven DOF (Force Dimension, 2011).

Figure 2-6: Miro Surge Robot with Sigma7 Haptic Interface (Hagn et al., 2010)
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The Sofie Surgical Robot was developedTathnische Universiteit Eindhoven (TU/e) for
abdominal and thoracic minimally invasive apations. As shown in Figure 2-7, it is much
more compact than the da Vinci System amach render the instrument-organ interaction

forces to the surgeon (van den Bedem, 201t8)surgeon’s console is bimanual and can
render four DOF of force feedback.

Figure 2-7: The Sofie Surgical Robot from TU/e (van den Bedem, 2010)

At Technische Universiteit Eindhoven (TU/e), another system was developed for vitreo-
retinal eye surgery, Figure 2-B.is called Eye-Robot and msomposed by two compact and
lightweight slave manipulatorsyhich are directly attached to the patient’s bed (Hendrix,
2011). The interchangeable swea instruments can be easily clipped on the slave
manipulators that integrate six-DOF force sgagNano 17, ATI Industrial Automation Inc.,

NC, USA) to measure the forcéisat will then be renderetb the surgeon. The surgeon’s
console is the same as the previgukescribed Sofie Surgical Robot.

Figure 2-8: The Eye-robot from TU/e (Hendrix, 2011)
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The RAMS SysteniRobot-Assisted Micro-Surgery) fidbeen developed to exploit NASA
telerobotics technology in a beneficisbmmercial application, Figure 2-9. At thket
Porpolsion Lalh a precision cable-driven master-and-slave telerobotic system has been
developed for eye surgery (Schenker etl#195). The system provides scaled-down human-
input motions, tremor filtering to improve premn, amplified force-feedback to the human
operator, and programmable constrained motiorthef instrument in the eye to minimize
surgical impacts. The slave robathich manipulates a tool ingleye, has 6 actuated degrees
of freedom (DOFs), 6-DOF tip-force sensimmpd 15-micron positioning accuracy (Schenker
et al., 1995). However, there asmajor drawback in term afexterity, since the used cable
transmission can only be applied to actuate joints with parallel axis, which lisise for
complex kinematics.

Figure 2-9: RAMS master and slave maniptdrs (Schenker et al., 1995)

A system to perform endonasal skull surgery degeloped at the University of Vanderhbilt,
Figure 2-10. This system uses tentacle-likecemtric-tube continuumobots as tool shafts
(Burgner et al., 2011). These tentacles have demmebmparable to surgical needles and are
made of precurved concentric tubes made of ralgetic nitinol. The path of the tubes inside
the patient can be controlled by axially rotatimgl &ranslating each tube at its proximal base.
In total, this system is able to provide DOF to position and orientate the instrument
introduced through the tubes. The master censotomposed of two Phantom Omni devices
(Sensable Technologies, 2011).
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Figure 2-10: Surgical Robot from Vanderbilt University (Burgner et al., 2011)

The NeuroArm Robot (Figure 2-11) was one @ fhist attempts to perform the first image-
guided robotic neurosurgery to remove aibrtumor (Neuroarm Project, 2008). It was
developed at University of Calgary andtlie world’s first MRI-compatible, image-guided
surgical robot. It is composed by two maulators, whose kinemasicare similar to the
SCARA-Arm. and by a surgeon'sonsole that can provide force feedback in three DOF
(Sutherland et al., 2003).

Figure 2-11: The NeuroArm Robot from the University Calgary (Sutherland et al., 2003)

The Sensei Robotic Catheterassurgical robot deveped to enhance ageon’s ability to
perform complex operations using a small fléxibube called a catheter, Figure 2-12. It is
FDA-approved and commercially produced andtribhuted by HansemMedical Inc. This
system was designed for cardiovascular pro@sjuinaving a master-slave architecture in
which a slave robotic cathetertedeoperated by th&urgeon through a hap interface called
Instinctive Motion Controller. The distal extréyn of the catheter is able to measure the
forces of contact with the tissue.
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Figure 2-12: The Sensei Robotic Catheter from Hanbtadical Inc with Sigra7 Haptic Interface

The main features of the surgical robotic eyst presented in this chapter are summarized in

Table 2.1.
Table 2.1: Summary of current Teleopeealt Surgical Robotic Systems
Surical Slave Manipulator
urgica
Target Surgery Ref.
System DC:r:rrE;) ®" | Kinematics | Transmission
daVinci 7 Serial Cable-driven | MIS  Abdominal,| (Intuitive
Surgical (3 internal) thoracic and Surgical
System urologic surgery | Inc., 2010)
ZEUS 6 Serial Direct MIS Abdominal,| (Faust et
(2 internal) | (SCARA- actuatlor! + thorac!c and al., 2007)
like) Cable-driven | urologic surgery
Sensei 7 Continuum | Cable-driven | Catheter  based (Hansen
Robotic cardiovascular Medical
Catheter procedures Inc., 2011)
NeuroArm | 8 Serial Direct Microneurosurgery (Sutherland
(including (_SCARA- actuation and stereotaxy et al.,
instrument) like) 2003)
Amadeus | 8 Serial Direct MIS  Abdominal| (Titan
Composer (including actuation  + and thoracig Medical
instrument) Cable-driven | surgery Inc., 2011)
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RAMS 6 Serial Cable-driven| Brain, eye, eafNASA,
(external) face and hand2011)
microsurgery
Miro 7 Serial Direct MIS Abdominal| (Hagn et
Surge (3 internal) actuation  + and thoracig al., 2010)
Cable-driven | surgery
Eye-Robot | 5 Serial Direct Vitreo-retinal eye (Hendrix,
(1 internal) actuation surgery 2011)
Sofie- 7 Serial Direct MIS Abdominal| (van den
Robot actuation  + and thoracig Bedem,
Cable-driven | surgery 2010)
Endonasal | 7 Continuum | Remote MIS endonasal (Burgner ef
Robot (including actgatlon with| skull base surgery| al., 2011)
instrument) flexible tubes
RAVEN 7 Serial Cable-driven | MIS  Abdominal| (Lum et al.,
(3 internal) and thoracig 2009)
surgery

2.3 Conclusions

All these robotic systems for minimally invasi surgery can provide to surgeons several
advantages like an ergonomic position, ndttia@nd-eye coordination, wrist dexterity and
stereoscopic visual feedback. However, desgit¢hose advantages, some issues are not yet
addressed, limiting a broader atlop of robotic systems by the jpaty of the hospitals. In
this way, some major lines for improvements can be identified:

1.

4.
5.

Surgical instruments should be provided with additional degrees of freedom to
increase their internal dexterity and facilitdte execution of precise surgical tasks, as
well as, extend the accessdifferent organs;

The slave unit should more compact, enabling the patient to be easily reached if
something goes wrong and the platform to be easily moved and stored within the
operating room;

Force feedback should be provided, resipithe surgeon’s sense of touch to improve
safety and increase telepresence during surgery;

The time required to set-up the device should be reduced,;

The costs of acquisition, maim@nce, disposable tools atndining should be reduced.

In the next chapter, the most importamiedical and technical requirements for high
performance surgical telemanipulators will be presented. They will be used to provide
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guidelines for the development of new mechahsystems able to overcome the limitations
of current minimally invasive surgical equipment.
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3 Requirements for MIS Manipulators

3.1 Introduction

Based on a review of tHi#erature, validated by the collaboration with tisceral Surgical
Departmentof the University Hospital of GeneyddUG, this chapter aims to formulate the
design goals for general MIS manipulators, itigvthe design of new surgical systems to
overcome the main limitations of existing surgical devices.

3.2 Kinematic Requirements

The mechanical design is a key phase indéeelopment of MIS robotic manipulators. At
this stage, a set of MIS concerns, e.g. gaftcuracy, ergonomics, and dexterity, has to be
transformed into several sign considerations, like mechanism kinematics, workspace,
dimensions, etc, to satisfy the surgical reguients. Consequently, these mechanical design
considerations will constitute a set of special design challenges for MIS robots.

3.2.1 Manipulation Mobility

Generally, an MIS instrument comprisescnd and narrow tube that is operated on its
proximal extremity by the surgeahand, in traditional MIS, dsy a robotic manipulator, in
robotically assisted MISThe surgical instrument is then inserted in the patient's body
through a small incision to perform differentrgical operations at the instrument tip.

This arrangement thus constitutes a motion caimgtto the MIS instrument, responsible for
the “fulcrum effect” at the entry point. Ascmnsequence, the instrument can have only four
DOFs for manipulation, which ammposed by pan-tilt—spin réitans centered at the entry
point for angular orientation and axial traatgdn for depth of penetration (Figure 1-1).
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Abdominal Wall

Tool

Figure 3-1: Four practical DOFs used in an MIS instrument

Accordingly, the motion DOFs of the surgi¢abl are described by four variables, , , and

, inwhich and imply rotations about the- and y-axes of the aision coordinate system
and and imply a rotation and a translation about and along the w-axis of the tool
coordinate system.

To respect the kinematic constraint at theyepuint, (1) the robotienanipulator should have
four DOFs of motion, including tke rotational DOF and one tedational DOF, (2) the axes
of the three rotational DOF should intersecaaingle point, which should be located away
from the manipulator, and (3) the translatioD@F should always poirdt the direction along
which the surgical instrument is being inserted or retracted.

3.2.2 Extracorporeal Workspace

Safety is one of the key concerns in robatigplications for surgery. Therefore, when
designing a surgical robot, the safety issuavslved at many levels i various topics such
as sterilization, control, sensing and prognang. A number of safety issues for medical
robots, in either software txardware perspective, have bebscussed by (Davies, 1995, Fei
et al., 2001).

In terms of mechanical design, a fundamentédtgaequirement is tated with the human-
machine interaction. As opposed to industriabots, surgical rolie are highly human-
interactive systems, so thaighnteraction should be takemto account when designing the
robotic manipulator.

To avoid physical interference between thbotac system and the patient, the MIS robot
should work outside the patit's body, being a pure extracorporeal mechanism, whose
kinematic links and joints never touch theigat's body during the whole cycle of motion. In
addition, the extracorporeal workspace of thenimaator should be asmall as possible to
prevent collisions with the openag room staff and equipment.
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Moreover, a compact design of the surgical mpalaitor enables an easy access to the patient
if something goes wrong with the surgical priaes. The platform can also be easily moved
and stored within the operating room.

3.2.3 Precision

Precision is another important major design nesgqment for most robotic applications, since
any position error might cause caterable risks to the patient.

Generally, the high precision @& surgical robot can be infloeed in several ways, like
tolerance sensitivity, feedback control, manufangiquality, etc. In the mechanical design
phase, the kinematic precision of an Mthaot depends mainly on the manipulator topology
and dimensions.

Two major limitations that affect the precision traditional minimallyinvasive operations
can be improved by robotic systems: hand tmeramplification and scaled up surgical
movements (Stylopoulos and Rattner, 2003). Theseaused by the fact that, quite often, the
length of the MIS instrument tha outside the patient’s body, Is smaller than the internal
length, b, Figure 3-2. As a consequence, the input displacemgnyhich can be a normal
displacement or a hand trem amplified inside the body,d

Entry Point

Tool Tip

Abdominal Wall

Figure 3-2: Movement scaling-up on an MIS instrument

Therefore, the precision of &flS robot can be measured by #dality of the instrument tube

to achieve a certain displacement at its tip, thee maximum displacement of the external
actuators. For that reason, thgher the value of the input/output displacement ratio is, the
better is the precish of the robot.

However, attention should be paid to the faet thhile the input/outpufisplacement ratio is
increased, the extracorporeal workspace ofrtimtic structure may become larger, which
can reduce the safety of the extracorporeal maves. This compromise between safety and
precision should be considered carefully wiiesigning an MIS robotA possible solution
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may be the use of gearbox transmission, whicduess a high input/outpuweduction ratio for
increased precision, without adgcrease in tool workspace.

3.2.4 Internal Dexterity

One of the most considerable advantagesmwbducing robotics in Ms is related to the
significant increase of internal dexterity over traditional surgical operationss la i
consequence of the larger reachable workspatee MIS manipulator (the volume of space
within which every point can be reached by thd-effector in at least one orientation) and
the dexterous workspace (the volume of spateinvivhich every point can be reached by the
end-effector in all pssible orientations).

According to (Lum et al., 2004), the reachable workspace volume generated by an MIS
instrument is a cone with an apex locatedh&t entry point. By analyzing a database of
general surgical tasks fiermed on an animal model in vivo an MIS environment, 95% of

the time the MIS surgical tool orientationscempass a 60° cone (Lum et al., 2004). Since all
the points within the workspace cone are expetidoe approachable by the instrument at a
range of angles, this cone-like workspace shbeldot only a reachable workspace but also a
dexterous workspace.

However, due to the constraints imposed by thesion at the end-effector, it is impossible to
generate an internal dexterous workspace kin@matic structure without internal DOFs. A
frequently used strategy for dealing with thimsitation consists in enhancing the dexterity at
the instrument tip, inside the body (Taylmidalayne, 2007), which can be done by attaching a
higher-DOF mechanism at the instrument f@pending on the surgical technique, these
dexterous endoscopic mechanisms can be kinesig equivalent to mini-humanoid robotic
hands or arms, Figure 3-3.

Abdominal Wall

Tool

Mechanisms

Figure 3-3: Multi-DOF endoscopic mechanisms attached to the distal exyremanMIS instrument,
increasing its internal dexterity
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3.2.5 Redundancy

A redundant robotic manipulator is a medeah system that has redundant actuations
(actuation redundancy) or redumtlalegrees of freedom (lématic redundancy) (Dasgupta
and Mruthyunjaya, 1998, Wang and Gosselin, 2004). In general, both are employed to
guarantee a larger workspace, increase theedxtand avoid configuration singularities.
For the particular case surgical robots, they can also bsed to produce higher levels of
safety, avoiding unwanted interferences with \é@eas. The first situation occurs when the
number of actuators is larger than the moboityhe mechanisms and is used to furnish more
degrees of freedom for control flexibilitf.he second case is achieved by adding kinematic
links and joints, to the mechanism such thatriobility is increased and the manipulator can
be reconfigured without changitige position/orientation of the instrument to adapt to a more
flexible OR set-up (Ortmaier et al., 2004).

3.2.6 Ergonomics

Ergonomics is a science that studies the suitdbsgn of machines and tools that optimize
the performance of the &s taking into account the limits tdie user (Berguer, 1999, Kaya et

al., 2008). In the field of MIS, the ergononpcoblems include a broad range of concerns,
which can be divided in visualization, mpulation, surgeon posture, mental and physical
workload, and the OR environment ergonomics (Berguer, 1999).

In the mechanical design phase, ergonomic concerns for MIS robots are related to the
ergonomy of the manipulatioRor an MIS procedure, the surgigastrument is controlled by

the surgeon’s hand, outside the bobBye to the “fulcrum effect” at the incision point, the
movements of the surgeon’s hand result in grosjpe movement of the instrument tip in the
patient’s body, creating an inveas between visual and kinésttic preception, Figure 3-4.

Entry Point

\ Tool Handle

Tool Tip

Abdominal Wall

Figure 3-4: Movement inversion on an MIS instrument
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In addition, as the MIS instrument is hdby the surgeon’s Imal, manual operation will
induce ergonomic problems in terms of excesflimgon, supination, and ulnar deviation of
the surgeon’s wrist (Kaya et.aR008). Currently, this probleis solved by the MIS robots
through the use of control redti&tion, where the coordinate system is mirrored from the
instrument tip to the holding part of the surgit@dl. However, an intrinsic solution from the
viewpoint of manipulator kimaatic design would be an ideablution, requiring reduced
computational efforts.

3.3 Medical and Health Care Requirements

3.3.1 Set-Up Time

Ideally, the medical team shoub& able to enter éhoperating room, tune the system, insert
the instruments on the patient and start maatmg the device withouspending too much
time calibrating and setting-up procedures. Tiisans that the system should provide an
entirely ergonomic and user-fndly interface, with a realistitelepresence to the surgical
field, and good contact with the staff at the ro@ue to the presence of costly personnel and
equipment, it is extremely important toduee preparation, operating and change-over time
per procedure.

3.3.2 Dimensional

The working volume of the surgical instrument standard MIS procedures has to be
respected. The axial translation of the instromeith respect to the incision point should
allow a 200mm insertion of the end-effectorsth a range of mion of £50mm (Baumann,
1997).

It should be possible to orieateé the instrument with respect the incision point within a
vertically oriented conic worksge of 90° opening angle (Lumat, 2004). Inside the conic
workspace, the instrument should be able to rotate at least 270° about its longitudinal axis for
driving the needle throughssue in a single movement (Cavusoglu, 2000). The volume of the
total workspace should be consistent with thlsyiously varying with dferent patient sizes

and different procedures.

The diameter of the endoscopic unit must be ghel it fits into a trocar smaller than the
current single port incisions, udh range from 25mm to 60mm.

The size of the end-effectors should be companatiih the current instruments for minimally
invasive surgery, whose diametam go up to 12mm (Baumann, 1997).
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3.3.3 Force

The force that a surgical robotic system cgply at its end-effdor should match the
maximum forces applied by surgeon’s manual tools during normal procedures. Several
studies can be found indHiterature, were surgeons are asked to perform numerous surgical
tasks, using force sensors in the tools. The force requirements change from procedure to
procedure and according to surgeon’s experielroesurgical procedures in soft tissues, the
maximum continuous value can reach 10N (Baumd997) in X, y and z directions and 20N

in the gripping elements (Cavusoglu, 2000)However, in other ggical fields like
Orthopaedic and Neurosurgery, thecrequirements may be much higher.

3.3.4 Cost

The market of robotic systems is currerdlyminated by the da Vinci robot, developed and
marketed by Intuitive Surgical. However, thigstem is extremely expensive in acquisition
(close to CHF 2 million (Camberlin et al., 2009)), maintenance (about CHF 200’000 per year
(Camberlin et al., 2009)), dispaisle tools (about CHF 3’500 pprocedure (Camberlin et al.,
2009)) and training, representing much highereai costs compared with open surgery
instrumentation (Camberlin et al., 2009). Fas tleason, access to RoicoBurgery is limited

to a minority of hospitals that (a) can affdal purchase the Da Vin&ystem and (b) have
enough patient volume to justify its acquisitiobhis tendency towards centralisation of
complex minimally invasive suegies draws patients from hospstavithout the da Vinci and
places an additional burden on the headtre system (Camberlin et al., 2009).

3.4 Actuators

The specific requirements imposed by minimally invasive applications, namelynrotéhe
reduced dimensions, pose some constraints iadleetion of the mosuitable actuators for a
surgical robot. Besides the torque capactthg torque-to-volume ratio is an important
selection criterion that should be taken into account. In the following, an evaluation of today’s
most relevant actuator technologies for mirllgnanvasive surgicalapplications will be
presented.

3.4.1 Hydraulic Actuators

In what concerns the torque-to-weight ratigdraulic actuators can be considered ideal for
MIS applications. They transfar energy supplied by pressurizkgdraulic fluid into rotary

or linear motion. This hydraulic fluid flow oveéhe hydraulic actuator is controlled typically

by electromagnetic servo valves or by variathlgplacement pumps. However, the presence

of fluids poses a few problems in termsroéchanical design, like increased friction and
leakage. In addition, the valves often exhibit complex non-linear dynamics, and are therefore
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more demanding for control (Hunter et d@991). Another major limitation of hydraulic
actuation for a force-feedback surgioalot is the laclof backdriveability.

3.4.2 Pneumatic Actuators

Like in hydraulic actuators, pneumatic actuaiorglve a piston drivety a pressurized gas.
However, due to the higher pressures usdtydraulic actuators, pneumatic actuators tend to
have a lighter constitution, rding in more compact structes (Hunter et al., 1991). Key
advantages of pneumatic over hydraulic actgsatoe their simplicity and cleanliness. The
main drawback of pneumatic actuator is gaspressibility, which makes tem inherently
compliant and so, significantly more complexctmtrol. Moreover, theelocity of the valve
used to regulate the pressure and flowo the piston will limit the actuator’'s dynamic
performance.

3.4.3 Shape Memory Actuators

After a mechanical deformation, the shape menefigct of certain alloys implies a return to
the non-deformed state when heated. The radirantages of shape memory alloys (SMA)
are their compactness and lightness. On the tidned, the main disadvantage is related with
their long time required to cobbck after heating. Another draadk is related with their low
energy efficiency (Burdea and Burdea, 1996).

3.4.4 Electromagnetic Actuators

The electromagnetic actuators are comparativeean, quiet and ficient, providing
generally high linearity and ¢ih bandwidth, while being easy to control and maintain. For
this reasons, and although high torque withouugeof gearboxes is difficult to be achieved,
they are the most suitable solution for MIS, beiisgd in the majority of the current surgical
robots. Moreover, it is possibte estimate the joirtbrques by using only the motor currents
and specifications. This method eliminateg tthependence of destabilizing force-torque-
sensor schemes by making the slave manipulalertabsense directly the interaction force
with the environment and feed them backtite master (Townsend, 1988). However, this
approach forces the manipulators to be designgh mechanical properties that improve
their transparency.

3.5 Transparency Requirements

The quality of a man-machinet@rface is often characterizég its degree of transparency.
Transparent manipulators should therefore be #blappear mechanically invisible to the
operator, not exerting any extafrforces on the user whenomng through the free space.
On the other hand, they should show high st§fdeing able to transmit a broad range of
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external force interactions. IngHollowing, some of the most imgant issues that have to be
considered in the design of mechafllicaansparent sysins are discussed.

3.5.1 Friction

In a teleoperated system, the ability to retforces back to the user may be decreased by
friction in the slave manipulato€onsequently, friction will beeflected to the user not only
during free-space motions, but also in contactasti In this situation, small contact forces
will risk to be covered up by frictional forces, limg their ability of the user to distinguish
the contact.

3.5.2 Ripple

Sensing high frequency vibratis represents a tight constitaon a telemanipulator design,
requiring a careful attention teveral aspects of hardwatesign and actuator selection. A
significant level of vibration haa huge negative effect on thephia fidelity and can really
decrease the sense of telepresence. Sourcewration such as pple torques and noisy
transmission elements should be avoided or minimized.

3.5.3 Inertia

In the case of a manipulator, timertia is composed primarily by the mechanical structure of
the links plus the motors. Inertial effects niagy felt by the operator if the control scheme is
not compensating them. Therefore, an ideatanical design should reduce inertial effects
as far as possible, providing the user with more sensitivity at low force levels. Hpfoeve
slow movement and small size applications, sucbuagical tools, inertia is expected to play
only a minor role on system'’s performance.

3.5.4 Backdrivability

Backdrivability is the ability of a mechanicsystem to interactively transmit forces between
input and output actuations. Wever, there has been for yea controversladebate about
the use of backdrivable versuson-backdrivable transmission in surgical robots. Both
solutions have their advantages and disathges, when different design goals are
considered. A backdrivable transmission insesathe transparency of the system. On the
other hand, a non-backdrivablgansmission increases the level of safety since the
manipulator will remain static following a pew failure. When considering a compromise
between backdrivable and nonekdrivable systems, using @reful combination of both
transmissions may be adequate solutiordetd with the case of power loss.
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3.5.5 Stiffness

A further parameter to analyse the performaoica force-reflecting mapulator consists in
measuring its stiffness. Compliance in the linkénts and transmission reduces the precision
of the manipulation, when forces are beiagplied on the devigeand decreases the
bandwidth of the system, which may cause @nnstabilities when force sensors are not
being used (Millman et al., 1993).

Figure 3-5 shows the stiffness measuremeetformed on two commercially available
minimally invasive tools: anEndoWrist Instrumefit from Intuitive Surgical and a
LigaSure® from Covidien® The force was applied at the instrument's end-effector,
perpendicularly to the tool's &x Then, it was increased gradually and registered by a force
sensor. The deformations were meadury using a standhdial gauge.
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Figure 3-5: Stiffness measurements for two standard MIS tools
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As can be seen, the relationship between the applied force and the displacements on the end-
effector, for both instrumentgan be linearized within the measured range, resulting in of
590N/m EndoWrist Instrumeft) and 170N/ml(igaSure®.

3.5.6 Gravity Compensation

Static balance of the telemanipulator is a ssitg, since a poorly balaed system may lead

to greater operator fatigue and increase ltkelihood of errors. In order to accurately
reproduce force feelings, the weight of theamanical structure must be compensated. The
main decision relates to whether use mecham electronic coumtrbalancing. The first
approach has the advantage of being passive and simple to implement but adds additional
inertia to the system. The second solution brimgse complexity to the control software.

3.6 Summary

To sum up, the key mechanical desigguieements for a MIS manipulator are:

The external positioning should haveDOF of motion, including 3 rotational DOF

and 1 translational DOF.

The axes of the 2 rotational DOF should glsvantersect at the same point (incision
point) which should be located somtistance away from the manipulator.

The translational DOF must always move along a fixed line, which intersects the axes
of the 2 rotational DORt the incision point.

The extracorporeal workspace of the manimulahould not collide with the patient,
medical staff and operating room equipment.

The overall system design should be cantpoccupying little space above and around
the operating table.

The internal dexterity of the surgical maulator, inside the body, should be increased

by attaching additional DOFs to the distatremity of the instrument’s shatft.

The multi-DOF dexterous endoscopic mechanism should have an anthropomorphic
kinematics.

The movements of the distal end-effectmside the patient’s body, should not be
inverted, in relation tohe surgeon’s hand.

The reachable workspace volume inside fhatient's body shodl be, at least, a
90°cone with an apex lo@at at the incision point.

Inside the conic workspace, the instrument should be able to rotate at least 270° about
its longitudinal axis.

The system should allow a 200mm insertiorthed end-effectors inside the patient’s
body, with a range of motion of £50mm.

In order to increase the level of dgfen the case of a power failure, a non-
backdrivable transmission should be appliredome system’s DEs or a gravitational
balance should be primed to the system.
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Backdriveability should beapplied on the DOFs othe dexterous endoscopic
mechanism in order to increase the mechanical transparency.

The instrument’s diameter should be compatibith current trocars, with diameters

up to 12 mm for laparoscopy and u@Bt@mm for single incision surgery.

Inside the patient’s body, the system skdobk able to apphON in the X, vy, z
directions.

Electromagnetic actuators should be usearder to facilitate system’s control.

The system should have a low complexity, being fast and easy setup and transport
from one place to the other within the hospital
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4 Mechanical Positioning System for MIS
Instruments

4.1 Introduction

This chapter presents the study and developoifemthew mechanical system for the external
positioning on MIS surgical instruments. The pragbg&inematic structure will contribute to
increase the precision and compactness of M#&ipulators, increasing patient safety. We
will concentrate essentially on abdominal surgafthough the principles of this system also
can apply to otheypes of MIS surgery.

4.1.1 Surgical Technique

Recent developments in surgery show a clesard toward less invasive methods of access
over the past decades. Whilenwentional laparoscopy is theastlard treatment for various
disorders at present, newer methods suchrageSincision Laparoscap Surgery (SILS) and
Natural Orifice Translumenal Endoscopic Suyg@MOTES) are gaining clinical significance
worldwide (Gettman et al.2008, Chamberlain and Sakp&009). Besides hypothetical
clinical advantages such as faster recpvéwer pain medication and milder anaesthesia,
surveys point out that potential patients altyudavour cosmetically superior surgical
approaches (Hagen et al.,, 2010). While pW@TES will deliver cosmetically perfect
outcomes with no external scars, this methatiilsunder development and only performed at
a few hospital centres world-wide (Zorronat, 2007, de Sousa et al., 2009). SILS, on the
other hand, is a feasible technigilat has gained fige attention duringhe last few years,
reporting many successful cases on medical publications (Filipowgura et al., 2008,
Curcillo 2nd et al.,, 2009). Ehgreat majority of SILS témiques currently performed is
carried out through the umbilicus, with peladgitn of the abdominal wall by the umbilical
midline. However, such an approach might lemd deformed umbilicus, whose integrity and
appearance is considered to be extremelygomant for many patients (Dini and Ferreira,
2007, Barbosa et al., 2008) and to an increaats of incision herng after the procedure
(Montz et al., 1994).

Due to these presumed disadvantages, a novebagpto enter into thabdominal cavity for

SIL has been developed and yn@present a bridge between the cosmetic advantages of
NOTES with the technical fedmlity of SIL. Subcutaneus surgical tunnelling (SST)
disconnects the skin incision from the entraotthe peritoneal cawtthrough the abdominal
wall (Hagen et al.,, 2010). Therefore, the shkitision can be placed in almost any
cosmetically favourable location of the body swashthe supra-pubic hair, groin, axillae or
previous (Figure 4-1). Then, a subcutaneouneli is formed to enter the peritoneal cavity
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through the abdominal wall at aeghanically favourable location,duas the rectal muscle to
decrease the risk of incision hernias.

entrance

peritoneal
cavity
path under
skin the skin

incision

Figure 4-1: Subcutaneous surgical tunnelling technique

The flexibility of this method of access makes it possible to customize each incisioa
specifics of each patient, regarding existing scaosmetic preferences and individual weak
areas of the abdominal wall. In addition, having the MIS instruments inserted close to a
horizontal orientation allows an easy accesdifferent quadrants of the abdomen, avoiding
the docking and disengagementté robot and decreasingysificantly the total operating

time.

4.1.2 Platform Overview

The mechanical system studied in this chapeapplied in new a robotic manipulator for
MIS. The idea is to bring higyr dexterous manipulation andasdard surgical procedures
inside the abdominal cavity, with a mierobotic system, stabilized by an external
manipulator and insertedrtiugh an incision on the suppabic hair region, Figure 4-2.
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Insertion tube

Trocar

Path in tissue

Micro manipulators

Figure 4-2: Conceptual representation of the Surgical Platform

This proposed surgical platform is maindpmposed by two subsystems: (1) an external
positioning manipulator, and (2) an endoscopidt, utesigned to increase the degree of
internal dexterity, insidéhe patient’s body, Figure 4-3.

Positioning
Manipulator
DOFs

Micro
Manipulators

Figure 4-3: Conceptual design of the complete surgical platform

The purpose of the positioning manipulator is to place the micro-manipulators of the
endoscopic unit inside the human body, withootating the constraints imposed by the fixed
tissue incision point. The related kinematics giteethe insertion tube two rotating degrees of
freedom about the incision port, placed awbuhe supra-pubic-hair area, plus a linear
movement in the direction of the same point, along the axis of the insertion tube. The fourth
DOF is a rotation about the tube’s axis, gilgra fourth actuator dhe external unit.
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4.1.3 Remote-Center-of-Motion Manipulators

On Chapter 3, the design requirements for & Mibot have been discussed. One of the key
specifications for a surgical manipulator etatthat it should nmapulate its surgical
instruments moving along and rotating abthg incision on the patient’s body. Also, the
extracorporeal workspace volume must ensure that the robotic manipulator does not collide
with the patient during surgery. With a gesdemulti-DOF manipulator, these goals can be
achieved based on a specific gohtstrategy (Ghafoor et al2000, Schneider and Troccaz,
2001, Dombre et al., 2004), whichirgs to such systems sonaglvantages in terms of
flexibility for pivot locaton. However, for surgical applitans, a specially configured robot
that accomplishes these required motions baseal mimysical constraint isonsidered to be
more appropriate because the potential dangesuigeons and patients caused by any control
failure can be avoided (Taylor and Jayne, 2007).

The above mentioned advantages have motivasehrchers to develop mechanical systems
with special kinematics that can produce a fikatdtional centre, locateat a certain distance
from its own structure. Based on this, then@ept of remote centre-of-motion (RCM) was
developed (Taylor et al., 1997). Geometricaliyy, RCM consists in a fixed virtual point,
associated with a mechanical system, aboutlwhitnk of the mechanical system rotates and
translates. In addition, this virtual poinhauld be located outside the workspace volume
generated by all the other links belonging t® mechanical system, when it is in operation.

Owing to its superior advantagescontrol simplicity and safety confidence, using a special-
purpose MIS robot with RCM design has becothe norm, rather than using a general-
purpose industrial robot for MIS tasks. The R@Mction may be incorporated into robots by

using different kind of kinematic&ome examples are listed below.

Spherical Systems

In terms of kinematic structure, a simplay to produce an RCM consists in using a
Spherical Mechanical System. &lidea is to provide a circularack as a movement base,
having a member sliding on it (Figure 4-4a).eTinacking arc is pivoted to the base by a
revolute joint whose axipasses through the RCM and theislidmember is always pointing
at the RCM. As a result, a 2-DOF RCM canftwend in the curvature centre of the pathway.
The system shown in Figure 4-4b is calld@-NEU and was developed for neurosurgery
applications at the University of Tokyo (Ikutaadt, 2002). It uses a Spherical System as the
RCM mechanism that, together with an additional prismatic joint at the end-effectug te a
provide two rotations and onetrslation to the instrument.
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a) b)
Figure 4-4: Spherical RCM a) Kinematic Sketch and bBurgical Robot using it (Ikuta et al., 2002)

Double Parallelograms

The double parallelogram is one of the basdwn RCM mechanisms, well suited for MIS
robots. Its kinematics concemhown in Figure 4-5a, is baken the combination of two
parallelograms, whose rotationthé base can produce an RCM at a remote location. Just like
the concept of the Spherical $gms, the Double Parallelograxan be connected to the base
by a revolute joint whose axis passes throtghRCM point. The link pointing to the RCM
may also have a coaxial or prismatic joproviding two additional DOFS for the RCM.

There are several MIS maniptbrs using the Double Pardiigrams (Taylor et al., 1997,
Madhani et al., 1998), likéhe one of Figure 4-5b.
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b)
a)
Figure 4-5: Double Parallelogram RCM a) Kinematic Sketchl &y Surgical Robot using it (Madhani et al.,
1998)

Parallel Belt System

The Parallel Belt System is an alternatitee obtain the same movement as the Double
Parallelogram, where one of the parallelogrésn®placed by a belt system, which keeps the
parallel motion of the structure and consedjlyethe RCM (Figure 4-6a). The system shown

in Figure 4-6b uses a similar systenmgising of a 2-DOF RCM mechanism.

O =0

RCM

b)

Figure 4-6: Parallel Belt System RCM a) Kinematic Sketch Bh&urgical Robot using it (Adhami and Coste-
Maniére, 2003)

Spherical Linkages

A spherical linkage is a mechanical systenmwhich the RCM is achieved by three revolute
joints whose axes intersect in a single pdigiure 4-7a. In this way, the moving bodies of
the mechanism are forced to pivot around a Mirp@nt that is stationary in space. The
system shown in Figure 4-7b uses a sphetiokhge to generate its RCM. The kinematic
model consists on a 3R sermbhnipulator that can perform three decoupled rotations at the
RCM point.
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b)

a)
Figure 4-7: Spherical Linkage RCM a) Kinematic Sketch and b) Surgical Robot ugjibgm et al., 2009)

Parallel Manipulators

Another possibility of achieving an RCM cortsisn using a parallel or hybrid kinematics.
The system shown Figure 4-8 has a pardtinematics based on the Delta Kinematics
(Clavel, 1988b). It is able to provide a ftk&CM, featuring two rotations and a translation
along and about a virtual point (Pham et al., 20B®wever, this RCM is placed within the
workspace volume of the system’s structureicWlis not ideal for surgical applications.

a) b)
Figure 4-8: The Thales Manipulator: a parallel robot based on the Delta Kinenfaties et al., 2006)

The system shown in Figure 4-9b can pro\adeRCM located outside the workspace volume
by combining two parallelograms on the same raam, in a parallel configuration, Figure
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4-9a. The two kinematic structures comprise aslyolute joints and define two planes in the
three-dimensional space, which can be rotatgout two intersecting axes (Baumann, 1997).

b)
a)
Figure 4-9: The PantoScope: an MIS robot using parallelogram systems in a pardiigliciion axes
(Baumann, 1997)

In most of the above shown manipulatorg basic kinematics of the RCM mechanism can
only generate a 2-DOF orientation, whileethotation around the s$ertion axis and the
translational motion are usually achieved by tadditional actuations placed on the output
link. The two additional DOFs will #n directly and independenttpntrol the surgical tool to

spin and to move in-and-out through the epioyt. This solution provides a relatively simple
way to complement the surgical instrumeriiwvthe required four DOFs. However, additional
payload has to be induced by the additional actuation at the output link, which, from the static
point of view, can bring undesirable problems sasHarge inertia, creased extracorporeal
volume and reduced stiffness.

As an alternative, generating the RCMs by using parallel robots would be a better solution for
compensating the additional pagh problem. However, in most the current parallel robots
available for surgical applications, the RCMaishieved by the adequate control of the limb
actuators on the manipulator, which is nonsidered to be the safest solution for MIS
applications.

4.2 “Dionis” Manipulator

In this section, the mechanical design of a novel RCM mechanical system is presented,
together with solutions for its geometrical arssd. It was developed to be used on the SST
Platform described in the prewis section, while meeting thiesign requirements discussed

on Chapter 3. Due to its unigue design and kinematics, the proposed mechanism is stiff and its
dexterity fulfils the workspace specifications for MIS procedures. One of the main features of
this new parallel kinematic design is its compactness. Several positioguwratibns of this
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structure are possible, alwagsving enough access to the patiemd significantly increasing
the safety of robotic surgery.

4.2.1 Concept Generation

Despite showing good operating charactesstitarge workspace, high flexibility and
dexterity), serial manipulatopgesent disadvantages, such as low precision, low stiffness and
low payload. On the other hand, parallel kinemananipulators offer essential advantages,
mainly related to lower moving masses, highgrdity and payload-to-weight ratio, higher
natural frequencies, better accuracy, simpleduer mechanical construction and possibility

to locate actuators on the fixed base. These characteristics make parallel at@nsipul
extremely suitable for surgical applicationskihg into account that stiffness and precision

are considered to be key features on external positioning mechanisms for MIS, the proposed
manipulator is based on a parallel kinematiegeproduce the needddgrees of freedom.

A schematic of the proposed manipulai®rshown in Figuret-10. The RCM, poinD, is
placed on the X-axis of ¢hfixed reference framé&(x, y, z) and is distant by an offsefrom
the origin,O’, which is placed in the intersection of lingst, andts, that belong to the
stationary platformPs, in theXY plane. In addition, linefg, t; andt; are perpendicular to axes
aq1, &12 a13, respectively. Three identical limbs connect the moving platfoRmwsandP,, to
the stationary platform. Each limb consists ofirgwut link, directly conected to the actuator,
placed onPs and two driven links, connected Ry andP,. The input links are labelle,;,
Di1,, and D;3 and have lengttd;. The driven links are comesed by planar four-bar
parallelogramsD;;, D2y, D23, D21, D22 andD’ 23 and have length, andd’, respectively. All
of the links and platforms are consrdd as rigid bodies (Figure 4-10).

Figure 4-10:Dionis Schematics (Beira et al., 2011a)
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The ri" limb of the manipulator is shown in Figu4-11. In each limb, the driven links, the
input link, and the the platforms are connected by fouradéel revolute joints, at axessn,
aon, agn, @'2n anda’sy that are perpendicular to the axd#ghe four-bar parallelogram for each
limb. A coordinate systent,(u,,Va,Wy), is attached to the fixed bas$®, in the actuated joint
of each limb, such as thg axis is perpendicular to the axis of rotation of the j@pt,and at
an angle , from thex-axis, while being in the plane B. Thev,-axis is along.

Figure 4-11: Limb Schematcs (Beira et al., 2011a)

The actuation angle,n, for the f' limb, defines the angular orientation of the input link
relative to theXY plane, on platfornPs. Vectorsm ande are respectively the position vectors
of pointsM andE, in theF coordinate frameM andl are placed at the centre of circtgsand

¢ of radiusry andr,, that belong to platformBy, andP,. Vectorl is aligned with the output
link, Lg, from pointM to pointE. Angles , and ', are defined from the direction of input
links, axisds, to the direction of the plane containing the parallelograms of driven tgks,
andd’;,. Angles , and ', are defined by the angles fronetlirections of the driven links,
dzn andd’zp, through axis & and ajn.

The configuration of the limbs is based onwedl-known Delta robot (Cheel, 1988a). It is in
fact composed by a pair of 3 four-bar-phataigram-links fixed onthe same input links.
Therefore, the two platforms (the intermedidg,and the distal ond?y) move in the same
manner except tha®y moves with larger ranges thah. Link, Lg, containing the end-
effector, E, is then connected to pointd andl by an universal joint and a sliding spherical
joint respectively. The output of thegmosed design results. itwo rotations ofg around the
XandY axis, and a translation &on the directioMO.
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To guarantee a perfect RCM, a geometricdéiorégs needed. This ratio is based on the
Intercept Theoremwhich states that: if two or more parallel lines are intersected by two self-
intersecting lines, then the ratios of the lingmsents of the first intersecting line is equal to
the ratio of the similar line segments of gecond intersectintne. In other words, and for

the example of Figure 4-12:
1)

Figure 4-12:lllustration of the Intercept Theorem (Beira et al., 2011a)

On Figure 4-13a, a simplified 2Bepresentation of the Dioniss shown. The upper limb
("dashed”) is virtually rotated rad from the one bellow, around theaxis. According to the
Delta principle (Clavel (1988)), the rotation$ the moving platforms are blocked aRg@ and
P, are always parallel and vertical. Consequenmtiyorder to have the link ME always aiming
at the RCM, it is necessary to have poilst€’ andC aligned. This is true if segmersC’
andBC are parallel and BC/B’'C’ = AB/AB’ (Intercept Theore If these conditions are not
fulfilled, the behaviour of the robot will be silar but without a perfect RCM. By contrast, if
they are satisfied, pointwill always be aligned witf©® andM, for any position oM, and
platform P, is passively moved to guarantee tlkwmnfiguration. According to the above
mentioned constraints, a geometrical difigation can be made, assuming zero-size
platforms, which significantly simplifies the kimatic analysis of the mechanical structure,
Figure 4-13b. In addition, an equivalentchitecture can be introduced, extending the
platforms atO, | andM by a distance, as shown in Figure 4-13c. In this way, the RCM, is
translated by a distantein the platform’s extension dirgan, resulting in a mechanism with

the same kinematics.

!t is the name of a #7century mathematician and astronomahille Pierre Dionis who studied, among other
topics, the alignment of eclipses. The alignment of pdntsand M is precisely theharacterization of the new

parallel kinematic structure.
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Figure 4-13: 2D representation of Dionis Manipulator (Beira et al., 2011a)

It is also important to point out that this kmatics can also be appliedother configurations
specific to different surgical procedures. Fgd-14 shows two othgossible configurations
of the proposed kinematics.

b)

Figure 4-14: Example of potential working configurations for th®nis Manipulator a) Lateral position
configuration and b) Superior position configuration (Beira et al., 2011a)
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4.2.2 Manipulator Mobility

The proposed parallel platform hereafter is ahtrized by the kinematic structure shown in
Figure 4-15. Considering thmanipulator mobility, let- be the degrees of freedomthe
number of partsk the number of articulation§,the degrees of freedom associated withi'the
joint, and = 6, the motion parameter. Thengtnumber of DOFs of a mechanism is
determined by th&rubler-KutzbaclkCriterion:

(2)

For the Dionis manipulator, we haven = 13 (3 inputs links, @riven links, 2 moving
platforms, 1 slider-mount, 1 end-effector link)= 18 (3 actuated rewate joints, 1 spherical

joint, 13 universal joints and 1 slider) anfi= 33. Applying Eq. 2 to the Dionis manipulator
results in:F = 3, and consequently a mechanism with 3 DOF. The result would be the same
considering all the bars of the parallelogranih & ball and a universal joint at each tip.

(® Revolute Joint
@ Universal Joint
3 Slider+Spherical Joint

Figure 4-15: Kinematic structure of Dionis Manipulator (Beira et al., 2011a)

4.2.3 Manipulator Kinematics

The kinematics of Delta-like manipulators Hasen extensively studied by several authors
(Clavel, 1988a, Tsai, 1999). Although they look similar in foDgnis kinematics is simpler
due to the dimensional constraints imposed by Ititercept Theoremas well as by the
geometrically equivalent zero-sized platfermimplification (represented in Figure 4.10).
Although the RCM might not be corepely stationary in a real prototype, due to a deficient
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production of the different components, in fodowing analysis it isassumed so, with the
Intercept Theoremsonstraints perfectly fulfilled.

4.2.3.1 InverseGeometricaModel

For the inverse geometrical model, the objective is to find the set of joint ahgles, 3),
that achieve a certain poen of the end-effectoi&(g,,g,,&,) in theF(x,y,z)coordinate system.

Considering the geometry of the manipulatogveh in Figure 4-11, it ipossible to write the
following relations for each limb:

3)

wherel is the vector going from poii to pointE and:

_ . (4)

)

Expanding those relations in the(un,va,W,) coordinate frame, the analytical expressions of
n nand p, for the three limbs, can be obtained.

4232 Direct GeometricModel

The Direct Geometrical Model describthe position of the end-effectd(s,g,,&,), given a
set of known actuated joint angles;,( 2, 3), in theF(x,y,z)coordinate frame.

Given its special kinematics, the first step to solve the direct geometric mabdhls
manipulator consists in finding the solutions for pomMt The surface of each sphere
represents the range of nwtiof distal end of the"hlimb, when pointB, is located at a
known position. The radius of eacphere is equivalent to lengtly and the intersection
points of the three sphererfaces are the possible positothat point M may occupy. The
equation of the sphere generated by thémb is given by:

(6)
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Finally, after calculating the codinates of point M, the endfector coordinates are obtained
by:

— (7)

which solves the direct kinematiproblem for this manipulator.

4.2.4 Velocity and Statics Analysis

Due to the relatively high complexity of theverse kinematics equations for this manipulator,
it is not computationally efficient to calctéathe Jacobian Matrix, differentiating those
relationships with respect 10y andz. As an alternative, the leeity of the end-effectong is
obtained by differentiating the equation of fimab geometrical constraints with respect to
time:

— (8)

which, after some expansion, resuitshree scalar equationsatican be arranged as follows:

(9)

where the direct and inverse kinematlasobian matrices are respectively:

(10)

with:

(11)
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(12)

and

(13)

4.2.5 Singular Configurations

The identification of singular coigfurations is an important isstthat must be addressed at
the first stages of mechanisms design. Tosct has been studied for a long time (Gosselin
and Angeles, 1990) and comprehensive clasdiins have been proposed in past years
(Zlatanov et al., 1998). The most remarkablsesaare usually called (1) inverse kinematics
singularities, when an infinitesimal motion @flimb does not yield a motion of the platform
(that "loses” one or more DOF in certainatitions) and (2) dired&inematics singularities,
when the moving platform can move along dertdirections even if all actuators are
completely locked (and the mechanism "gainsg on more DOF). From the previous section:

(14)

Which can be simplified by:

(15)

To summarize, singularities can occur when:

» all the pairs of the bars composing fregallelograms are parallel - the moving
platforms have three degrees of ttemn and move along a spherical surface
rotating about an axis perpendiauta the platforms, Figure 4-16a.

» two pairs of bars composing the paralggams, for each moving platform, are
parallel - the moving platforms hawme degree of freedom, moving in only
one direction Figure 4-16b.

» two pairs of bars composing the parafglams are in the same plane or in
parallel planes - the moving platios have only one degree of freedom,
rotating about a vertad axis, Figure 4-16c.

» three parallelograms, of each moving fdan, are placed at three parallel
planes or on the same plane - thatfprms keep three DOFs, namely: two
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rotations about axes contained in theng of the platform and one translation
perpendicular to the same plane, Figure 4-16d.

Figure 4-16: Example of singular configurations (Beira et al., 2011a)

4.2.6 Workspace Analysis

Workspace is one of the most important issuesnadhesigning a parallel manipulator since it
determines the region that can be reached, dherefore, it is a key point in robotic
mechanism design (Gosselin and Angel&890). The designs based on a workspace
calculation use methods in which the first stepo develop an objective function that might
be reached by the result. The result is gdiyeodtained by recursive-numerical-algorithms
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(Zlatanov et al., 1998). These methodologies hheedisadvantage of being extremely time
consuming, due to the highly non-linear objectfuactions that are manipulated. In this
paper, the workspace representation ofdlomis manipulator is analyzed geometrically.

Knowing in advance all the singular configuosis presented in the previous section, it is
possible to introduce some constraints in t@nipulator’s design in order to avoid those
postures and collisions between mechanism components. Therefore, it was decided to analyze
the workspace of thBionis manipulator in the boundanf those conditions, wherg, [0,

2], » [0, ]Jandd;=d,=d.

For a given position of the moving poiM, the position of the end-effectoE, can be
determined by a translation through vedtdn other words, the workspace generated by the
n™ limb is a translation of the reachable workspace of pdiby |. In addition, the motion of
the limb is constrained, not only by the joint limitgit also by the other limbs. Therefore, the
workspace ofDionis Manipulator is the intersection ahe three individual reachable
workspaces generated by the three limbs.

According to the specifiDionis limb design, the workspace of the limb poltis a solid
sphere with radiud, if there are no joint limitations fahe revolute joints. However, point,B
(bnx, by, bnz), which is able to movalong a circular path in théX plan, is limited to avoid
singular configurations and Misions with other compomgs of the mechanism. The
workspace of each limb is the solid envelope shown in Figure 4-17:

Figure 4-17:Profiles generating the nth limborkspace (Beira et al., 2011a)

In order to calculate and vialize the workspace for each linthe following steps have to be
achieved:
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1. parallel translation of profile ;Rgenerated by the path of point M at full range pf
for ,=0) along the guide-line g, untibP

2. rotation of profile R along axis g until Ps;

parallel translabn of profile B along the guide-line g, up ta;P

4. rotation of profile R along axis g back to P again.

w

The corresponding analytical edquas of these profiles and gia lines are the following:

Pru=d v+ w2=

Py =0 v+ (w, df=d
Piw,=d uZ+wv=d
Piwa=0 (U, df+v=d
gwW=0 ul+Z=d
aw,=d u,=0

& W,=0 u,=d

(16)

It is possible to generatedisurfaces shown in Figure 4-18.
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Figure 4-18: Workspace surfaces for each limb (Beira et al., 2011a)

|
: |

The resulting surfaces(is= 1, 4) in Figure 4-18 are geraged from the following equations:

sl + (W (B v)"A =

S U + Vi2+ (w, df =d (17)
S U2+ (B wy)'A<

S Ul + (v dP +wl=df

Once these expressions have bielemtified, it is possible to represent them in the 3D space,
using Wolfram Mathematica ,7 and visualize the workspe of a single link of the
manipulator, as in Figure 4-19.
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Figure 4-19: 3D representation of the workspace of the distal ppinfpr a single limb (Beira et al., 2011a)

The workspace dfl, considering the entire manipulatorihe result of the intersection of the
workspaces of the 3 limb workspaces, Figure 4-20.
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Figure 4-20: 3D representation of the workspace of the distal pmnfor a single limb
(considering ;=0rad, ,= /2and ;= /2rad) (Beiraetal., 2011a)

Having the Workspace of poiM, Wy, defined, the workspace & W, is calculated using
Eq. 13, Figure 4-21. On the lgdtart of the plot, foz > 0, we may find the workspace W,



55

while the workspace oE is represented for < 0. As can be seen by the workspace
distribution around poin® (0,0,0), the stationary of the mechanism’s RCM is verified.
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Figure 4-21: 3D representation of the workspacdtw# distal point for a single limb/j, (z> 0) and the
manipulator end-effectoE, (z < 0) (Beira et al., 2011a)

4.2.7 Implementation

In this section, the practical implementatiofi the Dionis manipulator is described. The
required internal workspace, entry port DORsyload requirements and extracorporeal
volume represent severe constraints on it machhdesign. Compactses has therefore been

among the most important design issues,dassstructural dfness and precision.

4.2.7.1 Workspace

In order to reach a desired work volume, reqliie a MIS application, an iterative process

was performed and the sizestbé different links composinthe manipulator were defined.

The final dimensions used in the several components of the mechanism are shown in Figure
4-22.
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Figure 4-22: Overall dimensions of the Dionis Manipulator (Beira et al., 2011b)

The reachable workspace of the Dionis Manipulator can be represented easily using the
commercial CAD software such &slidWorks 200%having the shape shown on Figure 4-23.

It can be seen that it fills the patient’s abdominal cavity, meeting the sp#oifig in terms of

task workspace, for MIS.
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100

Figure 4-23:Workspace of the Dionis Manipulator withspect to the patient (Beira et al., 2011b)

4.2.7.2 ActuatorsSelectionand Prototype Details

The dynamic simulation of the manipulator enalilee appropriate seldan of the actuators
for this specific surgical application. This choice is dopasidering the maximum moving
speed and the maximum torque required for tao$etypical trajectories of the surgical
instrument’s distal part. A simplified sifation model of the abot was developed in
COSMOSMotion® a complete functional virtual prototyping package 8wlidWorks®
powered byADAMS® Figure 4-24.
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Figure 4-24: Simplified Simulation Model of the Dionis Manipulator (Beira et al., 2011b)

Considering the required joint velocitieghe dynamic simulatio of the robot in
COSMOSMotion®enables the calculation of the suitalslet of torques for the execution of
specific movements. In order to do so, the rokas programmed to movtween its critical
positions (those where the required torquenaximum) through smooth movement profiles,
in certain periods of time. Several trajectorfe®/e been considered and analyzed. As an
example, Figure 4-25 shows one of thestaitical trajectories of the system.

Figure 4-25: Example of a Critical Trajectory

The trajectories were generated in the joirstcgpand the motion profilesere used as input
for the motors, with an accedg/decelerating period of 2066 the overall trajectory time.
Figure 4-26 presents the torgaeeolution for the three base aators in the most critical
movement of the system. At the end positihie, maximum torque reaches almost 70 Nm for
the most charged actuator.
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Figure 4-26: Evolution of the Required Torque for each of the Base Actuators (Beira 2051b)

Considering the result of the dynamic simulatjcadsthe system actuators were selected. For
the first three degrees of freedom, the emosctuator is the haonic drive FHA-25C
(Harmonic Drive Systems, Japan). This actuambditionally integrates an absolute encoder
with 15 bits of resolutio and a safety brake and is cofled by the amplifies type SC-610.
For the fourth degree of freedom of the robotdtion about the IT axis), the chosen actuator
is the RSF-11B (of the same manufacturer) features an incremental encoder with 1000
counts per turn of resolution. This tnouses the HA-680 amplifier, Table 4.1.

Table 4.1:Actuator and Encoder Characteristics of the Dionis Manipulator

Component Property Value
AC Servo Actuator | Max output torque 260 Nm
FHA-25C-160-B Nominal torque 100 Nm

Brake holding torque 160 Nm

Harmonic drive gear ratio | 1:160
Max speed 28 rpm
Mechanical time constant | 11 ms

Absolute Encoder | Resolution 15 bits

AC Servo Actuator | Max output torque 11 Nm
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RSF-11B-100 Nomina
torque 6 Nm

Incremental Harmonic drive gear ratio 1:100

Encoder Max speed 60 rpm

Resolution 1000 cpt

The base actuators are fixedlad bottom (robot base platform) while the fourth one actuates
directly the proximal extremity of the insiem tube, by a timing belt system. The final CAD
model is shown in Figure 4-27.

Figure 4-27: CAD Model of the Dionis Manipulator (Beira et al., 2011b)

Safety stops are mounted on the input linksséove as mechanical limits to protect the
mechanism from going outside its desired wgpdce. The different links of the mechanism

are connected between each other by revolute and universal joints, composed by sets of ball
bearings, whose selection was also basedthe reaction forces given by the dynamic
analysis. Figure 4-28 shows the final proed prototype of the Dionis Manipulator.
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Figure 4-28: Prototype of the Dionis Manipulator
4.2.7.3 StiffnessAnalysis

The setup used for the assessnwrthe structural stiffness @ghe manipulator is shown in
Figure 4-29. The measurements were madthatend-effector, with the three input joint
locked. A dial indicator measured the deflentiof the overall systemat the endpoint, while
the applied load was being grally increased and measured XATC320load cell with a
range of +50 N from the compaMeasurement Specialti€swas used.

v

Figure 4-29: Stiffness measurement in x, y and z directions

The corresponding stiffness vaki can be seen in the tabl, having been measured
according to (Madhani et al., 1998). As can be seen, the stiffness value alpmgyéegon is
relative small compared to the stiffness values irythiedz direction.
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Table 1:

Table 2: Stiffness values alorgy andz direction

Direction Stiffness
X 2000 N/m
y 30000 N/m
z 40000 N/m

Although these values of strucalistiffness are within the asonable values, when compared
to standard laparoscopic inginents, Figure 3-5, they cdme considerably increased by
performing some optimizations othe structural design of the system. Particularly, by
increasing the diameter of the selected shaftsgire 4-30, the rigidityf the parallelograms
composing the Dionis kinematics can be Bigantly increased, malting in an overall
improvement of the system’s stiffness.

Figure 4-30: Selected shafts to be reinfed for stiffness improvement

4.3 Conclusions

This chapter describes the development of & mechanical system that can be applied in
different external positioning manipulators fminimally invasive surgical procedures. The
proposed system provides enough dexterity to position MIS instruments at any location within
the abdominal cavity. The implementation of aque parallel kinematics results in a 4-DOF
hybrid mechanism, calledionis” , which provides three rotations and one translation, with a
fixed remote center of motion. A significant adtage of this novel design is its compactness,
being able to be placed close to the operatdne and allowing direct access to the patient
without removing the manipulato€onsequently, safety is imgved and considerable space
in the operating room is saved. Thésatures are the main merits Dionis as compared to
existing solutions. In adddn, compactness, simplicitynd robustness make the Dionis
Manipulator a highly qualifiedandidate for MIS procedures.
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5 Micro Manipulator for MIS

5.1 Introduction

This chapter presents the study and developmesmneiv mechanical system that can be used
in compact multi-DOF micro-manipulators for Sl The concept enables the use of a cable
driven transmission for miniaterrobot manipulators, with diffent types of revolute joints,
making it possible to achieve high levels okideity and stiffness compared with existing
solutions. Although it can be used in differentgical systems, it was initially developed to
be applied on the endoscopic unit of a new S8fgical Platform, described in Chapter 4.

After a short description of itsurgical application, the evall architecture of the SST
endoscopic unit is presented, ttdggr with its specific dextesitrequirements. Then, a review
of existing multi-DOF mechanical systems fobotic micro-manipulatrs is performed and
their main limitations are identified. After thahe concept of the nemechanical system is
described and its geometrical models areyeeal. Finally, a 3-DOF ptotype, incorporating
the developed mechanical system, is desigmeldpaoduced to validate the suitability of this
concept to be integrated in micro-robotic systems for MIS procedures.

5.2 Concept Overview

The main aim of the SST Surgical Platforrmsists in bringing bi-manual manipulation and
standard surgical proceduresside the abdominal cavity. Ehshould be achieved by an
endoscopic micro-system, stabilized with areexal positioning manipulator and inserted
through a single incision on the abdominal cavity, Figure 5-1.

4

Positioning
Manipulator
DOFs

Endoscopic

I Unit

Figure 5-1: Target Concept of the SST Endoscopic Unit
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This target concept aims to give the impressmaurgeons that theare operating inside the
patient’s body with their own tavhands. The achievement ofstlyoal would not just give
back to the surgeon the performea skills, which were lost vem procedures were converted
from open to minimally invasive surgery, bus@lthe possibility of navigation through all the
guadrants of the abdomen, using a single access port.

The Endoscopic Unit should comprise two [tRDOF micro-manipuléors and should be
equipped with an endoscopic camera systergurEi 5-2. In order tgrovide the desired
articulation needed to perforeomplicated surgical proceduréi&e pulling and cutting tissue
or suturing, those internal DOFs given by Breoscopic Unit, should exhibit high dexterity,
high payload capacity, stiffness and precisi®he stereoscopic camera should be located
between the two micro-manipulators, providieyge-manipulator alignment similar to human
eye-hand alignment, and thus enhagdhe intuitiveness of the system.

\
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Manipulators

Figure 5-2: Internal Architecture of the SST Endoscopic Unit

The stable fixation and movement of the Emdpsc Unit within the abdominal cavity is
provided by an insertion shaft, which capends to the output link of the external
positioning manipulator described in Chapter 4. dverall view of the complete slave unit of
the SST Platform is shown in Figure 5-3.
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positioning mechanism Endoscopic
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Figure 5-3: Overview of the complete SHlatform (Beira et al., 2011a)

The master interface of the SSTr§aal Platform comprises atsaf two manipulators, as the
one shown in Figure 5-4 (CARRERAS, 2012). Eachster manipulator is connected to its
respective endoscopic manipulator, in sucay that the surgeon’s hand movements are
reproduced at the Endoscopic Urihus, the two handles oféhmaster interface assume the
same spatial orientation and relative gosi as the two microranipulators of the
Endoscopic Unit.

Figure 5-4: Master Interface of the SST Surgl Platform (CARRERAS, 2012)

5.3 Internal Dexterity Requirements

Since the surgeon should have enough molihtperform complicated surgical procedures,
the DOFs provided by the endoscopitt should have sufficient deerity inside the patient’s
body. In order to be as intuitite control as possible, theglees of freedom should designed
to resemble a simplified human arm.
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Anthropomorphic joint approximations can bedelled at varying degrees of accuracy and
complexity (Morrey and An, 1998, BRIAN and MRCUS, 1999) and thevel of complexity
needed for a suitable represdiaia depends highly on the deslreasks to be performed. For
this specific system, since the aim is to control the position and orientation of thifeshok-e

in the 3D space, the movement of eachhapomorphic micro-mapulator should be
achieved through the articulatiohsix single-axis revolute jots plus the gripper.

The target kinematic model igpresented in Figure 5-5é the manipulator's DOFs are
labelled from 1 to 7, as we move from the proximal to the distal extremity of each micro-
manipulator, as shown in Figure 5-5.

Insertion
Tube

Manipulator 2 Manipulator 1

Figure 5-5: Kinematic model of the micro-manipulators

The shoulder abduction— adduction and flexioteegion are then modelled as a composition
of two intersecting axes; &nd J. The elbow flexion-extension is modelled by a single axis
parallel to the second shoulder axig, Borearm prono-supination takes place between the
elbow and wrist joints as it do&s the physiological mechanism,, 3vhile two intersecting
orthogonal joints, sJand 4, represent the wrist flexion—extan and radial-ulnar deviation.
Finally, the gripper actuation is represented byadd is a result of the actuation of both
gripper blades about the same axis.
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5.4 Motion Transmission in Micro Manipulators for Surgery

The development of multi-DOF robotic micneanipulators capable of reproducing complex
human hand movements in minimally invasigeocedures is one of the most important
challenges in the field of telemanipulatedatc systems for surgery. On one hand, it is
important to increase the dexty of the end-effectors smde the body, overcoming limited
maneuverability in the abdominal cavity. Oretbther hand, the design should be kept as
compact as possible. The final goal is to ngenthis trade-off, providing the surgeon with
user-friendly aids, while keeping the prdoee minimally invasive for the patient.

However, although several robatt devices have been propdgo add additional DOFs at
the tip of the instruments (Cepolina and Mithi, 2004), surgical manipulations are still
restricted due to the limitedumber of DOFs, which can rdyeprovide enough dexterity to
the surgeon.

Some end-effectors, specially designed tyatic abdominal operatisnare described along

this section, having different concepts of structure, actuation and transmission. In most of the
cases, they are mainly distal internal subsystef wider surgical robotic platforms rather
than stand-alone instruments.

5.4.1 Cable Driven Actuation

Cable driven surgical manipulasouse thin ropes to transmibrement from the exterior to
the distal part of the system. This allows tictuators to be placed outside the patient body,
being selected without major weight/volumenstraints. As a congaence, this kind of
systems can be extremely compact while being able to produce significant forces.

Regarding their mechanical architecture, cabieedr manipulators can be divided in flexible
or rigid systems, according to the stiffness of their structural components.

5.4.1.1 FlexibleStructure

Cable driven systems with flexible structut@gectly moved from the catheter concept or
classic endoscopes (flexible ohb structures, driven by tlseirgeon from outside the body),

and lead to a new class of surgical devicegre/two or more micro-manipulators are placed

on the distal extremity of either a flexibtdlong element or a sequence of small segments
articulated to each other by pivot joints. In most cases, a Bowden cable is used, decreasing
dramatically their force-refléing properties. In additionand due to their mechanical
architecture, this family of systems cannobypde enough stiffness, payload, dexterity and
precision to perform conbgx surgical tasks.

One of the best known fleXdd surgical systems, tiRemote Microsurgery Systers a micro-

manipulator developed at Nagoydniversity, Department of Micro System Engineering
(Ikuta et al., 2002). The target of this worknsists in performing microsurgery in deep,
narrow sites of the human body. It is similaatolassical endoscopic instrument, which limits
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the implementation of an effiae force feedback. The system uses a flexible guide tube
(Figure 5-6), through which it can be insertetb the desired operati area, having a cable
driven micro-manipulator with 7 DOF in thdistal extremity, actuated by a decoupled wire
driven mechanism. Since the wires for driving distal joints always s through the axis of
the proximal joints, the path length of the driving wire remains constant regardless of the
angle at which the base joint is bent. Thereftiere is theoretically no interference of the
proximal joints on the distal jots. However, due to its fleX nature, the system cannot be
inserted easily in narrow space between tissues or organs, and cannot be stabilized
completely when approaching target (Yagiakt 2006). The fact that the cables are sliding
directly on structural components, insteadpaksing by idler pulleys, also bring additional
friction to the system.

Wire for Tip Joint o )
Wire for Base Joint

Base Joint

Figure 5-6: The Remote Microsurgery System (lkuta et al., 2002)

Another flexible device, th&¥iaCath Systemdeveloped byEndoVia Medical is one of the
first generation of teleoperated robots rdoluminal surgery (Abbott et al., 2007). The
system uses long-shafte@exible instruments that run igonjunction with a standard
endoscope. The two articulated robotic micraipalators on the tip arplaced in front of
the endoscope, allowing the performance ahdnual manipulationsnger visual control,
Figure 5-7. The joints are arranged to repredtiee kinematics of the human arm, with 6
DOF plus the gripper. Cable guides were desigioeensure that thactuation cables travel
through the micro-manipulators anpredetermined way, forcingelitables to remain near the
pivot axis for any given proximal joint.

The main disadvantages of this system are ikhatth the difficulty to be introduced into the
body and insufficient manipulation forctsat it can gemate (around 0.5N).
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Figure 5-7: Viacath— robotic endoluminal surgicaystem (Abbott et al., 2007)

In 2006, a research group from Nanyang Techno#éddiniversity repodd the master—slave
surgical robotic system for therapeutic gastestinal endoscopic progeres that could also
be used for NOTES-related applications (Péeal., 2008). The developed system includes a
long and flexible body that enables advancenoérihe endoscope ritbugh a small incision,
Figure 5-8. To make the slave manipulator agitive to control as possible, the DOFs for the
slave manipulator were designed to resenab&mplified human arm, with 7 DOF each. A
Bowden-cable actuation mechanism was used. ddtuators were located outside the human
body and transmitted power to the mechanism blnguand releasing flexible tendons in the
flexible sheath to control the actuation of jbmts. However, using this mode of actuation a
considerable amount of friction is genethteetween the long tendon and the sheath, which
subsequently reduce the amount of possible odigpae at the end mamilator and diminish

its force-reflective features. addition, due to the backlash on the Bowden cables, the control
of the joint is imprecise, which makes thetgm difficult to usdor fine procedures.

Attachment

Endoscope
Sheaths

Figure 5-8: Master—slave surgical robotsystem (Phee et al., 2008)

At Columbia University, a flexible robotic gform, the IREP, was developed for single port
surgical procedures, using two 5 DOF snake-di@etinuum robots as slawsurgical assistants
for tissue manipulation (Xu et al., 2009). Thgstem can be deployed into body cavity
through a 15mm skin incisiocend each snake-like unit hasliameter of 4.2 mm, which can
bend at angles betweer®0 to +90 in any direction by pus and pull modes of three
superelastic tubes, Figure 5-9. The force isgnsapabilities of the micro-manipulators are
investigated in (Xu and Simaan, 2008). Howevgidity and large bending force are not
achieved.
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Figure 5-9: System Overview of the IREP Robot (Xu et al., 2009)

An outer sheath for flexible endoscopic mangtais was developed at the University of
Tokyo (Yagi et al., 2006). This shth can switch from flexibl®® rigid, providing a working
path for inserting surgical instruments, Fig&40. The flexible mode can be curved into a
required shape. The rigid mode can hold the sleghe sheath, and then keep the path for
instruments. A serial multi joint model was proposed to realize the flexible misoheabeing
composed by a set of frame units which areneeted serially. Each unit can passively be
rotated to a given angle around the center @faimt. A slider-link mechanism was developed
and a gear stopper controlled by pressure for rigid mode. However, the dexterity this
system can provide is extremely far frahee minimum requirements to perform precise
manipulations.

slider
stopper

Figure 5-10: Flexible Sheath Prototype (Yagi et al., 2006)

ARTEMIS (Rininsland, 1999) wasleveloped by Karlsihe Research Centre in Germany

for minimally invasive surgery, particularlin the abdominalregion. Two cable-driven
slave units are guiding the surgical instrursergach consisting of an articulated robotic
micro-manipulator. The distand of the instrument is designed as a multi-link structure
(Figure 5-11) which bends by more than 90fd aallows to bring the surgical effector
precisely into the desired position and to circumvent organs, vessels or nerves. In addition to
bending, rotation of the surgical tool at thestmment tip is alsgossible, providing two
additional degrees of freedom do the systdinus in total six degrees of freedom are
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available guaranteeing a reasonable accessyospatial point and motion of the surgical
effector (Schurr et al., 1996).

Figure 5-11: ARTEMIS’ Slave manipulata (Schurr et al., 1996)

5.4.1.2 Articulated Rigid Structure

As opposed to flexible manipulators, the stouat components of articulated rigid systems
are unbendable. They have well defined moyaigts, corresponding tthe actuated degrees
of freedom and, although sonteansmission elements might be flexible, the components
through which they are passing are rigid.

The most known articulated rigid system is EredloWrist a 3 DOF end-effector used in the
da Vinci Robot, which is intended to mimicetimotion freedoms of the human wrist (Figure
5-12). This system is remotelriven by actuators at theqgximal end of the tool module
through cable drives inside an 8 mm tool sh@fte wrist orients a grasper, also driven
through the internal cables. Thdl @xis is driven by the exteal actuator module rotating the
entire tool body.

Figure 5-12: The Da Vinci system, the EndoWrists and their cabling topology (Ma&tahi, 1998)

At Korea Advanced Institute of Science and TechnoldgyST, a group of researchers has
developed a new laparoscopicbhotic manipulator with increasl dexterity (Song et al.,
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2009). The main idea of the suggested desige waresemble the human arm, by using a
kinematic architecture with 5 internal DOF hlawing like a human elboand a wrist, Figure
5-13. A differential mechanism is used iretblbow joint, enabling the actuation of the 2
proximal DOFs. Although the dimensions andct performances of the system are not
specified, it is claimed in (&g et al., 2009) that, thanksttee steel cable driven actuation,
the payload and stiffness of the system are [slgitbor the performance of standard surgical
tasks.

Figure 5-13: Laparoscopic robotic manipulator form Korea Advanced Institute of Science ahddlegy
(Song et al., 2009)

5.4.2 Gear Transmission

The Michigan State University College of Engineering proposes the Dexterous atectul
Linkage for Surgical Applications (DALSA)lesigned for minimally invasive procedures
(Minor and Mukherjee, 1999). Gears and geakdicompose this 3 DOF tool, Figure 5-14.
The device rotates the surgical tip by geand actuates the gripper by a cable. Three
segments form the spine, each allowing a 60° rotation for an overall 180° articulation (Minor
and Mukherjee, 1999). DALSA is about 36 ntmng, can pass through a 10 mm port, and is
capable of applying forces in the rangedof N. The tool is compact, while assuring high
load capacity, and fine motion capability.

‘ / Geor IZ-f

SGear 13 Gear 11
Gear 14

ink 4 (enc I'nk)

Figure 5-14: Dexterous Articulated Linkage for Surgical Applications (DALSA)iiibr and Mukherjee, 1999)
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5.4.3 Rigid Links

In order to improve the rigidity and the stemdtion capability of the manipulator, multi-DOF
robotic forceps manipulators, which use hoets different from cable actuation, have been
developed.

A linkage-driven micro-manipulator that doed mge cables for bending or gripping motions
was developed by th&niversity of Tokypdesigned as a part of the minimally-invasive
surgical system in order to realize complesk&ain an abdominal cay (Arata et al., 2005,
Takahashi et al., 2006). The st has 3 DOF, consisting of gaxis and a »-axis, which
realize independent blade motidigsasping motions), and araxis, which realizes a bending
motion perpendicular to the blade motions and 5, Figure 5-15. All joints of this
mechanism consist of two-dimensional joirsjch as pins and holes. The three linear
actuation motions of the axes of Link.ink, and Link are driven by DC servomotors and
ball screws. However, even for a relatively sienlkinematic model, this kind of mechanism is
not able to provide high rangg motions to the differenjpints (bending motions of70
degrees in the -axis, andt50 degrees in the —axis).

) Transmission Link
g

Links X3

Figure 5-15:Linkage-driven micro-manipulator frokniversity of Tokyd¢Takahashi et al., 2006)

5.4.4 Direct Actuation

Internal actuation simplifies the mechanical configuration of the joint, reducing the
complexity of the transmission chain. In partawlit has the great advantage that the motion

of the joint is kinematically independent withspect to other joints. However, the size of the
manipulator links is imposed by the dimension of the actuators, which can be an important
drawback due to technologicpbwer-to-volume lintations of availak# robotic actuation.

With an appropriate reduction gear box, higtytes can be achieved, however, this solution
often implies further adtion of friction losses.

A manipulator for coronary artery bypass ¢jraf surgery is proposed by the Institut des
Systemes Intelligents et dBobotique, ISIR, (Salle et .al2004), in which a brushless
micromotor with a diameter of 3 mm is embedded inside a joint unit, and bending motion is
attained by using a worm gear transmissiigure 5-16. However, th module generates a
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torque of only 6 mNm due to the use of low-teegnicromotors. Therefore, this equipment is
not suitable for surgical tasks that requireager forces, such as lifting internal organs.

Figure 5-16: Mechanical modular maniputat(Salle et al., 2004)

Another micro-manipulator, specifically designed for single-port laparoscopy, was developed
at Scuola Superiore Sant’Anr{®iccigallo et al.2010). It is a high-degtity miniature robot,

able to reproduce the movement of the harfdee surgeon, who controls the system through

a master interface. It comprises two armshwsix degrees of freedom, where the distal
degrees of freedom are actuated by three madtosted in the forearm, with a miniature
differential mechanism that lavs the interseatin of roll- pitch—rdl axes, Figure 5-17.
However, due the use of geared componentsgh-payload miniature systems, the backlash

of the manipulator is considerable (8mm at the end-effector).

15,06

Figure 5-17: SSSA Manipulator (Piccigallo et al., 2010)

5.4.5 Conclusion

The development of multi-DOF robotic micro-mijaulators, capable of reproducing complex
human arm movements in MIS has been atreexely active research field in surgical
robotics. A large number of design solutions have been developed, using different concepts in
terms of actuation, transmissiondastructure. However, there fi®t, in the current state-of-

the art, a concept that can successfully mganthe delicate trade-off between internal
dexterity, compactness, stiffness and manipulation force.
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5.5 Concept Development

The mechanical design of micro-mechanisgétems can be performed according to many
possible concepts and optionser\f the kinematical architaate has already been defined
and size and shape specifications have beens@thdne of the main issues is related with
the design of a proper actuation and trassion system. In case of micro-mechanical
systems for MIS, and especially for high-deiyeendoscopic units, this aspect is crucial
because the working space and incision dinomssare extremely limited and the high
dexterity kinematics and demanding performance constraints are tough design goals to be
pursued. Micro mechanisms for MIS should maghly demanding requirements of stability,
precision, force and compactness to effectivelsigper a minimally invasive surgical task.
Therefore, a special effort was placedthe study and development of a novel mechanical
system, able to meet all those specified requirements.

5.5.1 Actuator Selection and Placement

In order to actuate the joints of a micrompalator for MIS, twobasic approaches are
possible: (1) placing the actuators within theving links of the manipulator, or integrating
them in the joints directly, ihout transmission elements; (&) placing the actuators on an
external location, outside of the patieri@dy, having the motion transmitted to each joint by
means of a mechanical transmission.

Internal actuation simplifies the mechanical configuration of the joint, reducing the
complexity of the transmission chain. In partanlit has the great advantage that the motion

of the joint is kinematically independent withspect to other joints. However, the size of the
manipulator links is imposed by the dimension of the actuators and, due to technological
power-to-volume limitations of available robotctuation, it is quite difficult to obtain an
anthropomorphic kinematics and the required waylperformances and dimensions required

for an endoscopic system. Furthermore, the¢omsooccupy a rather large space inside the
robotic structure, making it diffult to host other elements, dikdifferent kind of sensors or
internal structural components.

A further negative aspect is related with teting of both power and signal cables of the
actuators. This issue is more serious for theaion of distal jointghan for the proximal
ones, since the cables in distal joints prodagelatively large restant torque and volume
disturbance on the proximal joints. As a cangnce of all those disadvantages, internal
actuation was discarded in favouraofemotely actuated solution.

Due to their very good performees in terms of position amelocity contrd and reasonable
mass/power ratio electrical actaed have been selected as exi actuators. Being the most
common choice for actuating robotic systems, electric motors are a quite whklishsth
driving technology that deenot require external devices (buas for hydraulic or pneumatic
actuators).
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5.5.2 Motion Transmission

5.5.2.1 TransmissiorElements

In remote actuation systems the joints areetir by actuators placed outside the moving links.
This requires a motion transmission system, which must pass through the intermedgte joint
between the motor and the actukj@int, without bringing probi@s of kinematic coupling. In
addition, in order to achieve good force reflection properties, the mechanical transmission is
composed by flexible elements (cables) theg routed about ball-bearing-mounted pulleys,
which are placed between the attr and the actuated joint.

5.5.2.2 RemoteCableactuated Architectures

Remote cable driven actuation can be app#iedording to different types of organization,
depending on the number of actuators used per DOarticular, it ispossible to recognize

two main actuation architectures for cable ésiv(1) two actuators per DOF, Figure 5-18a, -
each one can generate a controlled motion indweetion only and the return motion in the
opposite direction must be obtained by an mwtkaction, which can be a passive (e.g., a
spring) or an active system (e.g., an antagongttoator); this ishe case of tendon-based
transmission systems; (2) a closed-loop califle one actuator per DOF, Figure 5-18b, - each

one can generate a controlled motion in both directions and can be used alone to drive the
joint.

7 (Y
1 Motor

1 Motor Cable Jg— e

Pulley Loop

Cable J(
Loop Q'

L]
-]
End-effector
()
End-effector
[ ]

Driven
A Pulley ~

Driven
Pulley

a) b)

Figure 5-18: Two different architectures for remote actuated cable driven systems
a) Two actuated pulleys per DOF b) One actuated pulley per DOF
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Since the first solution requires a higher number of components and brings additional
complexity and cost to the mechanical systtma,chosen architecture was the one that uses a
single actuated pulley per DOF. tinis case, the achievable pmrhances are similar in both
directions, but particular attention must be gaitbacklash. Usually, it is necessary to preload
the transmission system. Furthermore, thepfidn of a closedolop tendon transmission
requires that the overall length of the cabdeite must be keptoostant, for all possible
configurations of the manipulator.

In spite of this additional complexity, theetuation scheme has been used (Madhani et al.,
1998), for simple applications, with only a f&OF. However, in a multi-DOF configuration,
with high dexterity, reduced dimensionsdamhigh payload requirements, several open
problems will have to be addressed.

5.5.2.3 JointCableRouting

In the required kinematic model shown ingéiie 5-5, two joint cofigurations may be
identified, which can be classified as (1) pivanje or (2) co-axial joints. The distinction is
related to the relative alignment of adjoining BnkVhile in the first kind, the angle, between
the proximal P, and distal linkD, changes with the movement of the joint, Figure 5-19a,
in the co-axial configuration the axes of theymal and distal links aralways collinear and
coincident with the axis dhe joint, Figure 5-19b.

= ST

b)

a)
Figure 5-19: Joint configurations of the micro-manipulator’s kinematic model
a) Pivot Joint b) Co-axial Joint

The cable routing method used for pivot jointsekatively standard and can be seen in a few
already developed solutions (Madhani et H998, Lum et al., 2009). As illustrated in Figure
5-20, for this kind of configurations, the calidewrapped around a set of pulleys, called the
“joint idle pulleys”, I, whose axis isoncentric with the joint’s axis.
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Figure 5-20: Single-DOF cable set, passing through a pivot joint

To maintain a constant the length of the etbsable loop, which goes from the driving pulley
of the motor to the driven pulley of the jointethable must always remain in contact with the
joint idler pulleys, Figure 5-21. Ithis way, ifthe joint angle ; is increased by a value, the
length of the closed loop segment In contact with the idle pulley$, on ,, will increase
and the segment on, will decrease, by the same vallR, j, guaranteeing the overall
constant length of the cable clodedp. In order to keep the segmentsahd L, constantly in
contact with the joint idler pulleys$, two sets of auxiliary pulleys, fand Ay, are often used
on the proximal and distal links.

o=

\

A

i
-

Figure 5-21: Single-DOF cable rooting along a pivot joint

However, for the co-axial joints, the cable routing is much more complex. Some solutions to
avoid this problem have already been proposed (Madhani et al., 1998) but, to the best of the
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author's knowledge, not for such a small dimension multi-DOF system with such a high
dexterity requirements. The problem consisteaming an array of cés being twisted about

a co-axial axis, as shown in Figute22, with the two cable segments, &nd L,, being
stretched in the same way, increadimg total length othe closed loop.

Figure 5-22: Cable set, passing through a co-axial joint

This stretch of the different closed loops gates a resistant rotatiosnoment that might be
critical for multi-DOF systems. Another sourcebblems caused by this twist, as seen in
Figure 5-23, is the misalignment of the cables in relation to the auxiliary pullewdich
may cause the disengagement of the cables from the auxiliary pulleys.

Figure 5-23: Disengagement of a cable redtalong a co-axial joint

In addition, the twist of the set of cables paggihrough a co-axial joint may also cause the
different cables to rub on each other, getiegaa significant amount of friction and wear,
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Figure 5-24. These problems are especially severe on the proximal joints of the manipulators,
due to the high density of cables and short moving links.

u%ﬂ

Figure 5-24: Contact of cables when passing through a co-axial joint

In some applications of migrcable driven manipulators fMIS (Madhani et al., 1998, Song
et al., 2009), this difficulty isninimised due to the low compi¢y (low number of internal
DOF) of the system and the large ratio kextw the length of the instrument shhftand the
distance between the joint axis and the callgBjgure 5-23). In thisvay, the misalignment
of the cables in relation to the idle pulleys imast negligible and the ahge in length of the
cables is small, generating a very small resistant moment. In this case, haweveo the
high number of internal DOF and the anthropgohér kinematic configwation, this solution
could not be applied.

One possible solution to this problem consisterying to adapt the routing configuration of
the pivot joint, Figure 5-25a, to the co-axial joint. So, the joint axis is turned 90° in relation to
the axes of the auxiliary pulleys. This new coahxibnfiguration can bgeen in Figure 5-25b.

907

I

a) b)

Figure 5-25: Adaptation of the routing configuration froa a pivot joint to b) a co-axial joint
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In this way, the conservation tfe closed loop length is guataed. However, the two cables
would rub on the transition from the auxiligoylleys to the idler pulleys. Additionally, the

routing of the segmentylwould cause the cable to be nligaed on the same transitions, as
shown in Figure 5-26. These physicalitations disable its application.

Figure 5-26: Misalignment and intersecting issues of a co-axial joint

To overcome these limitations, the two setpfximal and distal auxiliary pulleys,,And
Aq4, can be separated while remaining tangerthéoaxial pulley, Figure 5-27a. This could
avoid the cables to touch each other and wetildguarantee a constant length of the closed

loop.
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a) b)

Figure 5-27: Single-DOF cable set, passing through a co-gaiat, with separated auxiliary pulleys a) 2D
schematics b) 3D model

However, this solution would hardly be applicable to a multi-DOF system of micro
dimensions since hosting all the sets of proxiamal distal auxiliary pulleys would oblige the
use of a g configuration, Figure 5-27ageducing drastically the nge of movement of the
joint to £ . The perfect co-linearitygnd rotation of the axial idler pulleys (that for this
specific configuration would have the form wéry thin rings) would also be extremely
problematic, Figure 5-28.

Figure 5-28: Multi-DOF pulley set, with separateddliary pulleys, for a co-axial joint
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The developed solution for this systembmsed on the concept shown in Figure 5-27. The
configuration is similar but the two set of prodl and distal auxiligr pulleys are separated
to allow the cables, belonging to the saneset! loop, to be wrapgearound a single joint
idler pulley, which is ina perpendicular configuration, giied with the axis of the joint,
Figure 5-29.

Cross-over
Conflict

a) b)

Figure 5-29: Preliminary co-axial concept with a cross-over conflict a) 2D schesnia}i3D model

In this configuration, although the problemtbg pulleys’ hosting is solved, the rub cross-
over between the two segmentg,and L, of the closed loop is evident and the only way to
avoid it consists in trimming the closed lomptwo. By doing this, the single closed loop is
divided in two closed loops, whose motiontiansmitted through an axial idle pulley, Figure
5-30.
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Figure 5-30: Co-axial joint concept development, by the resolution of the -@essconflict

In a multi-DOF system, the co-axial joint composed of several co-axial idler pulleys,
having a form of co-axial tubes with differel@ngths. In addition, ialso comprises two
different sets of proximalral distal auxiliary pulleys, s and Ay, for the different closed
loops, /L, passing through theint, Figure 5-31.

Trimming
= Line
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b)

Figure 5-31: Co-axial joint concept for a 2-DOF example a) 2D schematics b) 3D model

5.5.2.4 Motion transmissionon the Coaxial Joint

Systems with several stages of endless cables leen used in different mechanical systems
where, in order to ensure enough static ifsictto transmit the nton between consecutive
closed loops, timing belts have been frequensigd. However, for this specific solution, they
are not a suitable choice. Theain problem is related to the fact that, although timing belts
might be used in out-gdlane configurations, ithis reduced dimensiomgpplication, since the
out-of-plane idler pulleys are tocosle to each other, this kind @dnfiguration is not feasible.

A standard cable could be a solution. Howetse, friction generated by the cable in contact
with the idle pulley, for any paimf materials, wouldn’'t be sufficient, and the wear would be
excessive. The cable could also be wrappe@raé times around it, ih an exponentially
increased friction, but it woultkad to an unacceptable axmbvement of the idler pulley,
Figure 5-32.
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Figure 5-32: Multi-turn wrapped cable on an idle pulley

Since in this configuration the motion transeion can only be made through half a turn of
contact of cable around the idle pulley, the faotin the contact is manized by a specially
developed bead chain, as showrFigure 5-33. Being a key elemt for the viability of this
concept, it is composed by a continuous woper with several spherical beads, placed at a
constant pitch, in the segment of the cable tzat be in contact with the idle pulley. The
bending flexibility, axial symmetry, strength amdmpactness of this bead chain make it
suitable for this applicatiorwhere high load resistance, sbpping, low volume and right-
angle driving are major requirements.

Wire ropes are available in a variety of stgths, constructions, and coatings. While their
strength generally increases with diaemgtthe acceptable minimum bending radius is
decreased.

During operation, the cable ruimsa grooved surface on the idkeibes and the beads seat in
sprocket indentations, where the shear force is generated.
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Figure 5-33:Bead chain turning the idler cylinder

5.5.2.5 Structure of the Coaxial multi DOFCableDriven Joint

As explained in the previous section, in altMDOF configuration, the primitive closed loop

is trimmed in two new closed loops, whose motion in transmitted thriinggsingle axial idle
pulley, which should be able to rotate independently from the others, while keeping its fixed
axial position. This could be ideally achieved by the use of two internal radial ball bearings, in
a standard configuration, as shown in Figure 5-34.

Radial Gap

Internal Radial
Bearings

Figure 5-34:Use of two ball bearings to mount an idler tube
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However, for a multi-DOF system, the space bafween the concentric tubes is not enough
to place the two ball bearings for each idldley. To overcome this problem, six miniature
ball bearings are used to guarantee the conciyntf each idle pulley. On each extremity of
the pulley,l, three miniature bearing8, B andC, guarantee the position of poidt which is
coincident with the axis of the pulleg, On the other extremity, the miniature bearifgsB’
andC’, guarantee the position of poit By the fixation of this two points, the axa,of the
idle pulley is also fixed and the free DOF of the pulleyare limited to the translation,,
along the axis and a rotation, 5, around the same axis, Figure 5-35.

Figure 5-35: Radial and axial restriction of the joint idler tubes

The axial movementg,, is constrained by the contact wfo radial flanges with the six
miniature bearings, which allows these tubuidle pulleys to be used in a multi-DOF
configuration, Figure 5-36.

External Miniature
Radial Flanges Ball Bearings

Figure 5-36: Radial and axial restriction of the joint idler tubes
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For an application example with two transndt®OF, the final layout of the joint will look
like the one shown in Figure 5-37.

Figure 5-37:Bead chain turning the idler cylinder

This transmission concept enables the desigewéral novel mechanical surgical instruments
can be implemented. The main goals are: (Jprtwvide high dexterity within the abdominal
cavity, (2) to provide enough pismn and stiffness, enabling the performance of accurate
surgical procedures, (3) to have reduced dsiens and (4) to haview friction, allowing
good force reflecting propertiesicreasing the mechanical tsgparency of the teleoperated
system.

5.6 Geometrical Modeling

The geometric modelling of this micro caliieiven system should be performed in two
sequential steps. The first step consists ostardard derivation of the kinematic relationship
between the location of the enffeetor and the joinangles of the seriathain. The second
step implies the derivation of the kinematic relationship between the joint angléwarable
displacements at the actuators.

A simplified scheme of the system’s kinemasicucture is represted in Figure 5-38, in
which the links are labelled sequentially from Ontand the joints are labelled sequentially
from 1 ton. Each cable transmissidf which is composed by a setrafclosed cable loops,
Tj, links the driving pulleyPp, on motorM;, to the correspondent pull®, on jointJ; of the

i DOF. In this wayT; crosses 1 intermediate proximal joints, which can be of either
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pivot or co-axial type. Due tthe high stiffness of the va ropes, the cable loop§;, are
considered to be inelastic.

Figure 5-38: Simplified scheme of the system’s kinematic structure

The model of the cable routing for each cable transmis$jpig obtained by calculating its
proximal displacement,l;, as a function of the differentifgs angles of the manipulator,
Assuming that each cable loop is always in contattt the idler pulleys of the intermediate
joints through which it is passingl; can be obtained by:

li=4rii 12 ... 26 0, (18)

wherer; is the radius of the idle pulley at ti&joint and belonging tthe cable transmission
T,. Pulleys with parameters characterized by represent idle pulleys (which allow the cable
to cross the joint), while thones characterized by anej represent driven pulley (which are
fixed to the actuated linkand can produce its movenewith respect to link 1). ; denotes
the angular displacement of limkvith respect to link 1. The signt depends on whether the
tendon path gets longer or shorter when the angéechanged in a positive sense. Therefore,
the equation can readily be obtained byrepection of théendon routing topology.

Considering that the transmission displacementbearelated to the angular displacement of
the motor pulleyM; the motor pulley radius;o, the following equation can be obtained in
matrix form:

l=C (19)

where I=[ 11, Iz ..., 1" denotes an n-dimentional vectof proximal displacements,
=[ 1, 2 .., n]" denotes an n-dimensional vector of joint angles and C isxarsquare
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coupling matrix. The elements @ are functions of the pulley sizes and the cable routing
topology, being independent oktlposture of the manipulator.

5.7 Force Analysis

Once the tendon extensifumctions have been computed, van determine the relationships
between the tendon forces and the joingties by applying conservation of energy.

Given the low-friction mechanical transsion, the work done by the cables can be
considered equal that done by the manijpula@onsequently, it cape concluded that

= C'f, (20)

wheref is the vector of forces applied the proximal extremities of the tendonsis the
vector of output joint torques ar@ is called structure matrix, whose columns represent each
cable transmission.

5.8 Application on a 7-DOF Micro-Manipulator for SST

Figure 5-39 shows the overall dgsiof a high dexterity micro-nmgpulator, to be used in the
SST Surgical Platform. By using the kingimamodel shown in Figure 5-5 and the micro-
mechanical system developed in the previous@es; this manipulator iable to deliver high
dexterity, stiffness and precisido the performance of complex surgical tasks inside the
abdominal cavity.
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Figure 5-39:3D Model of the SST Micro-Manipulator

The cabling topology of the gre manipulator is schematibashown in Figure 5-40. The
design of the mechanism is such that the difectged cable loops that control each degree

of freedom are moved by the same actuated dneiey placed in the earnal part of the
body.
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Figure 5-40: Cabling schematics of the 7-DOF micro manipulator

Figure 5-41 shows a 3D layout of the cablingeach 7-DOF endoscopic micro-manipulator,
related to the cabling schematics described before.
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Figure 5-41:3D cable layout of the 7-DOF micro-manipulator

To hold in the 3D space ahe components of ¢hcabling scheme, like idle pulleys, ball
bearings, and positioning pirend screws, special parts needeveloped, guaranteeing the
perfect positioning and support afl the joint componentsnd allowing the route of the
different cables, Figure 5-42. A final ovérdiameter of 24mm can be achieved.

Figure 5-42: 3D cable layout of the 7-DOF micro-manipulator



94

Special attention was paid to the assembégcigion of the mechanism. Since each idle pulley
is radial and axially positionelly six external mirature bearings (three on each extremity),
their precise positioning guaranteed by mounting them amnique base part, Figure 5-43,

whose production process, by CNC milling miaatg, ensures extremely fine tolerances.
Their alignment is then guaranteed by meansositioning pins, which cross all the mounting

parts.

Figure 5-43: Component mounting parts

In a co-axial joint, the distal link has an axial rotation movement in relation to the ptoxim
one. Due to the lack of spaceisthxial rotation and the lineaxial movement constraints are
guaranteed by six miniature békarings, in a configurationrsilar to the one used for the
idler tubes, Figure 5-44.
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Figure 5-44:Radial and axial restriction of the joint turning distal link

5.9 Validation on a 3-DOF Prototype

In order to validate the concept and accesseus performances, the proposed co-axial joint
mechanism was applied in a multi-DOF mienanipulator. Fyure 5-45 shows the kinematic
structure of the 3-DOF micro-magoulator, which can be seenasimplified version of the 7-
DOF Anthropomorphic micro-manipatior, but without wrist. Irthis way, the concept of the
mechanical system can be tested withth# extremely high complexity of a 7-DOF
manipulator.
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N

Figure 5-45:Kinematic Model of the 3-DOF Arm
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The 3D model of the system can be seeffrigure 5-46. As can be seen, the mechanical
solutions are the same as the one used on the 7-DOF prototype.

Figure 5-46:3D Model of the 3-DOF Arm

The 3-DOF prototype of the 3-DOF Manipulatan be seen in §ire 5-47, being mounted
on a stable reference base partorder to be easily actuated and fixed to the laboratory
experimental bench. The employed mechanicsiesy, developed on thehapter, allows for
smooth, backlash-free, high force and precigaadion, which can bdone manually or via
computer-controlled actuators.
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Figure 5-47:Prototype of the 3-DOF Arm

Apart from the reference base and other femponents with reasonable size, most the parts
composing this mechanical system are madm fstainless steel (368), which guaranteed a

very high stiffness of the mechanical systeme Téason behind this choice is related with the
considerable forces that have to be supported by extremely small components. The
biocompatibility and capacity dfeing sterilized are als@sured by using this material.

In order to minimize frictionakffects and avoid backlash, @ints are implemented with
miniature ball bearings and most of the paments are produced by precise CNC machining.
Figure 5-48, shows some of the systendmponents before being assembled.
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Figure 5-48: Different mechanical components of the 3-DOF Arm

5.10 Technical Evaluation

The evaluation of the microanipulator is made through the following measurements:
mechanical transparency and stiffness. Thesasurements assess the quality of the force
interaction between the end-edfor of the manipulator and the tissue inside the patient’s
body. The force sensors used are AawvXFTC320load cells, one with a range of +50 N and
the other with +10 N, both from the compavigasurement Specialties The deformations
are measured by usingstandard dial gauge.

5.10.1 Stiffness

In order to measure the stiffness of the eystthe position of the three input pulleys was
locked, while the applied force on the manipulator’s end-effector was increased gradually and
registered by the force sensor. This operation was repeated foatitly directions, Figure

5-49. Thez direction was not considered, sincecdrresponds to a singularity, where the
stiffness of the manipulator reaches the st$fhof the material composing the rigid links.
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Force-Application
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Figure 5-49: Test set-up for stiffness measurement on the manipulator end-effector

As shown in Figure 5-50, the relationship bed¢w the applied force and the displacements on
the end-effector, alongandy directions, can be linearizedthin the measured range.
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Figure 5-50: Stiffness measurements on thanipulator end-effector, alongandy

Note that these values of stiffness are considerably higher than the ones in standard
laparoscopic and robottools, Figure 3-5.

5.10.2 Mechanical Transparency

The mechanical transparencyrédated with the capayi of a system to appear mechanically
invisible to the operator, not exing any external forces on the user when used on the free
space. Therefore, in order to access the traespaehavior of the system, a pair of forces
was applied on the manipulatoesd-effector and input shafjgure 5-51. Both values were
measured by the two force sensors (sensor 1 and sensor 2).

Figure 5-51: Test set-up for mechanal transparency assessment



101

The relationship between theo forces is shown in Figar5-52, where the geometrical
considerations are already considered. As caseba, there is a sidimant matching between
the two forces.

Farce (M)

; :
a 5 10 15 20 25 30 35
time (sec)

Figure 5-52: Measurements of system’s mechanical transparency

5.11 Conclusions

In this chapter, a study of mechanicgfstems for MIS micrenanipulators has been
performed. From this work, a new mechanisgstem was developed, being able to deliver
multi-DOF complex kinematics to remote and narrow places, like the human abdominal
cavity. The concept consists of a cable dritramsmission for miniature robot manipulators,
with different types of revolut@ints, making it possible to achie high levels of dexterity
and stiffness compared with existing solusiorAfter, a review of existing multi-DOF
mechanical systems for robotic micro-manipoitat the main limitations of current systems
were identified. After that, the concept oethew mechanical system was comprehensively
described and its geometrical models analyBetdhlly, a 3-DOF prototy, incorporating the
developed mechanical system, was designedpanduced to validate the suitability of this
concept to be integrated in micro-robotic systems for MIS procedures.
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6 Dexterous Mechanical Telemanipulation for
MIS

6.1 Introduction

The non-intuitive handling of laparoscopic instrumentation limits the use of Standard
Laparoscopy to a small range of simple staiprocedures, like themoval of the appendix

or gallbladder. With only less than 1% thfe urologists using Standard Laparoscopy for
complex surgeries, the only techniques thatwaidely used for complex surgeries are Open
and robotic surgery (Camberlin et al., 2009). Being the only technique that enables the
performance of complex procedures in a miaily invasive way, robotic surgery has been
attracting patients, surgeons, hospitals lagalth insurers (Camberlin et al., 2009).

The market of robotic systems is dominabgdthe da Vinci Robot, deloped and marketed
since 1999 by Intuitive Surgicdic. (Sunnyvale, CA, USA) (Camberlin et al., 2009). This
system is extremely expensive in acquisitigiose to CHF 2 million (Camberlin et al.,
2009)), maintenance (about CHF 200’000 per yEamberlin et al., 2009)), disposable tools
(about CHF 3’500 per procedure (Camberlirakt 2009)) and traingy representing much
greater direct costs compared with open syrgetrumentation (Camblar et al., 2009). For
this reason, access to Robotic Surgery is limitea moinority of hospitals that (a) can afford
to purchase it and (b) have enough patetume to justify its acquisition.

Given the fact that the additional cost for rebhesisted surgery is not specifically considered
by diagnosis-based reimbursemefimsthe United States and mdstiropean countries), most
hospitals receive little or no adidinal payment to offset these added costs (Camberlin et al.,
2009). In fact, on a pure profit basis, the purchase of a robotic system is only considered to be
worthwhile for high-volume hospits (with more than 500 procedures per year (Camberlin et
al., 2009)). Knowing that the average worldevidumber of procedures performed by each
robot is about 120 cases (Cambedimal., 2009), there is avidence that these systems are
being purchased for other than direct econam&sons and that thebot-equipped hospitals
will try to attract more patida to their centres. This tendency towards centralisation of
complex minimally invasive suegies removes patients from haafs without surgical robots
and places an additional burdemthe health care system.

The research work presented in this chaptdress$es this problem, caused by the scarce cost-
effectiveness of existing maruand robotic surgical instrmentation. A new mechanical
system was thus developed, providing a new iggioe of cost-effective minimally invasive
surgery telemanipulators. It especially suitable for complesurgeries that require precise
manipulation, with difficult access atichited space available inside the body.
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Although this work has been applied to a ned@ipulator for minimally invasive surgical
procedures, it can also be adapted for antalsie remote actuated application requiring a
dexterous manipulation with high stiffnegsecision and quality force feedback such as
assembly manipulation, manipulation in rmav places, in dangerous or difficult
environments, and in contaminated or clean work spaces.

6.2 Platform Concept

Today’s available surgical teniques for complex minimally invasive procedures are either
too difficult for surgeons (Laparoscopy), toovasive for patients (@n Surgery) or too
expensive for hospitals (Robotic Surgery). Thlssence of an optimal solution opens up a
considerable research opporturfity improved surgical systems.

When performed by skilled and experienced surgeons, laparoscopy represents the most cost-
effective solution, since its equipment is relaly affordable and the minimal invasiveness
enables short hospitalization periods. However, its key drawback is related to 4ts non
intuitiveness, which makes it a solution only &élimited number of suspns (Camberlin et

al., 2009).

In spite of its simplicity, a laparoscopic ta@n be considered a mechanical telemanipulator,
enabling the movements of the surgeon hantletoto some extent, reproduced inside the
body. The laparoscopic instrument embodies: (1) the master, held end of the proximal
extremity of the instrument; (2he slave, the distal extremitf the instrument; and (3) the
motion transmission, middle ofdhtool and actuation rod, which communicates trajectories
and forces/torques between the master and the instrument’s tip.

By selecting a laparoscopic instrument thdtgkter than the surgeosrhand and stiffer than
the surgeon’s wrist and arm joints, the dynasmbf the instrument become extremely
transparent.

Furthermore, the laparoscopic inshent is also able to provide communication of forces and
positions in either direction. That is, if thesirument touches an object, the force and position
effects are communicated instantly to the sunggebands. Even the texture of an object might

be sensed by sliding the extremity of therimstent across a surface. The texture itself guides
the tool across the tissue and the generateédand motions are communicated back to the
master handle.

Of course, while the symmetry of the laparoscaopstrument dynamics may be excellent, its
dexterity is not, especially for wrist rotatioas the distal extremity of the instrument. The
intuitiveness is extremely poor due to the ihiybconstraints imposed by the entry port and
the fulcrum effect. In order to address #hesnitations, while keeping production costs at
affordable levels, the solution pursued in this research work consists in devedohitig
mechanical telemanipulator combining dexterity and intuitiveness.

The new surgical system should have &dgerated architecture, enabling a natural
replication of the surgeons’ hand movements inside the patient’'s body. The surgeon should be
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able to perform the procedure directly mpulating two intuitive handles, viewing the
operation through an endoscopvision system. The surgeon’s movements should be
replicated to two intracorporeal multi-articuldtdistal instruments that reach the abdominal
cavity of the patient through small incisions. Thaltiple degrees of freedom of these distal
units should allow the system to overarthe manipulation problems described above,
enhancing surgical dexterity and reaching plates$ are otherwise difficult to access. The
technology should also enable tremor-free mosets and at the same time provide force-
feedback to the surgeon. Tesggonomy and comfort of the sexan will be improved by this
system.

To sum up, this system should éguivalent to a robotic telemigulator in providing control

of the surgical instruments by a “master-slaradationship, whereby the surgeon controls the
actions of the “slave” arms by moving the “rt&$ manipulators. Howeer, it should use a
fully mechanical technology for the motioratismission instead of a computer-controlled
system thus providing better force-feedback.c8imost surgeons are not satisfied with the
force-feedback provided by current haptic degi, which is poor and too much delayed, a
mechanical solution can overcome these limitatiom&ddition, without electronics, sensors,
actuators and software, it has@khe potential to be more reliable, affordable to produce and
easier to sterilize.

6.2.1 Advantages over Existing Surgical Equipment

Extending surgeons’ skills, this mechanicdkemeanipulator will provide a combination of
functional and financial eefits that is unique ithe state-of-the-art.

Functional Benefits

Intuitive _instrument movementsThe system’s kinematic model should be
developed to allow a direct replicati of surgeons’ natural hand movements
outside the body into cornpesnding micro-movements #te operating site. This

will enable surgeons to perform delicate tissue handling and dissection with added
dexterity even in confined spaces)ile reducing their learning time.

Minimally invasive for patientsBeing intuitive to use, the distal units of the
system should be extremely compactatldimg the performance of minimally
invasive techniques even for complexrggoal procedures. As a consequence,
patients will benefit fromhaving less painful recovies, better aesthetical
outcomes, less need for drugs and blood transfusions, shorter hospital stays and
faster returns to their normal activities.

More precise, tremor-free movemeng&urgeons should be able to use “motion
scaling,” a feature that translates, &tample, a two-millimetre hand movement
outside the patient's body into a one-millimetre instrument movement in the
surgical field inside the patient’s body. Wan scaling is intended to allow greater
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precision than is normally achievable@dither Open Surgery or Laparoscopy. In
addition, the device will providgltering of tremor inheent in surgeon’s hands.
Superior surgeon ergonomicbhe system should allow surgeons to operate while
seated, which is not only more contfisle, but also ma be clinically
advantageous due to reduced surgeomguati Natural hand-eye alignment at the
surgeon interface should also be enabled, providing improved ergonomics over
traditional laparoscopic and open surgery.

Simple to useAlthough the robotic systems arelalo provide a very intuitive
manipulation, their general use by the htdpstaff is fairly complex. This new
mechanical telemanipulator should be simple as possible to use. Tissue
manipulations should be as natural aghva robotic systerbut the time required

to set-up the device shoub@ significantly smaller.

Force-feedbackThe motion transmission should performed with low levels
friction. In this way, as opposed to the da Vinci Robot, the mechanical
telemanipulator should offer a naturarde-feedback to the surgeon during the
surgical tasks.

Easy sterilization:Being essentially composed by bio-compatible mechanical
elements, with no electronics, the entire system is reusable after atieriliz

Financial Benefits

Less hospitalisation cost8esides better care for thetieat, hospitals strive to
reduce the length of the hatgh stay and the post-openaticare by decreasing the
invasiveness of surgical procedurda. this way, they may benefit from a
prospective reimbursement system inichhlonger lengths oftay have been
previously established for the Open Surg@yout 8-9 days). In order to reach the
same number of recovery days (4-5 dagsd a reduction of post-operative costs,
this system should enable sigg procedures to be asinimal invasive as Robotic
Surgery.

Affordable upfront investmenGiven the fact that a fully mechanical technology
does not require the use of a computantwlled actuated syem, the production
costs of this system will be significaptlower compared to existing surgical
robots.

Warranty: Due to its huge technologic cotapity, when acquiring a surgical
robot, the hospital has togsi a compulsory and extrefy expensive maintenance
contract, whose annual cost is about 10%hefinitial acquisition cost, i.e. approx.
CHF 200000 per year. Given its mechanioalture, this system will be more
reliable.

Infrastructure and logisticAs opposed to existing surgical robots, which weigh
more than 600kg and are difficult to fitto small operatingaoms (Camberlin et
al., 2009), the system should be compact layid weight. It wil be thus easy to
transport and will not need a dedicated operating room.
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Fast set-upDue to the presence of costly pmreel and equipmenit,is important

to reduce preparation, operating and chamggs time per procedure. Without any
software to start up and sensors to calibrate, the estimated set-up tithés fo
system will be significantly shorter than for a surgical robot.

Faster training:Thanks to its intuitive nature, the system should require less
training for surgeons and hospitaf§tcompared to other techniques.

6.3 System Overview

6.3.1 General Concept

This combination of advantages can beieatd by a surgical platform comprising two
mechanical teleoperated systems for remotripodation, designed to haally replicate the
movements of both operator hands. These systems are designed by using a cable-driven
mechanical transmission similarttee one developed on Chapter 5.

Given that the two teleoperated systems streccturally and functionally identical, the
following sections refer to one meatical teleoperated device only.

6.3.1.1 Kinematics

When a minimally invasive surgictdol is inserted into the patient, its degrees of freedom are
reduced from 6 (Figure 6-1a) to 4 (Figure §;Xhue to the 2-DOF-constraint imposed by the
entry port. The remaining degrees of freedane composed by pan-tilt—spin rotations
centered at the entry point aad axial translatiopassing through the entry port, Figure 10b.

Entry
Port

b)

Figure 6-1: Degrees of Freedom of a laparoscopic instrument a) on the 3D space armh [passing through
an entry port

In order to overcome these mobility constraantsl deliver 6 DOF to the end-effector, (which
has a further actuation DOF), the kinematiodal of the surgical manipulator should be
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provided with a total of 9 DOF - 6 for the positioning and orientation of the end-effector
within the working area, 2 to recover the 2 DO8t lim the entry portanstraints and 1 for the
actuated end-effector, Figure 6-2a. However, thisiber can be decreased if the axis of the
proximal joint is coincident with the entrgort, Figure 6-2b. In thisase, the resultant
kinematics is still redundanbut only by a single DOF.

1-DOF
‘JS J? EE
P I
1-DOF a_< __________ <
IR EE
Entry

Port

a) b)

Figure 6-2: Kinematic Structure of the Surgical Manipulator with a) non-aligned prabjoint and b) aligned
proximal joint

6.3.1.2 Master SlaveArchitecture

One of the key features of this system isrtester-slave architecture@here a slave unit and
a master unit are configured to be kinenslyc equivalent, thus working together and
achieving a force reflecting teleoperation.

According to Figure 6-3, the mechanical telempalator comprises: ia slave manipulator,
having a number of slave links interconnected pyuaality of slave joints; ii) an end-effector
(instrument/tool or a gripper/holder) connectethis distal end of theaVe manipulator; iii) a
master manipulator, having @rresponding number of mastknks interconnected by a
plurality of master joints; and iv) a handle faperating the mechanical telemanipulator. This
system can also be describég considering the end-effectdp be part of the slave
manipulator and the handle to be part of thsteramanipulator. In a broader sense, the links
and joints composing the end-aftor can be considered disgdve links and joints of the
slave manipulator, while the links and jointsygquosing the handle can be considered distal
master links and joints of the master manipulator.

The slave manipulator and the master ipalaitor are connected to each other by a
connecting link,"*Lo, which is directly onnected to the ground. iBhconnecting link is
connected at its proximal and distal extremity to the master and slave“jiarsd>J,, which
can respectively be considered as the firstiprakjoints of the master manipulator and the
slave manipulator.
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Figure 6-3: Schematic view of the structural parts of thechanical telemanipulator, in a master-slave
relationship configuration

As shown in Figure 6.4, since the first prowil joints of the master manipulat8l,, and the
slave manipulator>J,, have a co-axial coigfuration with collinear axes, they can be
considered kinematically redundant, Figure 6-4ahls way, they can be merged in a single
joint, M3J,, which connects the connecting liffJo, of the telemanipalor to the ground,
Figure 6-4b.

IVISL
MSJD 0
o . H
0
T77T Ground
Ground
a) b)

Figure 6-4: Kinematic equivalence between joints’&)and"J, and b)"J,

If joints MJy and®J, are merged into joinfJ,, the segment that goes from the slave jdint
to the master jointM; is considered to be the connecting lifik,. In this case, the proximal
slave link,%Ls, connects slave joint8; and®J, while the proximal master linklL;, connects
master joints"J; and™J,. Overall, the slave manipulatorroprises a number of slave links
Ly, SLs, s, 3L interconnected by a ymality of slave jointsJy, SJ, °Js, °J, whereas the
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master manipulator comprises arresponding number of master link&,, Lo, MLs, ML4
interconnected by a pluigl of master joint$'J;, M35, M35, MJ,, Figure 6-5.

M) j .T
ML2
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I_3 MJ4 M'JZ
r\/'l|_1 _l—’
Ms) 1 ML,
[‘] H
M
Ground YLy h
M)
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SL5
5L
7
L. ML
ML, MJ;

Figure 6-5: Kinematic Scheme of thmechanical telemanipulator

With reference to Figure 6-5, the handle of thechanical telemanipulator comprises a first
handle link,Ls, which is connected to one extremity of the fourth master fibk, through a
first handle jointJs. The handle further comprises aett and a third L-shaped linkK¥.¢
and ML;, articulated at one extremity to the first handle liMks, through respectively a
second and a third handle joifttJs and™J;, whose axes are collinear and substantially
perpendicular to the ax@f the first handle joint!Js.

The end-effector is a surgical tool and comprises, in view of Figure 6-5, a first tooLnk,
which is connected to one estnity of the fourth slave linKLs, through a first tool jointJs.
This surgical tool further comprises two working bladis,and®L;, connected to the first
tool link, SLs, through respectively a second amctoaxially third tool joints>) and 5,
mounted to each other.

The surgical tool is interchangeable and carobeeveral types, such as scissors, scalpels,
cutters, needle holders and otlaecessories to be connected to the distal extremity of the
salve manipulator. The surgicabol which enters the patient's body is reusable after
sterilization.

The system thus essentially consists of twamtdttal kinematic chains. A motion (or force) on
one extremity is faithfully reproduced on tbier extremity, up to a scaling factor.
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6.3.1.3 Motion Transmission

In order to achieve a direct replicatiaof movements between the master an slave
manipulators, mechanical transmission me&psl,, Ts and T4, as schematically shown in
Figure 6-6, are arranged to kinematicallgnonect the slave manipulator with the master
manipulator such that the movemeppted on the master and handle joififs, 3J,, 5Js, °Js,

°Js, 5Js, °J;, are respectively repraded by the correspondirgiave and tool joints"Jy, MJ,,

M3z, M3s, M35, M6, M35,

T, |=
L2 ]

—
w
'y

[e |
L

T7

T7 =

Figure 6-6: Kinematic connections betweerethorresponding joints of threaster and slave manipulators

Therefore, the movements applied on the handledaectly replicated as movements of the
slave joints. As a result, the multi-articulatedl-affector, connected to the slave manipulator,
is moved in an equivalent movement thfe handle of the master manipulator. As a
consequence, the master linfs, MLy, MLs, MLa, MLs, YLs, VL7, of the master manipulator
are always parallel tthe corresponding slave linR,1, Ly, %L, “Ls, Ls, "L, "Ly, of the slave
manipulator, for any position ehe device (Figure 6-7).
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Figure 6-7: Parallelism between equivalent master and slave links

In order to increase the precision of the matation, as well as, reduce the tremors of the
user's hand, a scale-down of the movemefrtsn the master manipulator to the slave
manipulator, is desired. By guaranteeing afqm# match between the movement of each
master and slave joint angles, a predefinedesedio between the lengtf each master link
and the length of the corresponding slave linli, cause the amplitude of the movements on
the handle, to be reproduced by the effdetor in the same scale ratio.

For each degree of freedom of the mechanidaitanipulator, different types of mechanical
transmissions can be used. In order to minirtheesystem’s overall friction and inertia, while
increasing backdrivability and stiffness, the mechanical transmission betwestnofrthe
master and slave joints is essentially in then of pulley-routed flexible elements, where
each driven pulley of the slave joint is connedtethe respective dring pulley of the master
joint, by a single-stage closed cable lotvansmission. Figure 6-8 shows the working
principle of this actuation for the general case of transmitting the motion from a driving
pulley, Cy, of the master manipulat to a driven pulleyCs, of the slave manipulator. This
closed cable loop transmission can be composed by a pair of daptes]L,, whose both
extremities are anchored respectively to the driving and the driven pulley§s @ ensure
that no relative movenmé between the cablg, L, and the pulley€,, Cs occurs. Both cables
La, Ly form together a single closed lobgrom one pulley to the other.
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Figure 6-8: Schematic view of a single closed loop (cable) transmission betweeeralgdriven pulley of the
slave manipulator and the corresponding driving pulley of the master netpipul

The transmission of the movement betweashemaster pulley and the equivalent slave
pulley, by using this kind of mechanicahtismission, may bring problems of kinematic and
dynamic coupling between the driven and theidgwpulleys. Furthermore, the adoption of a
closed loop cable transmission regs that the overall length die cable route must be kept
constant, for all possible mastgave configurations, indepenmtly of the motion performed

by the driving pulleys of the master manipalkatTherefore, cables must be routed through
joint idler pulleys while maintaining constant cable length. The basics of bie auting
method used is illustrated in Figure 6e® the general case of having both calilgandLy,
composing the closed loop L, being routed through a general joint. The talaledL, are
wrapped around a set of pulleys, called the joint idle pulleys, which are concentric with the
joint’s axis of revolution. Tanaintain constant cable lengb the closed loop, cablés, L,
must remain in contact with the joint idle pullegtsall times. In this way, if the joint angle

is reduced, the length of the superior segmentapfin contact with the idler pullel, will
decrease and the inferior segment_gfwill increase, by the same value, guaranteeing the
constant length of the cable closed loopotder to keep a permanent contact between the
cablesL, andL, with the idle pulleyd, auxiliary pulleysA, andAy are added to the proximal
and distal side of the joint.
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Figure 6-9: Schematic view of a cable rooting method to keep the closed loop vatistant length, at the joint
level

Another solution to keep a constant cable length of the closed loop consists in compensating
the length change not at the joint level, ie 8ame master or slaw@anipulator but between

the equivalent idle pulleys;, andls, of respective master and slave joints, as schematically
shown in Figure 6-10. In this case, both caligandL;, are passing undeg, andls and,

when the joint angle; is changed, the constant lengih the closed loop is guaranteed
because the variation of is precisely compensatég the opposite variation of.

bdd

Figure 6-10: Schematic view of another cable routing method to keep the closed loopasitistant length, at
equivalent master-slave joints level

The mechanical transmission for each of #ight degrees of freedom are schematically
shown from Figure 6-11a to Figure 6-11h.
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Figure 6-11: Schematic views of the cabling topology for each of the eight degréesedom

6.3.1.4 RemoteCenterof Motion

The main kinematic constraint of the complete system is the requirement of ttizgsadl
motions through the fixed point incision, whids achieved by a mechanical constraint
applied on the master manipulator. This kinemfgature is called Remote Center of Motion,
RCM. As can be seen in Figure 6-12, the med@mionstraints are configured to ensure that,
the fourth master link’L,4, of the master manipulator, alwalyanslates along its longitudinal
axisa; so that the corresponding link.s, of the slave manipulator, always translates along a
virtual axisas, parallel to the longitudinal axis;, of the master linkL,. These mechanical
constraints are further configuréd enable the fourth master lin¥|4, to rotate about its
longitudinal axisa;, and about a second and a third axissndas, which are perpendicular to
each other. The longitudinal axig, and the second and third axasandas, always intersect

at a stationary single point, MCNhdependently of the orientah of the fourth master link,
MLa.
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Figure 6-12:RCM induced by medmnical constraints

This configuration allows the corresponding slave Iifik, to rotate about its longitudinal
axis a4, and about a fifth and sixth virtual axisas andas, which are perpendicular to each
other. The longitudinal axis;®f the link L4 and the fifth andsixth virtual axesas andae,
always intersect each other at a virtual statiprsangle point, in the vicinity of the remote
manipulation - the Remote Center of Motid®CM. During a minimally invasive surgical
procedure, the RCM is brought in coincidenwith the surgical incision point, reducing
trauma to the patient and improviogsmetic outcomes of the surgery.

6.3.1.5 Gravity Compensation

In order to reduce, or eliminate, the effects of system’s weight felt by the user, and increase
the transparency of the telemanipulationmachanical gravity compensation system is
implemented. For this propose, two solutions ba considered: spring and counterweight -
based compensation. While the first solutioray provide a more compact and lighter
solution, by using a counterweight-based gyagompensation, the non-linear effects of the
springs can be avoided andettmovement of the distalnks of the master and slave
manipulators can be taken into account.onsequently, a counterweight-base gravity
compensation was implemented, consistifiga set of ounterweightsMmy, "my, Mms, Sy,

m, and>ms, which are connected to master and slave liMks, VLo, VL4, 5L1, 5L, and Ly,
bringing the center of gravity of each one tbbse kinks to a point coincident with its
proximal joint, Figure 6-13. Inthis way, the overall center of gravity of the master
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manipulator will be almost static, close to the intersection of axes of [6igsand™J.. On
the slave manipulator, the overall center of gravity will be statically placed on treestien
of axes of jointd"$J, and®J,.

Figure 6-13: Mechanical Gravity Compensation System

6.4 Prototype Design and Realization

In order to evaluate the complete telerpatator, a working prototype was designed and
produced and its key mechanical performances were evaluated.

6.4.1 System Design

Figure 6-14a shows the full 3D model of tleéemanipulator, being mounted on a reference
base, which can be direcfiixed to a Lab test bench.

The system’s handle comprises adimy stick, configured to bkeld by the palm of the hand
and to freely rotate aboiis longitudinal axiss, which is collinear with the axis of the second
and third handle joint$'Js and™J;, Figure 6-14b. This handle livbe operatedy the thumb
and index of the user, in a grasping motion.
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The handle is kinematically connected to #rel-effector in a mannehat the movement
applied on the second and third handle lintks; and"L, by the tips of the thumb and the
index finger are reproduced byettwo end-effector bladed,¢ andL;, Figure 6-14c.

Finger
Apertures

MLl

ML,

°Ly

effector

End-

Holding
Stick

b)

Figure 6-14: Perspective view of the a) full mechanicdétperated surgical device b) handle and c¢) end-

effector
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Figure 6-15 shows the telemanipulator in different working positions. The amplitude of the
movements applied on the handle by the surgeaeproduced by the end-effector through
system’s mechanical transmissiornthaa down-scaling factor of 2/3.

Figure 6-15: Different working configurations of theechanical teleoperated surgical device

The mechanical constraints conge a linear bearing that lmounted inside an articulated
system, which enables the fourth master lifk,, of the master manipulator, to rotatable
about three different axess, 2 , 3, Iintersecting at the stahary single point, MCM.
Translation along; is provided by a sliding beag at the MCM, Figure 6-16.
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a) b)

Figure 6-16: Mechanical constraints oféiMechanical Telemanipulator

6.4.2 Prototype

The working prototype of theleBamanipulator can be seenkigure 6-17, mounted on a stable
reference base part. In order to reduce the htergost of the components are made from an
aluminum alloy (Al 7075-T6), with guarantees a fairlyood trade-off stiffness/weight of the
mechanical structure. The biocompatibility andatality of being steflized are also assured
by using this material.

Figure 6-17:Working prototype

In order to minimize the frictionaffects and avoid backlash| gdints are implemented with
radial ball bearings and most of the qmnents are produced by precise CNC machining
process. The mechanical solutions, developedisnchapter, allow fosmooth, backlash-free,
high force and precise manipulatidoeing highly suitable for the performance of minimally
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invasive surgical tasks. Figure 6-18, showe prototype in four different working
configurations.

c) d)

Figure 6-18: Prototype in different working configurations

6.5 Technical Evaluation

The evaluation of the telemanipulator made through the following measurements:
mechanical transparency and stiffness. Thaesasurements assess the quality of the force
interaction between the end-eftor of the manipulator and the tissue inside the patient’s
body. The force sensors used are AvXFTC320load cells, one with a range of +50 N and
the other with +10 N, both from the compavgasurement Specialties The deformations
were measured by using a standard dial gauge.

6.5.1 Stiffness

In order to measure the stiffness of the systiém@ position of the malle was locked, while
the applied force on the slave manipulator’'s effdetor was increasegradually by the user
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and registered by the force sensor. This operation was repeated %oy thied z directions,
Figure 6-19

Reference
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Force-Application
Point

Figure 6-19: Test set-up for stiffness measnrent on the tool end-effector

As shown inFigure 6-2Q, the relationship between the apglforce and the displacements on
the end-effector, along y andz directions, can be linearizedthin the measured range.
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Figure 6-20: Stiffness measurements on the tool end-effector, adongndz

Note that, on thex andy directions, a force of aroundN produces arend-effector
displacement of about 5mm. Atiugh this stiffness correspond to the values seen in standard
laparoscopic and robotic toolsglire 3-5, it can be considerably maximized if the stiffness of
the tool shaft is increased, which can be agdeby increasing the thickness of the insertion
tube. In this way, the stiffness at the tip of the instrument can be similar to thetaatettiel
proximal extremity of the tool shaft. FiguG21 shows the stiffness of the system on the
proximal extremity of the tool shaft.
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Figure 6-21: Stiffness measurements on the proximal extremibedabol shaft, along andy
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6.5.2 Mechanical Transparency

The mechanical transparencyrédated with the capayi of a system to appear mechanically
invisible to the operator, not exing any external forces on the user when used on the free
space. Therefore, in order to access the traespaehavior of the system, different pairs of
forces were applied on the system. For ediobction, a force was applied one on the handle
and an opposite force was on the tool end-effector, while both values were measured by the
two force sensors (ssor 1 and sensor Fjgure 6-22

Reference

Figure 6-22: Test set-up for mechanal transparency assessment

The relationship between the two forces atethd-effector is shown in Figure 6-23, where the
scaling factor was already considd. As can be seen, theraisignificant matching for all
thex, y andz directions.
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Figure 6-23: Measurements of system’s aimanical transgrency, along, y andz

6.6 Full Surgical Platform Overview

A general view of the full Surgical Platformsing the Mechanical Telemanipulator presented
on this chapter is shown in Figure 6-24. It bl able to improve the ergonomy for surgeons,
enabling them to position their hands in aunal orientation toeach other, providing
improved eye-hand coordination and intuitim@nipulation with non-inversed movements.
The comfort of the surgeonsatso improved by elbows support.
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Figure 6-24: Surgical Platform, itegrated in the operating environment

This Surgical Platform includes two edtical mechanical telemanipulator; and T,
configured to be operated independently fribve other, providing &i-manual manipulation
(Figure 6-25).

Figure 6-25: Perspective view of thfull Surgical Platform

Being comfortably seated at the surgical platfothe surgeon will be able to have not only a
direct view to the patient, bailso a magnified view of the stal instrument inside the body
on a 2D or 3D display monitor, Figure 6-26.
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Figure 6-26: Surgeon perspective when mamlating the Surgical Platform

In order to accurately position the incisionimie (RCMs) and the two multi-articulated

surgical tools in the vicinity of the abdomiraavity of the patient, the two telemanipulators
are mounted on an articulatetructure that enables the pms of both systems to be

independently adjusted in a total of 7DOF, Figure 6-27.

Figure 6-27: Adjustment means of the Surgidhtform for accurately positionirtg/o distal tools in relation to
the location of incision points realized on a patient
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The two telemanipulators may also be are furtistatable about the awing base such that
they can be inclined to a nearly vertical posif enabling the surgical platform to be easily
transported and compactly stonedhin the operating room.

Figure 6-28:Front and back views of the Sizgl Platform in a configuratn to be easily transported and
compactly stored with the operating room

6.7 Conclusions

In this chapter, a study of mechanical systdar MIS telemanipulators has been performed.
From this work, an entirely novel concept fa mechanical telemanipulator system was
developed. This system is able to deliglsxterous manipulation® remote and narrow
places, like the human abdominzdvity. Its design and perimance specifications were
driven by surgical tasks regaments and its use on a surgipétform can contribute to
increase the cost-effectiveness of minimaflyasive surgical pmedures, while providing
better clinical outcomes to patits and reducing the overall ctsthealth care systems.

The mechanical system uses a technology tabéetuate highly dexterous manipulators with
complex kinematics while being able to defiyaerecision and high forces to remote and
narrow places. Mechanical transmission mean® wleveloped to all® a perfect kinematic
matching between the corresponding joints efaae and a master manipulator. This master-
slave relationship allows theawement of any of the joints of master manipulator to be
transmitted to the analogous joint of a slamanipulator. Due to its kinematic design, the
system allows two times seven degrees of freetbotime surgical instruments, providing great
dexterity and intuitive manipulfi@n to the surgeon. Thanks to a remote-center-of-motion, the
surgical instrument can be controlled kiye master manipulatorwhile respecting the
constraints imposed by the incision pointdueing trauma to the patient and improving
cosmetic outcomes.
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The low inertia of the links of the master and slave units and the low-friction of the
mechanical transmission means provide batkknd ripple-free movemts, which gives to
the surgeon a realistic feeling of thedes at the distal instruments.

The mechanical nature of thessgm simplifies not only steril&ion, but alsccertification,
legal and intellectual property issuescaspared to robotic telemanipulators.

A financial case study was performed at t@entre HospitalierUniversitaire Vaudois
(CHUV) in order to assess the fimaal advantages that thisrgical platform could provide

to the hospital. The study concluded that, bygshis surgical platform for Prostatectomies,
the CHUV could not only provide less invasigargeries to their patients but also could
achieve annual cost reductions up to 145'QMF, compared to Open Surgery and 576’000
CHF compared to Robotic Suny. Moreover, by offering a me advantageous solution to
their patients, the CHUV could also expaxincrease their annual number of patients by 50-
60%, which would also have a positiviteet on the revenues of the hospital.
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7 Conclusions

7.1 Introduction

A major progress in abdominaurgery has occurred durindpe last decades with the
introduction of laparoscopic and minimally irsige techniques. These innovative procedures
focused much attention due to several ateges: smaller abdominal incisions needed,
resulting in faster recovery of the patient, imyed cosmetics, and shorter stay in the hospital.
However, surgical equipment for this kidl operations remainkighly non-ergonomic for
the surgeon and much more difficult to usanthiools for open surgery. As a consequence,
these minimally invasive technigaidnave only been used inirfg simple procedures, while
the most complex case are still lpmerformed through open approaches.

Nowadays, due to the landscape of medicahlvarsement, there is a substantial push by
insurance companies, healthearganizations and hospitalsdagtend MIS to a wider range
of surgical procedures in order to reduce pitas stays and therefercosts. In order to
respond to these demands anchtecal challenges, medical\dee companies and research
institutions have been worlg over the past years to de@improved minimally invasive
technologies for MIS, mainly through the dgsiof robotic systems. Robotic approaches
significantly contribute to the improvement tife surgical performance by increasing the
dexterity and user-friendliss of surgical manipulatiorthrough the use of robotic
telemanipulators. However, despite years gskaech and the despitggh potential of some
systems, the field of surgicedbotics is still onlyat the beginning of a very promising large
scale development. Although ada number of robotic maniptbrs have been developed,
some issues are not yet addressed, limitingraader adoption of robotic systems by the
majority of the hospitals. In this way, five major limitations can be indentified:

1. Surgical instruments should be provided with additional distal degrees of freedom to

increase their internal dexterity and facilitate the execution of precise susagkal
inside the abdominal cavity;

2. The surgical platforms should be moremgact, enabling the patient to be easily
reached if something goes wrong, being easily moved within the operating room;

3. Force feedback should be provided to sungeaestoring theirsense of touch to
improve safety and speeding-the surgical procedure;

4. The time required for set-up of surgical systems should be reduced;

5. The costs of acquisition, maimi@nce, disposable tools atndining should be reduced.

While the nature of the three first limitationsdassentially technical, the two last points are
mainly concerned with economic aspectshaiigh bringing several tegital advantages for
surgeons, current robotic siogl systems are extremelgxpensive in acquisition,
maintenance, disposable toalsd training, representing muébligher direct costs compared
with open surgery and laparagtic instrumentation. For ih reason, acss to Robotic
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Surgery is limited to a minority of hospitals that can afford to purchase it and have enough
patient volume to justify the acquisition. Thisndency towards ceatisation of complex
minimally invasive surgeries aws patients from hospitals Wwdut surgical robots and places

a significant burden on the health care eyst In addition, these systems require a
considerable amount of operajiroom time for the setting-ugf the procedures, which, due

to the presence of costly personnel and equipment, increases considerably the overall
procedure costs.

Although, the solutions studied on this thesis have been applied in the context of surgical
systems for MIS, the outcome of this research can be extended to several otheticapplica
fields. From a general perspective, the ultimate goal of this thesis was to propose a document
which may be useful and inspiring for machawesigners, developers, stientists who wish

to create efficient and adapted remotely oalgd manipulators forseveral applications
involving multi-DOF manipulations.

In the frame of this work, two journal paperv@deen published and fopatent applications
filed, covering the systems studiedtivis thesis. A new start-up compamjstalMotion Sar]
has also been created to het develop and commercializenavel surgical device using the
mechanical systems developed on this thesis.

7.2 Contributions and Originality

The research work developed in this thesés motivated by the study of new mechanical
systems to be used in different surgical redeipulators, solving the limitations of existing
robotic and manual surgical equipment. Theseahjes implied not only an investigation of
technical aspects such as the performancgimrements of surgical tools, but also the
investigation of the different medical proceesirand surgical tasks used by doctors during
minimally invasive operations. The main cobtriions can be grouped into three categories:
(1) positioning systems for surgical instrunger{2) dexterous endoguo micro-manipulators
and (3) mechanical telemanipulators for ttemote manipulation ofurgical tools for
minimally invasive procedures.

7.2.1 Positioning Systems for MIS

A main contribution of this thesis was the depeent of a new mechanical system that can

be applied in different external positionimgbotic manipulators for minimally invasive
surgical instruments. The proposed systpmovides enough dextity to position MIS
instruments at any location within thdédmminal cavity, while respecting the mobility
constraints imposed by the entry port. Thelementation of a uniquparallel kinematics
results in a 4-DOF hybrid mechanism that prositteee rotations and one translation, with a
fixed remote center of motion. A significant adtage of this novel degi is related to its
compactness and light weight. It can be plackede to the operationtibe, allowing direct
access to the patient without removing the manipulator. Consequently, safety is improved and
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considerable space in the operating room is saved. This is a key advantage of the proposed
design in comparison to existing solutions.

7.2.2 Dexterous Micro-manipulators for MIS

The second contribution of this thesis consistshe study of mechanical systems for MIS
micro-manipulators. The development of mI®F robotic micro mampiulators capable of
reproducing complex human hand movements inmmaily invasive procedures is one of the
most important issues in theld of robotic systems for surgeiOn one hand, it is important
to increase the dexterity of the end-effeciossde the body, overcoming the issues of limited
dexterity of conventional MISobls in the abdominal cavity. Oithe other hand, the design
should be kept as compact asgibke. The final goal is to nmage this trade-off, providing
the surgeon with useriéndly aids, while keeping the pmdure minimally invasive for the
patient.

From this thesis’ work, a new mechanical eystwas developed, being able to deliver multi-
DOF complex kinematics to remote and narpaces, like the human abdominal cavity. The
concept is based on the useaotable driven transmission for miniature robot manipulators,
with different types of revolut@ints, making it possible to achlie high levels of dexterity
and stiffness compared with existing solutions.

This system was integrated in the design okew surgical platform for minimally invasive
surgery, with requirements inrtes of size, dexterity, forcend precision, beyond the existing
state of the art.

7.2.3 Mechanical Telemanipulators for MIS

The third contribution of this thesis is the development of a new fully mechanical
telemanipulator system that is able to deligekterous manipulations to remote and narrow
places, like the human abdominal cavity. Byngsa fully mechanical technology, this system
is considerably more affordable to producanthexisting robotic systems, being also more
reliable, easier to sterilize aralster to set-up. The basic systenpurely mechanical, highly
simplifying not only sterilization, but also certi&ition, legal and intellectual property issues
as compared to a robotic system. As a consaegéincan significanthgontribute to increase

the cost-effectiveness of minimally invasiweirgical procedures, while providing better
clinical outcomes to patients and reduding overall costs to health care systems.

In addition, the low inertia ofts moving elements and the low-friction of its mechanical
transmission are able to provide backlastd ripple-free movements, with natural force-
feedback and motion scaling, which gives to thgyeson a realistic rendering of the forces at
the distal instruments.

Although in the framework of thishesis this mechanical system has been designed for
minimally invasive surgical procedures on thiel@aminal cavity, it may also be used for other
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fields of surgery, like ophti@ology, brain surgery, orthopediesid dentistry, or outside the
medical field.

7.3 Outlook

In recent years, the development of new medieaices has become an increasingly complex
process. The advent of new technology cotsgsepomplex regulatoryequirements, and the
ever increasing importance of reimbursemeonstraints require careful research and
development planning.

While this thesis has proposed new mechansyatems to be used in different surgical
devices, validated by the production of severatking prototypes, the main challenge now
lies in bringing these solutions from this thesis to the patient. Whereaschegpeatotypes
focus on providing the general feasibility concepg immediate goal consists in developing
a series of progressively advanced workingdels until all critical user requirements and
core technical specifications have been metnglthe way, clinical stuels have to be done to
confirm that a product can be dgfand effectively used in huams. The entire process will
be lengthy and complicated. It will bring tager broad engineering skills, surgeons from
various specialties and legal ritkcation, marketing and finandiaxperts. This is the subject
of ongoing work by a newly created start-up company, DistalMotion
(www.distalmotion.com).
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