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1

INTRODUCTION

This chapter introduces the motivation and the objective of this research. A
brief introduction on the technological advancement in modern surgery is pre-
sented, particularly how the minimally invasive surgery has enhanced the qual-
ity of the surgical outcome. The chapter highlights the technical challenges
and the gaps towards achieving the best surgical care to the patient while
minimizing the trauma during and after the surgical intervention. The re-
search objective is defined and the individual research goals are identified.
The methodology is outlined to achieve the research objective. Finally, the
chapter highlights the contributions of this research and outlines the structure
of the thesis.

1.1 Background

Modern surgery has progressed rapidly with advances in medical science and
technology. Three key developments in medical science—the control of bleed-
ing, pain, and infection—have allowed surgeons to treat any part of the body
by making a large incision to access the surgical site [16, 51]. They have a
large dexterous space and they can make all the six degrees-of-freedom move-
ments required to complete the surgical procedure. The surgical procedure
requires several layers of incision and dissection of healthy tissues. However,
unnecessary damage and trauma to healthy tissue is clearly undesirable and
can lead to post-operative pain, lengthened hospital stays, and sometimes to
serious complications. The excessive mutilation of the healthy tissues occurs
mostly to gain access to the area to perform the intended procedure rather than
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Fig. 1.1: Laparoscopic surgery using rigid instruments where internal organs are accessed
through small incisions in the abdominal wall [33]

the procedure itself [6, 34]. The advent of laparoscopic techniques—in which
rigid instruments are inserted through a small incision in the abdominal wall
to access the interior of the peritoneal cavity—to perform surgical procedures
has revolutionized the surgery in theS2¢entury [50]. The laparoscopic pro-
cedures have greatly reduced the excessive damage to the healthy tissues.

1.1.1 Minimally Invasive and Robotic Surgery
Minimally Invasive Surgery

Minimally invasive surgery (MIS) or a keyhole surgery is a modern technique
in which the surgical site is accessed via small incisions on the skin unlike the
larger incisions needed in the conventional surgical procedure [8]. A small cut
in the skin allow surgeons to introduce a harmless gas, such as carbon dioxide
as the insufflation gas, into the body cavity for the creation of the pneumoperi-
toneum; and, thus, it provides a large working space. A limited number of
round cannulas (trocars) are inserted through the small incisions. Long thin
instruments are introduced through the trocars to perform the necessary sur-
gical procedures inside the body of the patient (Fig. 1.1). A small camera is
also introduced through one of the trocars to observe the actions from outside.
MIS can be applied to different parts of the body. Laparoscopy refers to the
application of the technique to the abdomen.
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The introduction of laparoscopic procedures has benefited the patients im-
mensely by greatly reducing the risk of wound infections, reduced postoper-
ative pain, an earlier return to normal function, and improved patient satis-
faction [8,50]. With the technical improvements and the developments of la-
paroscopic instruments, more and more minimally invasive interventions have
replaced the conventional open surgery.

However, laparoscopic technique has introduced several challenges by chang-
ing the way the surgeon observes and manipulates the tissue. Now, the surgeon
has to manipulate the tissue via laparoscopic instruments, inserted through
small incisions, with limited freedom of movement. The dexterity of the sur-
geon is compromised. The surgeon has no direct contact with the tissue. There
is a loss of haptic feedback (force and tactile) and natural hand-eye coordi-
nation. Nonetheless, there are clear and proven benefits to the patients. The
limitations and challenges are mainly technological and can be overcome with
technological advancement.

Robotic Surgery

The motivation to develop surgical robots is rooted in the desire to overcome
the limitations of current laparoscopic technologies and to make the clear ben-
efits of MIS more widely available. Robotic systems have the potential to im-
prove dexterity, restore proper hand-eye coordination and enhance ergonomics
of the working position, and improve visualization [32].

Dexterity is enhanced by decoupling the surgeon’s and instrument’s workspace.
The surgeon has a dexterous workspace at the surgeon’s console while manip-
ulating the remote surgical instruments via a computer (Fig. 1.2). Instruments
with increased degrees of freedom greatly improve the surgeon’s ability to ma-
nipulate instruments and tissues [34].

In addition, these robotic systems can scale movements so that long move-
ments of the control grips can be transformed into micro-motions inside the
patient. These systems are designed so that the surgeon’s hand tremor can be
compensated for at the end-effector motion. Another important advantage is
the restoration of effective hand-eye coordination and an ergonomic working
position. These robotic systems eliminate the fulcrum effect, making instru-
ment manipulation more intuitive. There is remarkable improvement in the
vision afforded by these systems. The three-dimensional view with depth per-
ception is a marked improvement over the conventional laparoscopic camera
views. However, these systems still have many limitations—efficacy, cost,
size, lack of compatible instruments and equipmegits,
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Fig. 1.2: Surgery with a robotic system where a surgeon controls the instrument tip movements
remotely from the surgeon console [34]

1.1.2 Flexible Endoscopic Surgery

Endoscopy is a major advance in the treatment of gastrointestinal (GI) and
pulmonary diseases. The word endoscopy [48] is of Greek origin and literally
meansbserving withiror looking inside. The original concept of endoscopic
procedures was driven by the need to evaluate the inner surface (the lumen)
of internal organs [4]. Endoscopy is often performed in an outpatient setting,
and is well-tolerated by patients, allowing doctors to detect ulcers, cancers,
polyps, internal bleeding and other disorders of the Gl tract and pulmonary
tree (Fig. 1.3). Endoscopic techniques are safe, cost-effective and have a very
low rate of complications.

An endoscope is a long and thin flexible tube consisting of several channels
for visualization, light transmission, suction and irrigation. Some more ac-
cess channels are provided for flexible instruments to perform various surgical
interventions (Fig. 1.4). The flexible instrument is inserted through the access
channel of the endoscope; and the instrument tip is manipulated from proximal
end of the instrument.
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Instrument

Endoscope

Fig. 1.3: Endoscopy used to examine upper  Fig. 1.4: Flexible endoscope with instru-
digestive system [39] ment [49]

Emergence of NOTES and SILS procedures

Endoscopy was initially used for mainly diagnosis purposes. Later, therapeutic
procedures were also performed through flexible endoscopy, such as repairing
bleeding ulcers and veins, removing non-cancerous growth (polyps), or early
stage cancerous tumours, endoscopic submucosal dissettioR|exible en-
doscopy is becoming increasingly invasive.

On the other hand, conventional surgery is becoming less invasive. It has
already moved from open surgery to MIS. Increasingly, more surgical proce-
dures are carried out through MIS. The list is still growing at a pace consistent
with technological improvements and surgeon’s technical skills.

Considering these two trends in medical science, it is evident that surgery
and endoscopy will eventually work closely together (Fig. 1.5). Technologi-
cal developments in this direction are already taking place and a plethora of
research among different scientific communities is reported in scientific jour-
nals [57]. This leads to two very topical and challenging research directions
both in the surgical and the engineering communities, namely Natural Orifice
Transluminal Endoscopic Surgery (NOTES) and Single Incision Laparoscopic
Surgery (SILS) [7,57].

NOTES and SILS definitely show a paradigm shift in the area of endoscopic
surgery. Several researchers have already started incorporating advance fea-
tures to the current endoscopic systems so that complex surgical manipulations
can be accomplished [58, 59].
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Fig. 1.5: Merging of surgery and therapeutic endoscopy [57]

However, several important challenges, including the safety of these ap-
proaches, must be resolved before the new techniques are widely introduced
into clinical use. Moreover, currently available flexible endoscopes and instru-
ments are inadequate for performing complex surgical procedures. The next
generation endoscopic systems should include advance features like shape-
locking ability to position and then stiffen the endoscopic platform to allow
stable and robust exposure and retraction, adequate number and size of access
channels for different kinds of instruments. There is a need to develop true
flexible surgical tools for aggressive retraction of organs, tissue approximation
and deep closure [59].

There are several developments being investigated among the research com-
munities to achieve better endoscopic systems. Several leading medical device
manufacturers—such as Boston Scientific, USGI Medical, Olympus, and Karl
Storz—are already developing new generation flexible endoscopic operating
systems that promise to meet the needs of complex surgery (Fig. 1.6) [24, 59].
Though these endoscopic systems have started to incorporate tools that can
enable NOTES-like procedures, they are still difficult and cumbersome to use.
They face limitations similar to those already encountered with normal laparo-
scopic procedures. Integrating robotic technology with the flexible endoscopic
system is the logical step in developing fully integrated solution. Nonetheless,
the development of such systems opens up an immense opportunity for endo-
/transluminal endoscopic surgery. A better platform, tools and techniques for
carrying out endoscopic surgery can be of great help to surgeons.



1.2. Motivation 7

(a) DDES (b) EOS

Fig. 1.6: (a) Direct Drive Endoscopic System prototype (DDES, Boston Scientific) [24].
(b) Endosurgical Operating System (EOS, USGI Medical) [59].

1.2 Motivation

Development of a fully integrated system—where the surgeon manipulates the
surgical instruments from his/her master console and the surgical instrument
navigates through the lumen of the body and completes the surgical interven-
tion with precision, accuracy and safety at the command of the surgeon—is the
next step towards accomplishing complex surgical procedures with minimum

trauma and damage to the healthy tissues.

A flexible endoscopic system has well understood advantages towards navi-
gating and accessing the interior organs in comparison to the rigid instruments.
A flexible instrument is guided through the endoscope. Integrating the instru-
ment with a master controller, the instrument tip can be controlled more intu-
itively and efficiently. A master-slave concept of the type shown in Fig. 1.7
can solve many of the technical challenges encountered with such integrated
endoscopic systems.

The flexible instruments have to perform more complex surgical manipula-
tions like needle steering, suturing, cutting, tissue manipulattn, The in-
strument tip needs an accurate positioning and orientation. The motion of the
tip should be smooth and free from unwanted jitters and sudden movements.
The tip also needs to apply requisite amount of force to complete the intended
task safely. Use of excessive force can damage the healthy tissues or organs
and can lead to undesirable outcomes. Therefore, the motion and force fidelity
of the instrument is of paramount importance for the safety of the patient as
well as for the overall performance of the system.
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Fig. 1.7: Master-slave concept for robotic surgery using flexible endoscopic system

Control of the flexible instrument tip is very challenging. The motion is
not as smooth as in the case of rigid instruments. The surgeon may need to
retract and readjust for the overshoot. The tip motion is accompanied with
sudden movements. These kinds of movements, if very large, make the in-
strument unusable and unsafe. These undesirable motion characteristics of the
instrument can be compensated to some extent by a controller if the character-
istic behaviour of the instrument is known. However, a conventional controller
cannot accomplish accurate manipulation with an instrument, if the motion is
hampered by a large static friction force. Proper strategies have to be investi-
gated to improve the force transmission.

The motion and force transmission of a flexible instrument inside the access
channel of the endoscope or endoscopic platform is governed by the mechani-
cal properties of the instrument and the endoscope, contact parameters, and the
overall shape of the endoscope inside the body. The shape of the endoscope is
not fixed and depends on the surgical site. Friction and the finite stiffness of
the instrument limit the motion and force transmission. A prior knowledge of
the static and dynamic behaviour of the instrument in the presence of friction
under varying geometry of the endoscope will help in an accurate and precise
control of motion and force delivery at the instrument tip.

1.3 Research Objective

A thorough understanding of flexible instrument behaviour inside the access
channel of an endoscope is needed for its successful and safe integration in a
master-slave robotic system. This brings more transparency and confidence in
using flexible devices for clinical usage. However, the fundamental research
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towards characterizing flexible instrument behaviour inside an endossope
missing. Therefore, the objective of this research is stated as:

Characterization of static and dynamic behaviour of a flexible sur-
gical instrument inside a curved rigid tube—Dboth for translation
and rotation motion input; develop a 2-D and 3-D flexible multi-
body model; design a dedicated experimental set-up for the actu-
ation and measurement of motion and interaction forces; and to
derive strategies to improve motion and force fidelity of the instru-
ment.

1.4 Approach

In order to achieve the research objective, a flexible multibody model is de-
veloped for the instrument. A proper model for the curved tube is proposed to
define the shape of the tube. A contact model is defined, which includes the
wall stiffness, damping and the friction between the contacting surfaces.

A computer program, SPACAR [21], is used for the modelling and sim-
ulation of the flexible surgical instrument inside a curved tube. SPACAR is
a modelling and simulation tool based on finite element method (FEM) for
multibody dynamic analysis of planar and spatial mechanisms and manipula-
tors with flexible links.

The modelling and simulation has been developed in two stages. Firstly, a
2-D model is developed which is used to study the sliding behaviour of the
instrument in a planar tube. The simulation results are compared with the
analytical results. Secondly, a 3-D model is developed to study the behaviour
of the instrument both in translation and rotation. A curved rigid tube is defined
in a 3-D space. The simulation results are compared with the analytical and
the experimental results.

An experimental set-up is designed based on the technical specifications
required to validate the model and to characterize the behaviour of a range
of instruments. It can provide the required actuation, measure the input and
output motions, and measure the forces due to the interaction. The set-up
includes a measurement and a data acquisition sysenreal-time PC-based
system. The set-up is evaluated against the required technical specifications.

The set-up is used to validate the developed model for different motion in-
puts. The characteristic behaviour of a flexible instrument is studied for trans-
lation and rotation motion input using the developed model and the experimen-
tal set-up. The motion and force transmission of the instrument is investigated
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for unloaded and loaded case. Loading is applied at the distal end thaough
spring load.

A strategy to improve the force transmission along the axial direction is
proposed based on the initial modelling and experimental results. An analytical
model is developed to study the eftfect of the combined motion on alleviating
friction and, thus, improving the force transmission. The developed model and
the experimental set-up are used to verify the analytical results.

The methodology adopted to achieve the research objective is summarized
as:

e Develop a 2-D flexible multibody model of an instrument to study its
sliding behaviour inside a curved rigid tube

e Design and evaluation of an experimental set-up for the validation of
the developed flexible multibody model and characterization of flexible
instruments for surgical application

e Set up a 3-D flexible multibody model of a surgical instrument to study
its translational and rotational behavior in a 3-D environment, and val-
idate the model with the experimental results

e Improve the force transmission of a flexible instrument along the axial
direction through a curved rigid tube by combining the translation input
motion with rotational motion

1.5 Contributions of the Thesis

The outcomes of this research are presented to various international confer-
ences and submitted to international journals. The scientific outputs as peer-
reviewed journal articles and conference papers are:

Journal articles

¢ J.P. Khatait, D.M. Brouwer, R.G.K.M. Aarts, J.L. Herder (2013). Im-
proved force transmission of a flexible surgical instrument by combined
input motion,Precision Engineering, Draft submitted.

¢ J.P. Khatait, D.M. Brouwer, J.P. Meijaard, R.G.K.M. Aarts, J.L. Herder
(2013). Flexible multibody modelling of a surgical instrument inside a
curved endoscopdpurnal of Computational and Nonlinear Dynamics
Under review.
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e J.P. Khatait, D.M. Brouwer, H.M.J.R. Soemers, R.G.K.M. Aarts, J.L.
Herder (2013). Design of an experimental set-up to study the behav-
ior of a flexible surgical instrument inside an endoscopmyrnal of
Medical Devices, Volume 7, Issue 3, 031004(2013)(12 pages), DOI:
10.1115/1.4024660.

¢ J.P. Khatait, D.M. Brouwer, R.G.K.M. Aarts, J.L. Herder (2012). Mod-
eling of a flexible instrument to study its sliding behavior inside a curved
endoscopeJournal of Computational and Nonlinear Dynamidgol-
ume 8, Issue 3, 031002(2012)(10 pages), DOI: 10.1115/1.4007539.

Conference papers

e J.P. Khatait, D.M. Brouwer, J.P. Meijaard, R.G.K.M. Aarts, J.L. Herder
(2012). 3-D multibody modeling of a flexible surgical instrument in-
side an endoscop&SME 2012 International Mechanical Engineering
Congress> Exposition, November 9-15, 2012, Houston, Texas, USA.

¢ J.P. Khatait, D.M. Brouwer, R.G.K.M. Aarts, J.L. Herder (2012). Test
Set-up to Study the Behavior of a Flexible Instrument in a Bent Tube,
ASME 2012 Design of Medical Devices Conference (DMD2012), April
10-12, 2012, Minneapolis, Minnesota, USA.

¢ J.P. Khatait, M. Krijnen, J.P. Meijaard, R.G.K.M. Aarts, D.M. Brouwer,
J.L. Herder (2011). Modelling and Simulation of a Flexible Endoscopic
Surgical Instrument in a Tub&SME 2011 International Mechanical
Engineering Congres& Exposition, Volume 2, Pages 557-566, ISBN:
978-0-7918-5488-4, DOI:10.1115/IMECE2011-65189.

1.6 Outline of the Thesis

The journal articles constitute the main chapters of the thesis. The topics and
contents of the journal articles are conceived to maintain the flow and the struc-
ture of the research and, therefore, of the thesis as well. The journal articles
are self-contained and can be read independently. As they are the part of the
main research objective, they share the introduction and motivation; but they
also fulfill their individual objectives. The contents of the individual chapters
are described below.

Chapter 2describes the 2-D modelling of the flexible instrument inside a
curved rigid tube. The flexible instrument, the endoscope, and the interaction
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between the instrument and the endoscope are appropriately defined.-Simula
tions are performed for the insertion and fine manipulation of the instrument
inside the endoscope. The sliding behaviour of the instrument is characterised
under variation of the coefficient of friction and the bending stiffness of the
instrument. The stick-slip behaviour and the motion hysteresis is investigated.

Chapter 3covers the design and evaluation of the experimental set-up to
study the behaviour of a flexible instrument inside an endoscope. The design
specifications are established based on the requirements. The concepts and
the detailed design are discussed for the various modules. The performance is
evaluated against the stated specifications.

Chapter 4contains the 3-D modelling of the flexible surgical instrument in-
side a curved endoscope. A general 3-D model is developed to incorporate all
the mechanical properties of the instrument so that both translational and rota-
tional behaviour can be studied in the presence of friction. Various simulations
are performed for the axially-loaded and no-load cases. The simulation results
are compared with the analytical capstan equation. Various experiments are
performed using the designed set-up and the results are used to validate the
developed model.

Chapter 5describes the strategy to improve force transmission of a flexible
instrument along the axial direction by combining the translation motion in-
put with the rotation input. An analytical formula is derived and the effect of
the combined motion is studied. It is shown that friction force along the axial
direction can be reduced by combining the translation motion input with the ro-
tation input. The developed 3-D model is used to perform various simulations
and the results are compared with the analytical results. Several experiments
are performed with constant translation motion input combined with constant
and sinusoidal rotational motion input. Input and output forces are measured
and the results are presented.

Chapter 6concludes the research findings. The individual contributions of
each chapter are discussed with respect to the overall research objective. It
also highlights the recommendations which can be pursued further to achieve
the underlined research objective.
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MODELLING OF A FLEXIBLE
INSTRUMENT TO STUDY ITS SLIDING
BEHAVIOUR INSIDE A CURVED
ENDOSCOPE

Flexible instruments are increasingly used to carry out surgical procedures.
The instrument tip is remotely controlled by the surgeon. The flexibility of the
instrument and the friction inside the curved endoscope jeopardize the control
of the instrument tip. Characterization of the surgical instrument behaviour
enables the control of the tip motion. A flexible multibody modelling approach
was used to study the sliding behaviour of the instrument inside a curved en-
doscope. The surgical instrument was modelled as a series of interconnected
planar beam elements. The curved endoscope was modelled as a rigid curved
tube. A static friction based contact model was implemented. The simulations
were carried out both for the insertion of the flexible instrument and for fine
manipulation. A computer program SPACAR was used for the modelling and
simulation. The simulation result shows the stick-slip behaviour and the mo-
tion hysteresis because of the friction. The coefficient of friction has a large
influence on the motion hysteresis, whereas the bending rigidity of the instru-
ment has little influence.

J.P. Khatait, D.M. Brouwer, R.G.K.M. Aarts, & J.L. Herder (2012). Modeling
of a flexible instrument to study its sliding behavior inside a curved endo-
scopeJournal of Computational and Nonlinear Dynami&¢3), 031002(Oct
30, 2012)(10 pages). [DOI: 10.1115/1.4007539]
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2.1 Introduction

Surgical robotic systems are revolutionizing healthcare and medical services.
Minimally-Invasive-Surgery (MIS), also termed as laparoscopic surgery, has
greatly reduced the unnecessary damage and trauma to healthy tissues, leading
to faster recovery, reduced infection rate, and reduced post-operative compli-
cations. Most of the limitations imposed by the conventional laparoscopic sys-
tem are well addressed by the surgical robotic system by increasing dexterity,
restoring proper hand-eye coordination and an ergonomic working position,
and improving visualization [14, 32]. Furthermore, the ability of integrating
and interfacing with various technologies has expanded the horizon of these
robotic systems.

The state-of-the-art robotic surgery systems employ rigid instruments [6].
However, with conventional colonoscopy and with the emergence of Natural
Orifice Transluminal Endoscopic Surgery (NOTES) and Single Incision La-
paroscopic Surgery (SILS) procedures, the use of flexible instruments is in-
evitable. These flexible instruments are fed through access channels provided
in the endoscope or endoscopic platform. The instrument tip is remotely con-
trolled. The inherent flexibility of the instrument, coupled with the friction
inside the endoscope channel and the convoluted shape of the endoscope in-
side the body, makes the control of the instrument tip difficult and cumber-
some. As the flexible endoscopy continues evolving more into a therapeutic
tool and as the endoscopic procedures are becoming more invasive, the sur-
gical instruments require complex manipulations [7,57]. The instrument tip
needs to deliver a certain amount of force or to orient in a particular way. The
motion and force fidelity of these instruments is critical for achieving good
surgical outcomes.

In an endoscope-like surgical system, the instrument is controlled from the
proximal end [57]. Nonlinearities are introduced in motion transmission by the
friction forces between the instrument and the access channel. Moreover, the
shape of the endoscope is not fixed. It changes depending on the location of
the surgical site. There will be a change in the force/torque delivered, which is
dependent on the friction properties and the shape of the contacting surfaces.
Since it is difficult to place the sensors at the distal end of the instrument,
the actual position and the force delivered at the instrument tip are difficult to
estimate and control. This makes the control of the instrument tip difficult and
challenging.

A thorough understanding of the flexible instrument behaviour inside the
access channel of the endoscope can lead to proper design of controller and
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eventually leads to automatic control of the instrument tip for desired motion
or force. This also leads to design of the instruments not only for the func-
tionality but also for the control. The focus of this paper is to understand the
sliding behaviour of the flexible instrument inside a curved endoscope in the
presence of friction. The shape of the curve and the bending rigidity of the
instrument can have large influence on the sliding behaviour of the instrument.
The rotational behaviour of the instrument and the experimental validation of
simulation results will be addressed in future work and, therefore, out of the
scope of this paper. This paper addresses only the unloaded.egdbgre is

no load applied at the instrument tip.

A flexible multibody modelling approach has been used in the past to study
the nonlinear dynamic behaviour of a flexible drive-shaft. Ten IR3f has
used a flexible multibody model to study the behaviour of a catheter for in-
travascular imaging. Jansen [19] has used similar approach for the modelling
of ail drillstring to study its nonlinear dynamics. Though the application is
very diverse, the nature of the problem is very similar. In this paper, the flexi-
ble multibody modelling approach was also used.

In this paper, an endoscope refers to flexible endoscope typically used for
the examination of gastrointestinal tract, for example, during colonoscopy and
gastroscopy procedures. The instrument refers to the flexible instruments used
for biopsy or for simple surgical procedures, which are fed through the access
channel of the endoscope. The proximal end of the instrument is the base end
from where the surgeon manipulates the instrument. The distal end is the tip
of the instrument which interacts with the tissue directly.

The model of the instrument was defined using similar approach. The mod-
elling of the flexible surgical instrument is described in Section 2.2. The model
of the flexible instrument together with that of the curved endoscope is given.
Contact model is also described. Section 2.3 describes the simulation for the
insertion and fine manipulation of the instrument. Translation motion was
given as an input motion to the proximal end. The forces exerted at the dis-
tal node and all intermediate nodes were observed in the presence of different
coefficients of friction. Simulations were carried out for fine manipulation by
giving sinusoidal motion along the axis of the tube at the proximal end. The
motion at the end tip were observed for different coefficients of friction and for
different values of bending rigidities for the instrument. The effect of friction
and that of bending rigidity were studied and discussed in Section 2.3.2. The
modelling and simulation of the instrument inside the curved tube is discussed
in Section 2.4. The conclusion is presented at the end.
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Fig. 2.1: Model of the instrument with the curved tube at the beginning of insertion

2.2 Modelling of a Surgical Instrument Inside a Curved
Endoscope

A flexible multibody modelling approach was used for the modelling of a
flexible surgical instrument inside an access channel of a curved endoscope.
The surgical instrument was modelled as a series of interconnected two-noded
beam elements. The beam elements were connected in series, defining the full
length of the instrument. A curved rigid tube of uniform circular cross-section
was used to define the shape of the access channel of the curved endoscope.
The shape of the curved tube was defined by a centre line. The size of the
access channel was defined by the tube diameter. As the instrument was fed
through the access channel and being manipulated, the instrument was always
confined within the access channel. The contact between the instrument and
the inside wall of the access channel was defined at the nodes of the beam el-
ements. As the node penetrates the inside wall of the tube, reaction force is
exerted at the nodes.

A computer program, SPACAR [21], is used for the modelling and sim-
ulation of the flexible surgical instrument inside a curved tube. SPACAR is
a modelling and simulation tool based on finite element method (FEM) for
multibody dynamic analysis of planar and spatial mechanisms and manipula-
tors with flexible links.

The model of the flexible instrument together with the model of the curved
tube is shown in Fig. 2.1. The origin of the fixed coordinate system, O, is
situated at the beginning of the tube and the initial tangential direction is the
x-axis. The encircled numben), represents the"" beam element. The node 1
is the tip of the instrument.

The FEM model of the instrument is described in Section 2.2.1. The model
of the curved endoscope is presented in Section 2.2.2. Parametric form of a
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Bézier curve is given. The equation for the orthogonal vectors at the point of
contact is presented. Contact model is given in Section 2.2.3. Normal force
because of interaction at the point of contact is obtained. Depending on the
sliding motion at the point of contact, tangential force is exerted at the node
based on the friction model.

2.2.1 Finite Element Model of the Surgical Instrument

The surgical instrument was modelled as a series of interconnected planar
beams elements. The planar beam elements are connected at common nodal
points and the assembly of all elements describes the entire length of the in-
strument. The finite element model of the instrument is shown in Fig. 2.1.

The location of each elemektis described relative to a fixed coordinate
system Ky) by a set of nodal coordinate&). It includes the Cartesian co-
ordinates of the element nodes and the rotation angles describing the angular
orientation of the base vectors rigidly attached at the nodes.

With respect to some reference configuration of the element, the instanta-
neous values of the nodal coordinates represent a fixed number of independent
deformation modes for the element. The deformation modes are specified by
a set of generalized deformation mode coordinq@s The vector of gener-
alized deformation mode coordinate® is expressed as analytical function
of the vector of element nodal coordinat€¥. These functions are known
as deformation functions. They are expressed as a vector furlbti§nas
follows [21, 63]

ek = DM (xW) (2.1)

or, in component form
e = pM(x®) (2.2)

wherei represents the deformation mode number. The number of deforma-
tion modes is equal to the number of nodal coordinates minus the number of
degrees of freedom of the element as a rigid body.

A detailed description of the planar beam element is given in Appendix A.
The kinematic and dynamic model is described in the following section with a
discussion on the practical limitations of the model.

Equations of Motion

Kinematic Analysis
The kinematic model was built up by assembling the finite elements. The
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elements are connected at the common nodal points. The vector of nodal coo
dinatesx, thus formed, defines the configuration of the instrument. The vector
X is, therefore, given by

X=[X1 Xo .. X' (2.3)

wherenxrepresents the total number of nodal coordinates.
The vector of deformation modesof all elements are then written as a
vector function of the nodal coordinates

el D1(X)
D= : (2.4)
€he Dne(X)
or,
e=D(X) (2.5)

wherene is the number of deformation mode coordinates. Kinematic con-
straints are introduced by imposing conditions on both nodal coordixates
and deformation mode coordinatgs

The configuration and the deformation state of the instrument is defined by
the independent generalized coordinajesT he vector of all the independent
generalized coordinategs, therefore, called the vector of degrees of freedom.
Itincludes the vector of independent generalized nodal coordiréfteand the
vector of independent deformation mode coordinat®s

x (M)
q= [ om) ] (2.6)
The motion of the instrument is described by the vectomhe solution is
expressed by the functions as

x = FXY(q) (2.7a)

e = F©)(q) (2.7b)
whereF® andF©® are called the geometric transfer functions. The geometric
transfer functions cannot be calculated explicitly from Eqn. (2.5). They have
to be numerically determined in an iterative way [21].

The velocity vectorx ande are obtained by differentiating Eqn. (2.7) with
respect to time

x = DFXq (2.8a)
e=DF®q (2.8b)
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where the diffeentiation operatob represents the partial differentiation with
respect to the vectay. Here,DF™® andDF® are known as the first-order
geometric transfer functions. Differentiating Egn. (2.8) again with respect to
time yields the acceleration vectotsindé

% = (D2FMg)g+ DFMg (2.9a)
&= (D2F®y)q+ DFEq (2.9b)

whereD2F ™ andD2F®) are the second-order geometric transfer functions.

Dynamic Analysis

In a dynamic analysis, the equation of motion is solved. The equations relate
forces and torques to positions, velocities, and accelerations. The inertia prop-
erties of the concentrated and distributed mass of the elements are described by
means of lumped and consistent mass matrices [20]. The global mass matrix
is obtained by assembling the lumped and consistent element mass matrices.
Stiffness properties are also defined for the flexible elements by means of stiff-
ness matrices relating stress resultants and deformations.

The equations of motion are derived using the principle of virtual power and
the principle of d’Alembert. By making use of the geometric transfer function
(Egn. (2.7)), the equations of motion are written as a set of second order ordi-
nary differential equations for the independent generalized coordipaids
detailed description and derivation of kinematic and dynamic analysis of ele-
ments are beyond the scope of this paper and the readers are referred to [20,63].

Numerical Integration Methods
The equations of motion are solved numerically using SPACAR. It has a com-
prehensive list of integrators, which includes various explicit, implicit, and
semi-implicit methods [41,53]. It has Shampine-Gordon based multistep predictor-
corrector method as the default integrator. This is an explicit method with a
variable time step. Explicit methods of Runge-Kutta type of different orders,
and of fixed and variable step size, are also available. A family of semi-implicit
methods, which belong to the class of Runge-Kutta-Rosenbrock methods, can
be also used.

We used the Shampine-Gordon based integrator for this problem. An initial
time step of 1.6 10~ s was chosen. An error tolerance of .00~ was used
for the solution. The error tolerance is used to control the step size in each step
of the integration process.
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Discussion

To describe the complex shape of the surgical instrument, multiple beam ele-
ments are connected. More beam elements are required to accurately model
the instrument behaviour inside a tube with a complex shape. The higher the
curvature of the tube, the smaller the length of beam element is required. That
also means more beam elements are required for the same length of the instru-
ment. A length ratio ¢/Rmin) can be defined, wheilg is the element length
andRnin is the minimum radius of curvature of the tube. As the instrument is
always confined within the tube, this also ensures limited deformation within
an individual element. This is also equal to the angle subtended by the element
at the centre of curvature. Moreover, more elements also mean high computa-
tional time required for the simulation. An element length, corresponding to
15 deg angle subtended, has been used for the study of rotation transmission
behaviour of a flexible drive-shaft [60]. This corresponds to the length ratio of
0.26. This is used as the basis for the selection of number of elements.

In the simulations, the curvature of the tube is reduced with respect to
real anatomical features. This leads to fewer number of elements required to
capture the typical characteristics without unduly increasing the computation
time. This paper focuses on characteristic behaviour of the instrument inside
a curved tube in translation. However, modelling is an iterative process and
depending on accuracy required, the model may have to be refined.

2.2.2 Model of an Access Channel of a Curved Endoscope

The access channel in the curved endoscope was modelled as a rigid curved
tube. The curved shape of the tube was defined by a centre line. The centre
line of the tube can be defined by a straight line, a circular ar&zds curve,

or a combination of these. Figure 2.2 illustrates a part of a curved tube defined
by a Bezier curve. The curve defines the centre line of the tube. The first
control pointP; and the last control poir4 define the end points of the curve.
Intermediate control pointB, and P3 influence the path of the curve. The
first two and the last two control points define lines which are tangent to the
beginning and the end of the curve [9]. Any poffu) = [x(u) y(u)] on a
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Py

Fig. 2.2: Cubic Bezier curve defined by four points
parametric cubic Bzier curve is given by

P(u) = (1 - u)®Py + 3u(1- u)?Py + 3UP(1 - u)P3 + UPy
P1
P2
P3
P4

=[(@-u? 3u@-u? 3R(1-u) (2.10)

where the parameter9u < 1 and the control point8y, P, P3, andP,4 define
a Bézier polygon. Equation (2.10) can be written in algebraic form as
P(u) = a1 + aU + agu?® + agu®
=[1 u & Plla a a a)
=[1 u & @|[A] (2.11)

whereg; is the vector-valued algebraic coefficients. From Eqgn. (2.10) and
Eqgn. (2.11) A can be written as

a1 Py
_ a _ —3P1 + 3P2
A= as h 3P1 - 6P2 + 3P3 (2'12)
au —P1+3P,—3P; + Py

A tangent vector at any point on the curve is given by the parametric deriva-
tive of the curve. The parametric derivative of a cubiezigr curve from
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Egn. (2.11)is
Puy=[0 1 2u 3¢|[A] (2.13)

Normal From a Point P4 to the Centre Line

When the beam is in contact with the inner wall of the tube, the interaction
force acts at the node. This requires calculation of the normal and tangent at
the contact point. The normal distance between a gajrand a curveP(u)

is the length of the line perpendicular to a tangent to the curve, as shown in
Fig. 2.3. The problem is to find the value ofwhich locatesP., the point

on the curve where a line from, is perpendicular to the tangent line. The
vector fromP, to the curve is (R— Po). The tangent vectd?; is given by the
parametric derivative of the curve at poRyg (Eqn. (2.13)). For this vector and

the tangent vector to be perpendicular

(Pc—Po)-P,=0 (2.14)
In terms of the algebraic coefficients descridadEqn. (2.11)), Eqn. (2.14)
can be expanded to give
Co + C1U + CoU? + C3U + cqu* + csu® = 0 (2.15)
where
Co=ai-az—Po-a
Cp=2a-az3+ap-a;—2P,- a3
=3y -ayu+3x-az3—3P;-a4
C3=4a -as+283- ag
Cs =58y
Cs = 3ay - a4
Equation (2.15) is solved fau between 0 and 1, yielding one or more real

roots. The point on the &ier curve, thus obtained by putting the value: af
Eqn. (2.10), locates the poiRt. The normal distancé,ormai, iS given by

dnormal = |Pc - Po| (2-16)

If the pointP, is in the vicinity of the curve in such a way thd{ormal is smaller

than the minimum radius of curvaturieyi, of the Bézier curve, there will be a
unique solution for the most of the cases, which can represent the anatomical
features. Nevertheless, the uniqueness of the solution is checked before the
simulation is carried out.
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Fig. 2.3: Normal distance between a poiRt,, and a Ezier curve. Orthogonal vectors are also
shown at the contact node.

Defining Normal and Tangential Directions at the Contact Node

There are two orthogonal vectors defined at the contact node (Fig. 2.3). The
unit vector along the norma is defined by

~ _ (Po—Pc)

= — 2.17
IPo — Pl @17)

The tangent at the base poiA¢ on the centre line of the curve defines the
second orthogonal unit vectés

Pc
IPel

&= (2.18)

2.2.3 Interaction of Beam with Inner Wall of Tube

The contact between the beam and the wall is defined at the nodes of the beam
elements. As the node approaches the wall, the node experiences an equivalent
normal force depending on the depth of penetration and the rate of penetration.
Wall stiffness and damping are defined normal to the surface. Friction at the
contact point is also defined. Therefore, depending on whether there is any
sliding motion at the contact point or not, the node can experience a friction
force in the tangential direction.

There are three contact regions defined depending on the position of the
node (Fig. 2.4) [60]:

e Region I: No contact

e Region II: Transition
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Tube

Centre line

Fig. 2.4: Three regions of contact
e Region llI: Full contact

Region | defines the zone when there is no contact at all. Region lIll is the
zone where the beam is in full contact with the inner wall of the tube and there
is a linear increase in the normal reaction force with a defined slope (equal
to the wall stiffness). Region Il defines the transition zone where the reaction
force starts increasing from zero as the beam comes in contact with the inner
surface of the tube. Th&! continuity, that is, the continuity of the force and
the tangent stiffness, is considered for the derivation of the fitting polynomial
in the transition zone.

Betweera andb the reaction force due to the wall stiffness increases accord-
ing to a second order polynomial (Fig. 2.5). Similarly, the reaction force due
to wall damping increases according to a third order polynomial in the transi-
tion zone. The damping force is zero in Region I. There is linear damping in
Region 1.

Therefore, the net normal reaction forEg, depending on the normal dis-
placementi, and the normal velocityy, is given by

0 if Xy <a
Frn={ —(k/2)(b—-a)é® — cy(3 -2V, ifa<x,<b (2.19)
—k(b—a)(¢—-1/2)- caVn if Xp>D

where¢ is dimensionless parameter definedéas (x, — a)/(b— a), k is the
wall stiffness, and,, is the wall damping coefficient. Herg, is the velocity
in the normal direction.

Friction Force

A static friction model, in which the friction force depends on the normal force
and the relative velocity only, is used for the calculation of friction forces. The
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Fig. 2.5: Modelling of contact between the beam and inner wall of the tube

friction model is based on the Coulomb model and has a continuous depen-
dence on the sliding velocity near the zero sliding velocity region

F = Fctanh(gw) (2.20b)

wherey is the coefficient of friction between the contacting surfaces. Higre,

is the normal reaction force acting at the node (Egn. (2.19)). Equation (2.20a)
gives the Coulomb friction. Equation (2.20b) is the continuous model, where
cy is the velocity coefficient which determines the width of the transition region
near zero sliding velocity;. Equation (2.20b) is used in the simulation as the
friction force converges quickly to the Coulomb friction for increasing sliding
speeds.

Figure 2.6 shows the comparison of the continuous model for different val-
ues of velocity coefficiert,. The plots are compared with the Coulomb fric-
tion model. The friction force is normalized against the maximum friction
forceuFn. The normalized friction force is plotted against the sliding velocity
Vi. The friction force rises continuously and quickly in the transition region
near the zero sliding velocity. The transition region is narrower for higher val-
ues of the velocity coefficient. The continuous friction model helps in terms
of computation time. However, if the transition region is too narrow, the com-
putation time again starts increasing considerably. Therefore, the paraeter
is optimized in such a way that the model converges quickly and the Coulomb
friction is still approached. We used a value ofs11@* (m/s)* for the velocity
coefficientc, in the simulations.
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Fig. 2.6: Comparison of continuous friction model based on Coulomb for various values of
velocity coefficientg,

Resultant Force Acting at The Node

A friction force always acts in the opposite direction of the motion on the
tangent plane at the point of contact.vifs the instantaneous velocity vector
of the node in contact, it can be written as

v= (v -&)8 + (v-&)& (2.21)
S———— S —
normal to the wall on tangent plane
The first component on the right hand side of Egn. (2.21) defines the velocity
component/,, which is acting normal to the wall. The other component de-
fines the motion on the tangent plane Therefore, the unit vector along the
direction of motion on the tangent plane is given by

o (V&R

(v - &2)&l

Figure 2.7 shows the normal and tangential directions at the point of contact
P

Therefore, the resultant force acting at the interacting node by the inner wall
of the tube is given by

(2.22)

Fot = Fnén + Ft& (2.23)

whereF, andF; are the normal and tangential forces given by Eqgn. (2.19) and
Eqn. (2.20) respectively. Herg, is the unit vector along the normal direction
and equal t@; (Eqgn. (2.17)) and the unit vector along the resultant motion
in the tangent direction (Eqn. (2.22)).
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Fig. 2.7: Normal and tangential directions defined at the point of contact

2.2.4 Discussion

The model of the instrument is defined using planar beam element. It is as-
sumed that the deformation in the individual elements are small. However, the
entire instrument can show large deformation. When the instrument interacts
with the wall of the access channel of the instrument, it is assumed that the
endoscope does not deform. Though the endoscope itself is very flexible in
bending, it may not deform because of the interaction with the instrument in
unloaded condition. It is also assumed that there is no interaction with the tis-
sues at the tip. Nevertheless, the magnitude of the resultant force can give an
indication whether the assumption is valid. The wall of the tube is defined by
wall stifftness and damping ratio. The damping allows better convergence and
non-oscillating behaviour.

2.3 Simulation

Simulation can provide insight into instrument behaviour during its insertion
and fine manipulation thereafter. We are interested in the following attributes
of the instrument:

e Force exerted on the instrument by the tube wall
¢ Maximum stress developed in the instrument
e Motion transmission at the tip

e Force transmission at the tip
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The first two quantities will afie the life time of the instrument. Higher forces
exerted on the instrument can lead to higher frictional wear. The maximum
stress level provides a guideline to the instrument designers. Motion and force
transmission characteristics are important for control purposes. Motion hys-
teresis can give rise to many control problems. Force transmission is important
when the instrument tip is interacting with the tissues.

Table 2.1: Mechanical properties

Mechanical Property  Unit Stainless steel Ke@laxylon
Density,p (1 kg/n) 7.8 1.44  1.04
Modulus of elasticityE (10° N/m?) 200 80 3

Table 2.2: Parameters for FEM calculations

Parameter Unit SS wire KevlaP wire Nylon wire
Diameter mm 0.50 0.50 0.50
Mass/length (10723 kg/m) 153 0.283 0.204
Rotational inertia/length (18! kg.m?/m) 2.39  0.442 0.319
Axial stiffness EA (10°N) 39.3 157 0.589
Bending rigidity,E| (108 N.m?) 614 245 9.20

The following parameters are chosen as variables for the simulation:
e Stiffness of the instrument
e Friction between the instrument and the tube
e Shape of the tube
e Clearance in the tube

We chose three different materials—stainless steel (SS), Redad nylon
wire—for the study. They can cover different stiffness ranges for the instru-
ment. The material properties are given in Tab. 2.1 [10,13]. The shape of the



2.3. Simulation 29

tube can be varied by choosing difat shapes for the centreline defining the
tube. Circular arcs of 90and Bezier curves are used for the simulation. Differ-
ent friction values (4= 0.2,0.5,and1.0) are used for the various simulations.
Clearance in the tube can have a large influence on the instrument behaviour.
However, the effect of clearance is not studied in this paper. The clearance can
be fixed for the most practical cases and it is minimal. The clearance in all the
simulations are fixed and exaggerated to provide more insight.

In SPACAR, the mechanical properties are defined with the following input
parameters:

e Mass per unit length
o Axial stiffnessEA
e Bending rigidity,E|l

We chose a wire of diameter 0.5 mm. Input parameters are calculated accord-
ingly for the different materials. They are shown in Tab. 2.2.

2.3.1 Simulation of Flexible Beam Insertion

Simulation of the insertion of the flexible instrument is carried out in SPACAR
as shown in Fig. 2.1. The instrument is constrained in rotation at the proximal
end and the input motion is applied at the node along the axial direction, i.e.
the x-axis. A constant linear velocity, 0.010/sy is applied at the proximal
end till the distal end, the node 1, is already out of the curved tube. A constant
acceleration, 0.010 m?sis applied in the beginning. Similarly, a constant
deceleration, 0.010 m7sis applied at the end, so that the initial and final ve-
locities are zero (Fig. 2.8). It remains at rest after the insertion. A 0.9 m length
of the instrument is inserted inside the curved tube. After the complete inser-
tion of the instrument, the distal end is already out of the tube. Here, the total
length of the instrument considered is 1.0 m. The number of elements used to
define the entire length of the instrument is 10.

The curved tube has circular cross-section. Two inner diameters are defined.
D, is the diameter when the transition zone starts, Ry the diameter when
the full contact begins. Herd), is 4.0 mm andDy is 5.0 mm. The wall
stiffnessk, used for the model is 1.0 103 N/m.

The shape of the tube is defined by an arc of 90 deg with straight sections
at both ends of the arc. The radius of the arc is 0.5 m. The arc defines the
centre line of the tube. The straight section in the beginning of the curved
tube provides a guide way to the instrument and ensures that the instrument
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Fig. 2.8: Input motion profile for the insertion

does not buckle under the influence of interacting forces in the beginning of
the insertion.

Figure 2.9 shows the plot of forces acting at the first two translational nodes
at the distal end when the instrument is inserted into the tube. Only the first
two translational nodes are considered for the sake of clarity, though similar
plots can be obtained for all the nodes. The friction is assumed to be zero.
A stainless steel wire of diameter 0.5 mm is considered for the instrument.
X1 and X2 are the nodal positions of the first two translational node4.
andF2 are the total interaction force acting at the respective nodes. It can be
observed that the end node is making contact with the outer wall of the tube
all the time, whereas the penultimate node is making contact with the inner
wall as expected. Figure 2.10 shows the magnitude of forces acting at the
first four distal nodes. The penultimate node experiences a larger force in the
beginning when the end node started making contact with the tube. As the
instrument advances further into the tube, the first two distal nodes experience
larger forces compared to other nodes.

Similarly, a tube can be also defined using @zEr curve. The control
points, which define the&ier curve, ar®,(0.0,0.0),P»(0.6,0.0),P3(0.0,-0.4),
andP4(0.6,-0.4). Figure 2.11 shows the plot of forces acting at the first two
distal nodes when the instrument is inserted into the tube. Straight sections are
defined at the entry and exit of the tube. The friction is assumed to be zero. A
stainless steel wire of diameter 0.5 mm is considered for the instrument. The
end node is experiencing a larger force as it goes through the first bend and
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Fig. 2.9: Time history of the forces exerted at nodes 1 and 2 while inserting in circular tube
(u = 0.0). F1 andF2 are the total interaction force acting at different time instances at the
nodes 1 and 2, respectively.
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Fig. 2.10: Time history of the forces exerted at first four distal nodes while inserting in circular
tube (u= 0.0)

then slowly decreases as the tube straightens. As the node advances further
into the second bend, it experiences larger forces again. It can be observed
that it is making contact with the concave surface, i.e. the outer wall of the
tube. The penultimate node makes contact with the inner wall of the tube and
the force acting at the node varies in a similar fashion. Figure 2.12 shows the
magnitude of forces acting at the first four distal nodes as it moves inside the
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Fig. 2.11: Time history of the forces exerted at nodes 1 and 2 while inserting iazéeBtube
(u = 0.0). F1 andF2 are the total interaction force acting at different time instances at the
nodes 1 and 2, respectively.
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Fig. 2.12: Time history of the forces exerted at first four distal nodes while inserting iezie
tube (u= 0.0)

tube. The magnitude of forces acting at the various nodes are higher at the
penultimate node. Node 1 is the distal end.

Number of Elements The total number of elements used to define the en-
tire length of the flexible instrument can have significant effect on the charac-
teristic behaviour of the instrument. The total force exerted on the instrument
while inserting in the tube can be compared with respect to the total number
of elements used. Figure 2.13 shows the plot of the total force exerted by the
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Fig. 2.13: Total force exerted on the instrument while inserting in a circular tube Q.5).
Total force is compared for different number of elements.

wall on the instrument as it advances through the circular tube. The coefficient
of friction between the inner wall of the tube and the instrument is 0.5. The
number of elements used are 6, 8, 10, 12, 16, and 20. The figure shows the
magnitude of the total force exerted on the instrument.

The plots for 6 and 8 elements show little deviation from the rest. The
plots corresponding to 10, 12, 16, and 20 elements show convergence. On
the other hand, the increased number of elements has a lot of overhead on the
computation time. Therefore, we used 10 elements for the flexible instrument
for various simulations. However, it is still subjected to the validation and the
model can be refined as needed.

2.3.2 Simulation of Fine Manipulation

A simulation of fine manipulation is carried out by firstly inserting the instru-
ment completely inside the tube and then manipulating the tip by applying a
small stroke input motion to the proximal end. The sine input motion is applied
as follows

X(t) = Asin(w?) (2.24a)
X(t) = wAcos(w) (2.24b)
X(t) = —w?Asin(wt) (2.24c)

whereA is the amplitude of motion, and = 2rf,. Here, the amplitude is cho-
sen asA = 10 mm and the frequency,, as 1 Hz. Herex(t), x(t), andx{t) are
the displacement, velocity, and acceleration applied at the input node, respec-
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Fig. 2.14: Motion hysteresis in case of circular tube=0.2)

tively. In the present work, we are only considering the unloaded condition.
There is no load applied at the instrument tip.

A stainless steel wire of diameter 0.5 mm is manipulated inside a circu-
lar tube. The coefficient of frictiony, is 0.2. Figure 2.14 shows the plot of
motion hysteresis. Displacement of the end node along the translation axis is
plotted against the input displacement. Figure 2.15 shows the comparison of
the translation velocity of the output and input node. The instantaneous ve-
locity of the end node along the translation axis is plotted against the input
velocity. Stick-slip bahaviour can be observed from the figure. This can lead
to sudden movements and it can be very difficult to precisely control the tip
motion.

Effect of Friction on Motion Hysteresis

In order to understand the influence of the friction parameter on motion hys-
teresis, a stainless steel wire 0.5 mm in diameter is manipulated inside the
Bézier tube for different coefficients of friction & 0.2,0.5,and1.0). The
displacement of the end node along the translation axis is plotted against the
input displacement for each case. Figure 2.16 shows the effect of friction on
motion hysteresis. Friction has a large influence on the motion hysteresis. The
backlash is larger and even unpredictable as the friction increases.
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Fig. 2.15: Comparison of translation velocity at input and output(0.2)
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Fig. 2.16: Effect of friction on motion hysteresis in a&Bier tube

Effect of Bending Rigidity on Motion Hysteresis

The bending rigidity of the instrument can have similar impact on the motion
hysteresis. We can get different bending rigidity for the instrument by choosing
different material properties. Therefore, we chose stainless steel, Reatat
nylon wires 0.5 mm in diameter. In this case, we fixed the value tf 0.5.

The same Bzier tube is used as a guiding tube. The dimensions of the tube
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Fig. 2.17: Effect of bending rigidity on motion hysteresis in &aer tube (1= 0.5)

and of the instrument are kept constant for all the cases. This allows same
clearance between the instrument and the tube. Again, the displacement of the
end node is compared with the input displacement for each case. Figure 2.17
shows the influence of the bending rigidity on motion hysteresis. All the three
plots show similar variation irrespective of different bending rigidities chosen
for the instrument. There is no significant difference observed in the three
plots.

2.4 Discussion

The simulation of the instrument insertion provides an insight on how the
forces get build up because of friction, limited stiffness of the instrument, and
the shape of the tube. At the same time it provides initial configuration for the
instrument for further small motion hysteresis simulation. The simulation re-
sult also shows the stick-slip behaviour because of the friction. This can have
very detrimental effect on control of the instrument. The sudden movement of
the tip is undesirable and may not be suitable for some surgical procedures.
Qualitative study of such phenomenon may not be sufficient and further inves-
tigation is necessary.

Motion hysteresis is observed in the simulation results. The coefficient of
friction has a large influence. Smaller friction values have very little effect on
the motion hysteresis. However, as the friction value is increasing, the mo-
tion hysteresis is getting worse (Fig. 2.16). For a higher value of friction, the
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friction force is higher for the same normal reaction force at the contalg.no
This results into a larger force in the axial direction, and causes compressive
load during insertion and tensile force during retraction. This can eventually
lead to a large motion hysteresis. In many cases, it may render the instrument
useless or it might be even dangerous to use.

The simulation results for the motion hysteresis do not show much depen-
dence on the stiffness values of the instrument for the same value of friction
coefficient (Fig. 2.17). This can be expected as the virtual backlash due to fric-
tion depends on the normal reaction force and stiffness [55]. In this case both
the friction force caused by the normal reaction force, and the driving stiffness
of the instrument are directly proportional to the Young's modulus. Therefore
the stiffness has no influence on the virtual backlash.

In this paper, only the unloaded case has been considered, i.e. there is no
load applied at the instrument tip, and the modelling assumptions may be valid
for this case only. The instrument tip interacting with the tissues can have
different dynamics and may need a 3-D approach.

The combined translational and rotational behaviour of the instrument re-
quires a 3-D modelling approach and will be presented in the future work. The
validation will be addressed separately.

2.5 Conclusion

A planar model of a flexible instrument inside a tube was set up. A static
friction based contact model was implemented. The motion hysteresis and
stick-slip behaviour were observed in the simulations. Friction has a large in-
fluence on the performance of the instrument. The motion hysteresis is large
for higher value of friction. However, it appears that the bending stiffness has
little influence on the motion hysteresis for the same value of friction coeffi-
cient.
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DESIGN OF AN EXPERIMENTAL SEFUP
TO STUDY THE BEHAVIOR OF A
FLEXIBLE SURGICAL INSTRUMENT
INSIDE AN ENDOSCOPE

The success of flexible instruments in surgery requires high motion and force
fidelity, and controllability of the tip. However, the friction and the limited
stiffness of such instruments limit the motion and force transmission of the in-
strument. In a previous study, we developed a flexible multibody model of a
surgical instrument inside an endoscope to study the effect of friction, bend-
ing and rotational stiffness of the instrument, and clearance on the motion
hysteresis and the force transmission. In this paper, we present the design and
evaluation of an experimental set-up for the validation of the flexible multibody
model and the characterization of the instruments. A modular design was con-
ceived based on three key functionalities: the actuation from the proximal end,
the displacement measurement of the distal end, and the measurement of the
interaction force. The exactly constrained actuation module achieves indepen-
dent translation and rotation of the proximal end. The axial displacement and
the rotation of the distal end are measured contactless via a specifically de-
signed air bearing guided cam through laser displacement sensors. The errors
in the static measurement are &b in translation and 0.15 degree in rotation.

Six 1-DOF load cell modules using flexures measure the interaction forces and
moments with an error of 0.8 % and 2.5 % respectively. The achieved spec-
ifications allow measurement of the characteristic behavior of the instrument
inside a curved rigid tube and the validation of the flexible multibody model.

J.P. Khatait, D.M. Brouwer, H.M.J.R. Soemers, R.G.K.M. Aarts, & J.L. Herder
(2013). Design of an experimental set-up to study the behavior of a flexible
surgical instrument inside an endoscopeurnal of Medical Devices7(3),
031004(Jul 03, 2013)(12 pages). [DOI: 10.1115/1.4024660]



40 Chapter 3. Design of an Experimental Set-up

Instrument

Endoscope

Fig. 3.1: Endoscope with surgical instrument [49]
3.1 Introduction

Surgical robotic systems have overcome many of the limitations of conven-
tional laparoscopic systems by increasing dexterity, restoring proper hand-eye
coordination and an ergonomic working position, and improving visualiza-
tion [6, 14, 32]. The surgical robotic systems often employ rigid instruments to
perform surgical procedures. However, the use of rigid instruments limits the
reach and accessibility to the diseased tissues or organs.

Furthermore, the flexible surgical instruments are increasingly incorporated
to perform therapeutic procedures during conventional flexible endoscopy. The
emergence of Natural Orifice Transluminal Endoscopic Surgery (NOTES) and
Single Incision Laparoscopic Surgery (SILS) procedures necessitates the use
of flexible endoscopy in performing more invasive procedures [7,57]. In such
interventions, a surgical instrument is fed through an access channel provided
in the endoscope or endoscopic platform. Figure 3.1 shows a typical flexible
endoscope with a surgical instrument used for colonoscopy [49]. The surgical
instrument has limited stiffness so that it can be easily inserted through the
endoscope. The motion and force are transmitted to the distal end of the in-
strument by actuating the proximal end. However, the friction and the limited
stiffness of the instrument limit the motion and force fidelity of the instrument.
Precise control of these instruments inside the body is critical for achieving
successful surgical outcomes.

Modeling and simulation technigues help in developing better insight into
the dynamic behavior of a flexible instrument inside an endoscope. This of-
fers an improved design of the instrument and the controller; and eventually
leads to improved motion and force fidelity of the instrument. In our previ-
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ous study [26, 28, 31], we described the flexible multibody model to study the

dynamic behavior of a flexible surgical instrument inside an endoscope. We
studied the effect of friction, bending and rotational stiffness of the instrument,

and clearance on motion hysteresis. The simulation results showed stick-slip
behavior and motion hysteresis. We designed an experimental set-up to vali-
date the model and simulation results.

The design and evaluation of the set-up is discussed in this paper. The de-
sign objective is introduced along with the design requirements and the spec-
ifications in Section 3.2. The details of the design of the experimental set-up
and its evaluation are described in Section 3.3 and Section 3.4 respectively.
Section 3.5 discusses the design evaluation. The conclusion is presented in
Section 3.6.

3.2 Design Objective

The design specifications were chosen with respect to a typical surgical scenario—
with a flexible instrument inside an endoscope—where the surgeon controls
the instrument from its proximal end. The endoscope provides a rigid support
to the instrument. The placement and the orientation of the instrument tip are
essential to perform the surgical procedure safely. The instrument tip can carry
different surgical tools to perform different procedures. The force delivered at
the tip is critical for the successful operation and the safety of the patient as
well. During the surgical procedure, the interaction forces will be applied on
the endoscope by the instrument and vice-versa. The friction between the in-
strument and the endoscope limits the motion and force delivery at the tip. At
the same time it also results into non-linear dynamic behavior like stick-slip
and motion hysteresis.

The design objectives of the set-up are, therefore, as follows:

1. To manipulate the instrument tip from the proximal end
2. To measure the motion of the instrument tip

3. To measure the force of interaction between the instrument and the en-
doscope

The set-up will be used for validation experiments. As the endoscope is
rather stiffas compared to the instrument and is also well supported inside
the body cavity by the adjacent organs, the endoscope is modeled as a curved
rigid tube. The experiments will also be performed using a curved rigid tube.



42 Chapter 3. Design of an Experimental Set-up

Moreover, the set-up should be able to accommodatereliffte€onfigurations
of the rigid tube. It can be further extended to include different kinds of loading
at the tip.

3.2.1 Design Requirements

The instrument is inserted manually inside the tube until the distal end is out of
the tube. The proximal and distal ends are attached to the respective modules
for the actuation and measurement respectively. The tube is rigidly fixed on a
platform which measures the force of interaction between the instrument and
the tube.

The instrument is manipulated both in translation and rotation to perform a
surgical procedure. The surgeon gets the visual feedback of the operation. The
required resolution [52,54] is of the order of 0.1 mm in translation and 1 degree
in rotation. The range of motion is20 mm in translation and 2 revolutions.

The maximum speed can be 20-50 mmy/s in translation and 5-10 rev/s in ro-
tation. However, the friction induced non-linear dynamic behavior is more
prominent at near zero speed. Therefore, the instrument should be able to
move at low speed, say, 0.2 mm/s. Both, rotation and translation, can be varied
independently so that we can get a combination of motion.

The force delivery at the tip can be of the order of 5-10 N with a resolution
of 0.01 N [47,62]. The force transmission at the tip is critical for tissue manip-
ulation and for performing surgical procedures like needle steering, suturing,
cutting, etc. Essentially, the tip should be able to deliver force and torque in
longitudinal direction.

The displacement measurement of the distal end of the instrument can pro-
vide vital information about the instrument characteristic behavior. The motion
hysteresis and stick-slip behavior can be quantified by measuring and compar-
ing the tip motion with the input motion. The range and resolution of motion at
the output are of the same order as of the actuation side. Moreover, during the
stick-slip motion, the instrument tip can be released suddenly, and therefore,
the required bandwidth for measuring the motion at the tip will be higher than
at the proximal end.

When the instrument is manipulated inside the tube, a force is exerted on the
instrument by the tube because of friction, the convoluted shape of the tube,
and the stiffness of the instrument. The measurement of this interaction force
is required in order to study the effect of various parameters on the force of
interaction. The range and resolution of the force measurement can be of the
order of the force required at the tip for various surgical procedures.
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Fig. 3.2: Schematic drawing of the experimental set-up

Apart from these technical requirements, the set-up should be able to cater to
other requirements as well. Tubes of different shapes and sizes should be easily
mounted. The set-up should be robust and safety features should be included
to safeguard the sensors and other critical components. The displacement mea-
surement of the tip of the instrument with contact sensors and components can
alter the behavior of the instrument. Therefore, contactless measurement is
preferred for the displacement measurement at the tip.

3.2.2 Design Specifications

A modular design was sought for the set-up as this would enable easy recon-
figuration for future experiments. The experimental set-up, therefore, consists
of three basic modules (Fig. 3.2):

1. Actuation module (AM)
2. Force sensing module (FSM)
3. Tip motion measurement module (T3M)

The AM provides necessary actuation along each degree-of-freedom (DOF)
required at the proximal end of the instrumen¢. translation and rotation
along the longitudinal axis of the instrument. The AM can be aligned along
the entry of the tube and the proximal end of the instrument can be attached to
the AM for the actuation.

The FSM enables measurement of forces and torques arising from the inter-
action of the instrument with the guide tube. A guide tube of different geomet-
ric configurations can be rigidly attached on the top plate of the FSM. Load
cells can be embedded to measure the forces and torques in all the directions.

The T3M measures the translation and rotation of the distal end of the in-
strument along the longitudinal axis. The T3M can be aligned along the exit of
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the guide tube and the distal end of the instrument can be attached to the T3M
for the displacement measurement.

Based on the design requirements, the design specifications of the three
modules—AM, FSM, and T3M—are summarized in Tab. 3.1. The resolu-
tion of motion required for the set-up is better than what is required by the
surgeon or the surgical procedure as the set-up is intended for the characteriza-
tion and the model validation of the instrument. The achieved specifications,
which will be discussed later in Section 3.4, are also summarized in the table
for comparison.

3.3 Design of the Experimental Set-up

The conceptual design and the design embodiment of the AM, the FSM, and
the T3M are described in detail in the following sections. The experimen-
tal set-up also includes the real-time measurement system. The software and
hardware are also discussed.

3.3.1 Design of the AM

The AM consists of actuation in 2-DOFs—translation and rotation along the

longitudinal axis of the instrument. We wanted to have independent actuation
for both DOFs, therefore, we chose a stacked configuration. Translation is
achieved through a ball screw. A preloaded ball screw nut is used to avoid
backlash. However, this adds to additional friction in the drive. The motor

encoder is used to measure the translation of the AM.

The rotation axis is mounted on a linear slide guide. The assembly of the
ball screw and the slide guide requires alignment of the two axes. If rigidly
connected, any misalignment causes increase in the frictional force and de-
teriorates the repeatability of the set-up. For long stroke motion, the mis-
alignment can even lead to jamming of the stage. Following the principles
of exactly constrained design using flexures [55], a coupling is designed to
connect the ball screw nut to the slide guide. An exactly constrained design
leads to smaller internal forces due to misalignment; and, therefore, it relaxes
the alignment requirements—reducing the total effort and cost—during the as-
sembly [5, 54, 55].
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Table 3.1: Specifications of the set-up

Specifications

Description Design \Achieved
AM Translation
Range 50 mm 50 mm
Resolution 0.01 mm 0.1um*
Speed 0-10 mm/s 0-30 mmy/s¥
Error 0.1 mm 0.2 mmi
Rotation
Range + 5revolutions |unlimited
Resolution 0.01 degree 0.005 degree*
Speed 0-5rev/s 0-4 rev/st
Error 0.1 degree 1.0 degreet
T3M  |Translation
Range 50 mm 50 mm
Resolution 0.01 mm 0.015 mm
Speed 0-10 mm/s 0-30 mm/s
Error 0.1 mm 0.01 mm
Rotation
Range + 5revolutions |unlimited
Resolution 0.01 degree 0.15 degreeit
Speed 0-5rev/s 0-4 rev/s
Error 0.1 degree 1.0 degree
FSM [Forces in xyz-direction
Range +50 N +50 N
Resolution 0.010 N 0.009 N1t
Error 1.0% 0.8%
Torque in xyz-direction
Range + 0.2 Nm + 8.0 Nm
Resolution 0.002 Nm 0.0015 Nmf
Error 1.0% 2.5%

*Based on encoder resolutiofifBased on motor speediDue to gear backlash;
ttFor cut-offfrequency of 45 Hz.

Design of the exactly constrained coupling

The coupling has to be stiifi the translation and the rotation direction along
the translation axis. The ball screw nut should be constrained in rotation so
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Bellow flexure

Attached to the slide guide

Fig. 3.3: Conceptual design of the coupling for the ball screw and slide guide using a folded
sheet flexure and a bellow flexure. The diifiections are shown with the dashed arrows. The
compliant directions are shown with the solid arrows.

that the rotary motion of the ball screw gets converted into the linear motion
of the nut. The linear displacement of the mus related to the rotation of the

ball screwn through the pitch of the ball screwas k = pn). A constraint

in translation along the same axis transfers the linear motion of the nut to the
slide guide. The coupling is compliant in the other 4-DOFs.

An exactly constrained coupling is designed using a bellow flexure and a
folded sheet flexure. Figure 3.3 shows the conceptual design of the coupling.
A folded sheet flexure [2, 5, 55] constrains the two ends, parallel to the axis
of the fold, only along the axis of fold. All the other 5-DOFs are compliant.
Therefore, it can transfer the linear motion from one side to another accurately.
Any misalignment can be easily accommodated by the flexure. Likewise, a
bellow flexure can constrain the two sides in rotation along the axis of bellow.
It is compliant in the other 5-DOFs. The two flexures should be connected in
parallel to provide constraints in exactly the 2-DOFs as shown in Fig. 3.3.

The stiffness of the folded sheet flexure along the folding line for equally
long sides (with length) is given by [55]

B 6 1)\
whereA is the cross-section arelais the area moment of inertig, is Young's
modulus of elasticity, an@ is the Shear modulus of the folded sheet flexure.

k =
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Table 3.2: Specifications of the flexure coupling

Description Specifications
Folded sheet flexure
Stiffness 1.66 x 10°P N/m
Allowable offst 2mm

Bellow flexure
Torsional stiffess  [{220 Nm/ad
Allowable offet 0.15 mm
Allowable inclination 2 degree

The stiffress value should be such that the friction force in the translation di-
rection should not affect the positional accuracy significantly. Table 3.2 shows
the specifications of the folded sheet flexure. Similarly, the bellow flexure
is selected for high rotational stiffness. The rotational stiffness of the bellow
flexure should be able to provide the reaction torque arising due to the friction
between the ball screw and the nut without affecting the accuracy significantly.
The specifications are shown in Tab. 3.2.

The flexure coupling should tolerate misalignment because of the inclination
and offset distance between the ball screw and the slide guide. The maximum
misalignment can be tolerated by the flexure coupling as the DOFs in those
directions are released and the coupling is compliant in those directions. The
allowable offset and inclination for the bellow flexure looks rather small as it is
designed for a longer fatigue life [45]. This is very conservative value for the
intended application as it is for non-fatigue use. An offset of about 10 times
the specified value can be easily achieved.

Design embodiment of the AM

A precision ball screw and slide guide were selected [45]. We chose two DC

motors for actuating both DOFs [38]. The folded sheet flexure was made out of
stainless steel sheet of thickness 0.3 mm, width 20 mm and length 30 mm for
each side. The bellow flexure was selected and purchased oft-the-shelf [45].
Figure 3.4 shows the conceptual design of the AM. The AM included a gear

box for the actuation in each DOF. The gear box helped in achieving the lower

speed. It also reduced the motor torque required to move the AM initially.
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Motor for translation

Flexure coupling

Ball screw nut
Slide guide

Fig. 3.4: Conceptual design of the AM. The translation and rotation axis is connected via a
flexure coupling. The two actuated DOFs are shown by the arrows.

3.3.2 Design of the FSM

The FSM was designed to measure forces arising from the interaction between
the instrument and the guide tube. The force measurement along six DOFs
are required to measure all the possible components of the resultant force.
A combination of 1-DOF load cells and-DOFs load cells can be used in
various configuration to get a total 6-DOFs force measurement. We chose six
1-DOF load cells and used the exactly constrained design principles [5, 54, 55]
to design the FSM.

The size of the FSM was chosen so that a curved tube, of the order of hu-
man anatomical features, can be accommodated and can be configured easily.
Moreover, for the model validation purpose, the curvature of the tube can be
relaxed and, therefore, a curved tube of larger dimensions should be also ac-
commodated and can be attached.

Exactly constrained configuration of the FSM

The conceptual design of an exactly constrained configuration of the FSM us-
ing six wire flexures is shown in Fig. 3.5. A wire flexure constrains only one
DOF, i.e. along the longitudinal direction. It is compliant in the other five
DOFs. Three wire flexures were placed underneath the floating platform along
z-axis, constraining three DOFs—translation alaraxis, and two rotations
along x- andy-axis. Two wire flexures were placed alorgxis, constrain-

ing the other two DOFs—translation alomgaxis and rotation along-axis.

One wire flexure was placed aloygaxis, constraining the translation along
y-axis. Consequently, the floating top platform was fully constrained by the



3.3. Design of the Experimental Set-up 49

Fig. 3.5: Conceptual design of an exactly constrained configuration of the FSM using six wire
flexures

six wire flexures.
The force vectoFy, acting at the center of the top plate of the FSM, can be
transformed into another force vectéey as

FX = AFn
or,
[ Fx 0O 0 0 -1 -1 O]fFs]
Fy 0O 0 O 0 0 -1} F
Fz1 {1 1 1 0 0 O}|Fs
Myl | O b -b 0 O O0}|Fa (3.2)
My -a a a 0 0 O0f|Fs
M, 0 0 O b -b O0]]Fe

whereFy includes the three force components and three torque components
acting at the origirD alongxyz-directionsF, includes the forces acting along
the six wire flexures.F, is the force component acting along th® wire
flexure. The dimensions,andb, are defined in Fig. 3.5.

If the stiffness along the compliant direction (also called parasitic stiffness)
is negligible as compared to the stiffness in the diiction, the force com-
ponentF, will act only on the load cell attached to th& wire flexure.

Design of a 1-DOF load cell module

Six 1-DOF load cell modules were designed using a wire flexure and a 1-DOF
load cell for each module. One end of the wire flexure is attached to the top
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Fig. 3.6: Conceptual design of a 1-DOF load cell module consisting of a wire flexure, a 1-DOF
load cell, and a preloading mechanism for overload protection.

plate of the FSM and the other end is attached with the load cell. The load cell
is further attached to the base plate through an attachment for overload protec-
tion. Figure 3.6 shows the conceptual design of the module. Any force acting
along the longitudinal axis of the wire flexure—tension or compression—can
be measured by the attached load cell.

A safeguard was designed in order to prevent overload and buckling failure
of the wire flexure. The excessive compressive load can lead to the buckling
of the wire flexure. An excess load beyond the load cell measurement range
can also damage the load cell. Therefore, a safety feature was implemented to
limit the magnitude of compressive load. The attachment collapses when the
load exceeds a predetermined value. A helical spring was used to preload the
attachment. The preloading can be further adjusted by an adjustment screw.
If the magnitude of the compressive load acting on the wire flexure is smaller
than the preloading, the reaction force is provided by the preloading. However,
if the magnitude of the compressive load increases the preloading, the reaction
force is provided by the spring; and the spring collapses under the load. There
was a small clearance provided between the top plate and the tube. The top
plate comes in contact with the tube if the attachment collapses under excessive
compressive load and protects the set-up from further damage.
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Dimensioning of the wire flexure

The wire flexure can be loaded axially both in tension and compression. The
compressive load on the wire flexure can lead to buckling and limits the load
capacity of the load cell. Therefore, the flexure should be able to support the
maximum compressive load which can be measured by the attached load cell
without buckling. The critical loaé¢c, for an undeflected wire flexure is given
by

47°El P Ed*
Fer=—T =172

I 16 |

whered and| are the diameter and the length of the wire flexure respectively.

On the other hand, the wire flexure should be able to accommodate the error
because of the misalignment during assembly and the manufacturing toler-
ances of the components. The maximum allowed deflection in the lateral di-
rection should also include the maximum deformation possible when the other
load cell module collapses because of the overload. This prevents the wire
flexures from getting damaged even if the FSM is overloaded and collapsed
under the load. Ihis the maximum allowable deflection in lateral direction,
the maximum stress due to bending will be

(3.3)

3Edh
Tmax =~z (3.4)

The longitudinal stiffnesk, and the lateral stiffnedg of the wire flexure are
given by

EA 7 Ed?

ka= =727 (3.5)
12EI 3r Ed?

o= TE T (3.6)

From Eqgn. (3.5) and Eqn. (3.6), we find that the stiffness kaiky, o (I/d)?.

The wire flexure was designed for the maximum deflection of 1.5 mm in com-
pliant direction (i.ein bending) and the maximum compressive load of 100 N
without buckling. A value greater than 1000 was chosen for the stiffness ratio
ka/ko. A higher value for the stiffness ratio ensures reduced parasitic error.
Stainless steel wire of diameter 1.0 mm and length 30 mm was chosen for the
wire flexure.
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Instrument

Base fixed plate

1-DOF load cell module

Fig. 3.7: Conceptual design of the FSM with six 1-DOF load cell modules. The six load cell
modules are attached to the base fixed plate. The top floating plate will be attached to the ends
of six wire flexures.

Design embodiment of the FSM

Six precision miniature load cells were selected based on the measurement
range and the resolution. The load cell measures forces up to 100 N in both
tension and compression with an accuracy of 0.15 % full scale, and with infi-
nite resolution [17]. Firstly, the six 1-DOF load cell modules were assembled
as shown in Fig. 3.6. All the load cell modules were mounted on the base plate.
The top plate was aligned through three fixtures, and finally clamped to the six
wire flexures. Figure 3.7 shows the design embodiment of the FSM.

3.3.3 Design of the T3M

The T3M was designed to measure the motion of the tip both in rotation and
translation along the longitudinal axis of the instrument at the exit of the curved
rigid tube. A contact with the displacement measurement modules can affect
the behavior of the instrument. As we want to study the effect of friction
between the instrument and the tube, it may be very difficult to account for the
output behavior. Therefore, contactless measurement is preferred. Moreover,
since we are interested in displacement measurements in only two D@Fs,
the rotation and translation along the instrument axis, the displacements in
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other four DOFs are constrained by an air bearing.

Laser displacement sensor (LDS) was chosen for the displacement mea-
surement. The LDS uses optical triangulation as measuring principle. A laser
diode projects a visible spot of light onto the target surface. The image of the
spot is captured on a high resolution CCD- or CMOS-element. The position of
the target is measured by the change in the position of the reflected light on the
receiver [44]. Two LDSs were used for measurement in both DOFs. A cam
was designed to facilitate measurement in both DOFs simultaneously.

Design of a cam

A cam is designed with two lobes as shown in Fig. 3.8. The radial displacement
r of a point on the cam is linearly dependent on the angular displacehasnt

r=ro+ (rl ; rO)m00|(9, m) 3.7)

whererg andr are the radius of the base circle and outer circle enclosing the
cam; and mod(6, r) gives the modulus after dividéhgvith 7. Two identical

lobes of 180 degree were designed. Therefore, after every half rotation of
the cam, the plot of the radial displacement versus the angular displacement
repeats, as shown in the figure. As the distance between the cam axis and
the LDS, ¢y, is fixed, the displacemerst measured by the LDS is directly
proportional to the angular displacement of the cam, and is given by

ri—ro

s=(Co - o) -( )mod(e, 7). (3.8)

The CAD drawing of the designed cam is shown in Fig. 3.9. The plane
surface is used to measure the displacement due to translation. The curved
surface is used to measure the displacement due to rotation. An undercut is
provided to ensure that the laser spot always falls on the curved surface when
the cam is rotating.

Design embodiment of the T3M

The conceptual design of the T3M is shown in Fig. 3.10. The measurement
range of the LDS for translation measurement is 50 mm with a resolution of
25um at 1.5 kHz [44]. The measurement range of LDS for rotation measure-
ment is 20 mm with a resolution of 0m at 1.5 kHz. The cam was attached

to the tip of the instrument through a guide shaft which was supported on an
air bearing. The designed cam profile was obtained through wire EDM.
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LDS

Fig. 3.8: Conceptual design of the cam. The angular displacement of the cam can be measured
from the displacement measurement of the LDS.

Fig. 3.9: CAD drawing of the cam

3.3.4 Real-time Measurement System

The experimental set-up also includes the hardware and software required for
real-time measurements and data logging. The measurement system was used
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LDS2 for rotation

Guide shaft

Air bearing

Fig. 3.10: Conceptual design of the T3M

to evaluate the set-up, and will be used later to characterize the behavior of the
flexible instrument and to control the instrument tip motion and force.

An xPC target computer was used together with a host computer running
Matlab [36]. An xPC target application was created from a Simulink model
and downloaded to the target computer from the host computer via a LAN
(ethernet) connection.

A multi-function 1/O card was selected for data acquisition (DAQ) and con-
trol application. The DAQ card had an 8-channel fast 14-bit A/D converter
with simultaneous sample/hold circuit, 8 independent 14-bit D/A converters,
8-bit digital input port and 8-bit digital output port, 4 quadrature encoder inputs
with single-ended or differential interface and 5 timers/counters [18].

The outputs from the six load-cells were first connected to the amplifiers
and then the amplified outputs were connected to the six A/D channels. The
other two A/D channels were connected to the two LDS. The two D/A chan-
nels were connected to the two DC motor controllers. The two encoders of the
DC motors were connected to the two quadrature encoder inputs. Two optical
switches were used to limit the stroke of the AM translation, which were con-
nected to the digital input port. One of the switches was used for the homing
of the AM translation.

3.3.5 Discussion

Figure 3.11 shows the assembly of the experimental set-up, indicating the three
modules together with the key components. The curved rigid tube was fixed
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6DOFsFSM 2-DOFs T3M

Fig. 3.11: Experimental set-up

on the top platform of the FSM. The flexible instrument was inserted through
the tube and the two ends of the instrument were attached to the AM and the
T3M for the actuation and measurement of the two DOFs respectively. The
AM and the T3M were aligned to the entry and exit of the tube.

3.4 Design Evaluation

Table 3.1 shows the design specifications of the three modules—AM, FSM
and T3M. The designed set-up has to be evaluated for the given specifications.
First, the AM and the T3M were connected directly through a coupling for a
combined evaluation as shown in Fig. 3.12. Next, the FSM was evaluated and
characterized separately.

3.4.1 Evaluation of the AM and the T3M
We wanted to evaluate the following parameters of the AM and the T3M:
1. Translation of the AM

(a) Resolution
(b) Error due to gear backlash

2. Rotation of the AM

(a) Resolution
(b) Error due to gear backlash
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Fig. 3.12: The AM and the T3M were connected directly for the design evaluation

3. Translation measurement of the T3M

(a) Resolution
(b) Sensitivity of the LDS1
(c) Error due to the non-linearity of the LDS1

4. Rotation measurement of the T3M

(a) Resolution
(b) Sensitivity of the LDS2
(c) Error due to the non-linearity of the LDS2

The measurement of these parameters were performed through several experi-
ments which are explained in the following sections.

Resolution of the AM

The translation axis of the AM has an encodeiNgf= 1000 pulses per rev-
olution and the DAQ acquires the signal through a quadrature encoder input.
Including the pitch of the ball screw and the gear ratiog, the resolution
based on the encoder resolution is, therefore, given by:

p

A = —"
Xres 4ang

(3.9)

For p = 2 mm per revolution, andy = 4.38, the resolution, thus calculated, is
0.1um.
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The rotation axis of the AM has also the encoder of 1000 pulses per revo-
lution and the DAQ acquires the signal through the quadrature encoder input.
The gear ratio is 19.22. Therefore, the resolution based on the encoder resolu-
tion is 0.005 degree.

However, the actual resolution is always marred by the friction in the system.
The resolution of the AM in translation and rotation, mentioned in Tab. 3.1,
will be sufficient for the characterization of the flexible instrument and the
validation experiments.

Resolution of the T3M

The resolutions of the T3M for the translation and rotation measurement were
obtained from static measurements of the LDS1 and LDS2. The static mea-
surements give an indication of the level of sensor noise and the effect of se-
lected bandwidth on the resolution. A sample rate of 1 kHz was used for the
measurement. Figure 3.13 shows the static error measurement of the LDS1
and LDS2 when the cam was in the measurement range of both the sensors.
A rather noisy signal was observed in both the cases. The power spectral den-
sity of the data showed high power in the frequency range, 100-150 Hz. In
order to reduce the sensor noise"a@der low-pass digital Butterworth filter

was designed with cut-offequency of 45 Hz. The data were filtered off-line,
forward and backward in time to achieve zero-phase digital filtering [35]. The
static error was calculated by subtracting the mean value from the filtered data.
The plots of the static error after filtering were also included in Fig. 3.13 for
both sensors. We observed that the sensor noise was reduced considerably
after filtering.

Static measurements were taken for the different positions in the measure-
ment range to see if the error is same over the measurement range. Three dif-
ferent positions along the translation axis were considered—start, middle, and
end of the measurement range. Output voltage from the LDS was measured,
and the RMS value of the error was calculated from the standard deviation. The
RMS values were calculated for both unfiltered and filtered data for both the
LDS1 and LDS2. For LDS2 also, the static measurements were taken at three
different positions in the measurement range. The sensitivity of each LDS was
calculated from the change in the output voltage corresponding to the change
in the input displacement (explained later in Section 3.4.1 and Section 3.4.1).
After dividing with the sensitivity of the LDS , we obtained the error in the
displacement measurement. Table 3.3 shows the result of the static error mea-
surement taken from both the sensors. The error was reduced approximately
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Fig. 3.13: Static error measurement of the LDS1 and LDS2

Table 3.3: Static error measurement of the LDS

Unfiltered Filtered

LDS1 |RMS valueError |RMS valugError
Start |8 mV 0.10mMmO0.9mV |11lum
Middle|11 mV 0.14mm1.2mV |15um
End [11.5mV |0.14mml.1mV |14um
LDS2
Start {10.6 mV |1.0deg |1.4mV |0.13 deg
Middle|10.4 mV |0.9deg [1.2mV |0.11deg
End [10.5mV |1.0deg (1.4mV |0.13deg

9 times after the filtering. The errors in the translation and rotation measure-
ment are about 1;xm and 0.15 degree respectively. Therefore, the resolution
will be also of the same order. However, the resolution can be better or worse
depending on the bandwidth chosen. For our application, a citegfiency

of 45 Hz will be sufficient to capture the characteristic behavior of the flexible
instrument.

Sensitivity measurement of the LDS1

For the sensitivity measurement of the LDS1, the output voltage from the
LDS1 was obtained for the input displacement of the AM translation. The
input displacement was obtained from the encoder reading. Figure 3.14 shows
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Fig. 3.14: Output voltage from the LDS1 for the translation measurement of the cam

the plot of the output voltage from the LDS1 for the translation measurement.
A linear fit was applied to the data. The slope of the linear fit gives the sensi-
tivity value which was 0.0803 V/mm.

The residual is calculated by subtracting the fitted data from the measure-
ment data. The residual plot is also shown in Fig. 3.14. The error was cal-
culated from the RMS value of the residuals. The RMS value of 11 mV
was obtained which was of the same order as of the sensor noise. The data
were filtered off-line using the zero-phase digital filtering as explained in Sec-
tion 3.4.1. The plot of the residuals of the filtered data from the linear fit was
also shown in the figure. The error, thus obtained, was 1.3 mV. The error was
reduced more than 8 times after the filtering. The error in the translation mea-
surement due to the non-linearity of the sensor, obtained by dividing with the
sensitivity of the LDS1, was 16m.

Sensitivity measurement of the LDS2

Similarly, for the sensitivity measurement of the LDS2, the output voltage
from the sensor was obtained for the input displacement of the AM rotation.
Figure 3.15 shows the plot of voltage output from the LDS2 for the rotation
measurement. A linear fit was obtained for every 180 degree rotation of the
cam, assuming the two lobes of the cam were identical. The sensitivity of the
LDS2, thus obtained from the slope of the plot, was 0.0111 V/deg.

Figure 3.16 shows the residual plot of the LDS2 measurement from the lin-
ear fit. The data were filtered off-line by applying the zero-phase digital filter-
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Fig. 3.15: Output voltage from the LDS2 for continuous rotation of the cam
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Fig. 3.16: Residual plot of the LDS measurement for rotation after a linear fit

ing as explained in Section 3.4.1 at a cutfogfjuency of 5 Hz to get the shape

of the cam profile. The data were filtered for a cutfogfjuency of 45 Hz also

for the error measurement. The figure also shows the plots of the residuals
of the filtered data from the linear fit. The RMS value of the residuals gives
the error because of the non-linearity of the cam. The RMS value of the error,
thus obtained, was 9.2 mV. The corresponding error in angle measurement was
0.84 degree. The linearity of the cam is, therefore, 0.5 %. However, the error
in the measurement can be further improved by using the look-up table for the
cam.

Figure 3.17 shows the residual plots of the unfiltered and filtered data (at
45 Hz) from the filtered data (at 5 Hz) corresponding to the cam profile. These
residual plots provide the error if the cam profile is taken into consideration.
The RMS values for the unfiltered and filtered data were 10.6 mV and 2.3 mV
respectively, and the corresponding errors in the angular measurement are 0.96
degree and 0.21 degree respectively.
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Fig. 3.17: Residual plot of the LDS measurement for rotation after subtracting the filtered data
corresponding to the cam profile
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Fig. 3.18: Output displacement measured by the LDS1 compared with the input displacement
measured from the encoder, showing gear backlash in translation

Backlash measurement in the AM translation

For the backlash measurement in the translation axis of the AM, the displace-
ment measurement of the LDS1 was compared with the encoder reading corre-
sponding to the translation, while the AM was moving in both directions along
the translation axis. The input motion was given by rotating the coupling which
connects the gear shaft to the ball screw. As the coupling was rotated, the ball
screw was already moving, but the motor encoder was not moving because
of the clearance in the gear box. Figure 3.18 shows the plot of the unfiltered
and filtered data. The data were filtered using the the zero-phase digital filter-
ing as explained in Section 3.4.1. A backlash of 0.2 mm was observed in the
translation axis.
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Fig. 3.19: Output displacement measured by the LDS2 compared with the input displacement
measured from the encoder, showing gear backlash in rotation

Backlash measurement in the AM rotation

Similarly, for the backlash measurement in the rotation axis of the AM, the cam
was rotated in both directions by rotating the coupling which connects the gear
shaft with the T3M (as shown in Fig. 3.12). The displacement measurement of
the LDS2 was compared with the encoder measurement along the rotation axis.
Figure 3.19 shows the plot of the unfiltered and filtered data. The data were
filtered using the the zero-phase digital filtering as explained in Section 3.4.1.
The backlash of 1.0 degree was observed due to the clearance in the gear box.

3.4.2 Evaluation of the FSM

The FSM was designed to measure external forces and moments acting on the
top floating plate. The designed module was calibrated by applying forces at
known locations. If an external force and momeEgy; is applied at poinP on

the floating platform, the load cells attached to the base of six wire flexures will
get loaded. Figure 3.20 illustrates the loading configuration. The equivalent
force Fy acting at the origirD can be expressed as:

I:x = Bl:ext
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Fig. 3.20: Loading configuration showing external load applied on the top floating plate of the
FSM at point PF¢y; includes the external forces and moments.

or,
[ Fx 1 0 0 0 0 Ol Fx
F. | | O 0 1 0 0 Of] Fz
M, | -y x 0 0 0 1] My

where(x, Y, z) are the coordinates of the poiRtwith respect to the origink,
Fy, andF; are the forces, anM,, My, andM, are the moments acting at
point P alongxyz-directions respectively.

Fx can be further transformed into a force vedtgr consisting of six force
components along the wire flexures, as expressed in Eqn. 3.2.

If S is the sensitivity matrix of the load cells of the FSM, the voltage output
of the load cells/,, is related to the force vectéi, as:

Vn = SFn
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or,
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wheres;j is the sensitivity of theé'" load cell because of thg" component of
the forceF,. If the wire flexures have only longitudinal stifthdgsand neg-
ligible lateral stiffnessy,, the force componerf, will directly act on then"
load cell. Therefore, for larger ratio of stiffnessggky,, the sensitivity matrix
S will be a diagonal matrix, and the diagonal terms will be the individual sen-
sitivities of the load cells. However, because of the non-zero lateral stiffness
(also called the parasitic stiffness) of the wire flexures, there will be resultant
forces acting on the other load cells arising from the force acting along one of
the load cells. This results into non-zero off-diagonal terms. The inaccuracies
in the fabrication of the mechanical components and their assembly will also
contribute to non-zero off-diagonal terms.

The evaluation of the FSM requires calculation of the following parameters:

1. Resolution of the load cells
2. Sensitivity of the load cells and the FSM
3. Error measurement of the FSM

The measurement of these parameters were performed through several experi-
ments which are explained in the following sections.

Resolution of the load cells

Static measurements were taken from the load cells to obtain the sensor noise
and the resolution. The output voltage from the six load cells was measured
without an external load applied on the FSM. The loading on the load cells
was from the weight of the top floating platform and the load due to the initial
deflections along the compliant directions of the wire flexures.

Table 3.4 shows the static error measurement of the load cells. The RMS
value of the error was calculated for each load cell for both unfiltered and fil-
tered data. The filtered data were obtained by the zero-phase digital filtering as
explained in Section 3.4.1 for a cut-éféquency of 45 Hz. The corresponding
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Table 3.4: Static measurement of the load cells

Load cells 112|345/ 6
Unfiltered RMS value (mV) 3.3(2.9|3.1{2.9| 28| 2.9
Error (mN) 15.3/13.4/14.313.7/13.7|13.7
Filtered (at 45 HZ)RMS value (mV) 1.9/ 0.9/ 1.0| 1.2/ 0.9/ 0.8
Error (mN) 88(4.2|46/59|43|3.8

error in force measurement was obtained by dividing with the individuaisen
tivity of the load cell which will be explained later in Section 3.4.2. The error
in force measurement, thus calculated, was of the order of 9 mN after filtering.
Therefore, the resolution of the load cells is 9 mN at 45 Hz.

Sensitivity of the load cells and the FSM

For the sensitivity measurement of the load cells and the FSM, the output volt-
age of the load cells were measured by applying different loads at various loca-
tions along different directions. For a set of N measurements using Eqn. 3.11,
the output voltage and the force components along the load cells for different
external loads applied can be written as:

[Vn,l Vn,2 T Vn,N] =S [Fn,l I:n,2 T I:n,N]

or,
[Van] = S[Fnn] (3.12)

whereV, ; andF, j are the output voltage from the load célls and the force
component$, for thejth measurement, is calculated for each external load
appliedFey:. Using Eqgn. 3.2 and Egn. 3.10, we have

Fn = A 1BFey: (3.13)

The individual sensitivities of the load cel® were obtained directly by
plotting the output voltag¥iy with respect to the loaB;y acting along thé
load cell. Figure 3.21 shows the plot of the output voltage of the load cells.
The sensitivities of the individual load cells were obtained from the slopes of
the linear fit and summarized in Tab. 3.5. The off-diagonal elements cannot be
obtained by this method.

Alternatively, the full sensitivity matridXS of the load cells of the FSM can
be calculated from Egn. 3.12 using the pseudo-inverse as

S= [Vn,l Vn,2 T Vn,N] [Fn,l I:n,2 T I:n,N]+
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Fig. 3.21: Output voltage of the load cells for the forces acting along the load cells

Table 3.5: Individual sensitivity of the load cells

S1 |S2 |S3 [S4 |Ss5  |Se
Sensitivity (V/N)|0.2150.2130.2160.2050.2090.212

or,

S = [Van][Fnn]* (3.14)

where[Fnn]* is the pseudo-inverse of the matrix. The sensitivity matrix thus
obtained is

0.2152  0.0010 -0.0006 -0.0008 —-0.0003  0.0004]
0.0008 0.2135 0.0009 0.0010 0.00330.0012
-0.0001 -0.0003 0.2162 0.0004 0.0026 0.00Q7
-0.0018 0.0008 0.0010 0.2035 0.00680.0039 |-
0.0001 0.0003 -0.0036 0.0039 0.2108-0.0005
0.0015 -0.0005 0.0017 -0.0086 0.0061 0.20671
(3.15)

The diagonal and off-diagonal elements can be obtained simultaneously. We
also observed that the diagonal elements are at least 24 times higher than the
oft-diagonal elements. It was also observed that the diagonal elements are
almost identical to the individual sensitivities of the load cells.
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Error measurement of the FSM

The forces acting on FSM are measuredya-coordinates. Therefore, the er-
ror in measurement should be expressed in terms of three forces and three mo-
ments alongxyz-coordinates. The estimated foféecan be calculated from
the output voltage readings of the load c8llsusing Eqn. 3.2 and Egn. 3.11
as:
Fy = AS1V,. (3.16)

Fx can be directly obtained from the external load apphedusing Egn. 3.10.
The error can be calculated frofy andFy.

The relative errors in force and moment measurements were calculated for
a new set of experiments where known loads were applied on the top floating
plate of the FSM. Figure 3.22 shows the plot of relative error in force and mo-
ment measurement. The error obtained in the force and moment measurements
are less than 0.8 % and 2.5 % respectively.

3.5 Discussion

The AM has a translation resolution of Quin and a rotation resolution of
0.005 degree based on the encoder resolution. However, the actual resolution
is always marred by the friction in the system. However, the resolution of
the AM at least exceeds the resolution of the T3M, which is of the order of
15 um in translation and 0.15 degree in rotation. This will be sufficient for



3.6. Conclusion 69

the characterization of the flexible instrument and the validation experiments.
The largest errors of the AM are because of the gear backlash. The backlash
observed in translation and rotation is 0.2 mm and 1.0 degree respectively.
The motion hysteresis observed in the simulation of flexible instruments were
of the order of 2 mm in translation [26, 31]. The motion hysteresis in rotation
is expected to be of the order of 10 degree. However, if required the gear can
be replaced or preloaded. The AM can achieve slow speeds of the order of
0.2 mmy/s in translation and 0.1 rev/s in rotation, which can be useful for the
study of stick-slip behavior of the instrument. The AM can achieve a higher
speed of 30 mm/s in translation and 4 rev/s in rotation, which can be used to
generate a combination of translation and rotation motion.

We used a low pass filter with a cut-dféquency of 45 Hz for improving
the resolution of the T3M. This enables filtering any noise due to the power
supply of 50 Hz. At the same time, it is high enough to perform dynamic
measurements. However, the stick-slip behavior of flexible instruments due to
friction may require higher bandwidth. The error in rotation measurement due
to the non-linearity of the cam is of the order of 1.0 degree. However, the error
was reduced to 0.2 degree if the cam profile was taken into consideration. The
specifications of the T3M are comparable to the design specifications.

The load cells of the FSM have a measurement range of 50 N with a reso-
lution of 9 mN at 45 Hz. The error in the measurements of force and moment
are less than 0.8 % and 2.5 % respectively. These values allow accurate mea-
surement of the forces a flexible instrument exerts on the tube.

The designed experimental set-up is used to validate the simulation results
from the flexible multibody model of a flexible instrument inside a curved
rigid tube. The achieved specifications of the three modules—AM, FSM and
T3M—enabled us to provide actuation in translation and rotation along the
longitudinal axis of the instrument at the proximal end, to measure the interac-
tion forces, and to measure the translation and rotation of the distal end of the
instrument. However, the details of the experiments are beyond the scope of
this paper and can be referred to [25].

3.6 Conclusion

We designed the experimental set-up based on the design requirements neces-
sary to validate the flexible multibody model and to characterize the flexible
instruments inside an endoscope. The Actuation Module provides the actua-
tion in axial and twist direction from the proximal end of the flexible instru-



70 Chapter 3. Design of an Experimental Set-up

ment. Although there is a backlash of 0.2 mm and 1.0 degree in the module,
the motion hysteresis in the case of a flexible instrument is at least 10-times
higher than the error due to backlash. The Tip Motion Measurement Module
achieves contactless measurement of the distal end motion in axial and twist
direction via an air bearing guided cam. Oft-line filtering helps to improve the
resolution to 15:m and 0.15 degree. The Force Sensing Module measures the
force and moment exerted by the flexible instrument on the curved tube which
is fixed to the floating platform. The force resolution of 9 mN and the force
and moment error of 0.8 % and 2.5 % respectively are within the specifica-
tions. The three modules of the set-up conform to the design objectives. The
experimental set-up is used for the validation of the developed model of the
flexible instrument inside a curved rigid tube.
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A

FiexiBLE MurLriBobpy MODELLING OF
A SURGICAL INSTRUMENT INSIDE AN
ENDOSCOPE

The implementation of flexible instruments in surgery necessitates high motion
and force fidelity, and good controllability of the tip. However, the positional
accuracy and the force transmission of these instruments are jeopardized by
the friction, the clearance and the inherent compliance of the instrument. The
surgical instrument is modeled as a series of interconnected spatial beam ele-
ments. The endoscope is modeled as a rigid curved tube. Stiffness, damping,
and friction are defined to calculate the interaction between the instrument and
the tube. The effect of various parameters on the motion and force transmission
behavior was studied for the axially-loaded and no-load cases. The simulation
results showed a deviation of 1.8 % in the estimation of input force compared
with the analytical capstan equation. The experimental results showed a de-
viation of the order of 1.0 %. The developed flexible multibody model is able
to demonstrate the characteristic behavior of the flexible instrument for both
translational and rotational input motion for a given set of parameters. The
developed model will help us to study the effect of various parameters on the
motion and force transmission of the instrument.

J.P. Khatait, D.M. Brouwer, J.P. Meijaard, R.G.K.M. Aarts, & J.L. Herder
(2013). Flexible multibody modeling of a surgical instrument inside a curved
endoscopeJournal of Computational and Nonlinear Dynamidsaft submit-
ted, under review.



72 Chapter 4. 3-D Modelling of a Surgical Instrument

4.1 Introduction

Minimally Invasive Surgery (MIS) has greatly reduced the unnecessary dam-
age and trauma to healthy tissues, leading to faster recovery, reduced infec-
tion rates, and reduced post-operative complications. Most of the limitations
imposed by conventional laparoscopic systems are well addressed in modern
surgical robotic systems by increasing dexterity, restoring proper hand—eye co-
ordination, an ergonomic working position, and improving visualization. The
state-of-the-art robotic surgery systems employ rigid instruments [6, 14, 32].
However, with conventional colonoscopy and with the emergence of Natural
Orifice Transluminal Endoscopic Surgery (NOTES) and Single Incision La-
paroscopic Surgery (SILS) procedures, the use of flexible instruments is in-
evitable.

As the flexible endoscopy continues to evolve more into a therapeutic tool
and as the endoscopic procedures are becoming more invasive, the surgical
instruments require complex manipulations [7,57]. The instrument tip needs
to deliver motion and force with a required precision and accuracy. The mo-
tion and force transmission of these instruments are critical for achieving good
surgical outcomes and need to be thoroughly researched. In this paper, an en-
doscope refers to a flexible endoscope typically used for the examination of
gastrointestinal tract, for example, during colonoscopy and gastroscopy pro-
cedures. The instrument refers to the flexible instrument used for biopsy or
for simple surgical procedures, which is fed through the access channel of the
endoscope.

In an endoscope-like surgical system, the instrument is controlled from the
proximal end. The friction between the instrument and the access channel of
the endoscope introduces nonlinearities in motion transmission. This makes
the estimation and the control of the instrument tip difficult and challenging
in the absence of sensors at the distal end. This is further aggravated due
to the limited stiffness of the instrument and the added clearance. Moreover,
depending on the location of the surgical site, the shape of the endoscope also
changes and can be very sinuous.

A thorough understanding of the flexible instrument behavior inside the ac-
cess channel of the endoscope can lead to a proper design of the instrument
and can eventually lead to improved control of the instrument tip for the de-
sired motion or force. In our previous study [26, 31], we set up a 2-D flexible
multibody model to study the effect of friction and bending stiffness of the in-
strument on motion hysteresis. We studied the sliding behavior of the flexible
instrument inside a curved endoscope in the presence of friction. However, the
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model was limited to planar cases and the model can address only the trans-
lational behavior. A 3-D flexible multibody model is required to address the
dynamic behavior of a flexible instrument in rotation and translation. The ob-
jective of this paper is to set up a general 3-D flexible multibody model of the
surgical instrument to study its translational and rotational behavior in a 3-D
environment. In addition, we want to validate the model with experiments and
an analytical model.

Firstly, a general 3-D flexible multibody model is set up for the instrument.
The model of the curved tube is also defined. The contact force model is ap-
propriately defined to include friction. The model of the flexible instrument
and of the endoscope are explained in detail in Section 4.2. The contact force
model is explained subsequently in Section 4.2.3. Secondly, various simula-
tions are performed for both translation and rotation input motion at the prox-
imal end. The developed 3-D model is firstly simulated for the insertion in a
planar tube and is used to validate the 3-D model with the previously devel-
oped 2-D model [26]. The simulation results are in good agreement with the
2-D model and can be referred to [28]. The simulations for fine manipulation in
translation in a curved tube are performed for different values of the coefficient
of friction between the contacting surfaces. The simulations are performed for
both the axially-loaded and no-load cases. The motion and force transmission
is analyzed and compared with the capstan equation. The simulations for fine
manipulation in rotation are also performed for different values of the coef-
ficient of friction. The effect of different flexural rigidity along the principal
axes of the instrument and the effect of the pre-curvature are analyzed on the
motion transmission in rotation. The details of the simulation cases and the
results are discussed in Section 4.3. Finally, various experiments are carried
out with a standard stainless steel wire. The value of the coefficient of friction
is estimated. The force transmission in translation is verified analytically. The
simulation result for the estimated parameters is also compared with the exper-
imental result. Experiments for rotation input motion are also carried out and
compared with the simulation results. The various experiments for the model
verification and for the estimation of different parameters are explained in Sec-
tion 4.4. The discussion and conclusion follow in Section 4.5 and Section 4.6
respectively.
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4.2 Modeling of a Flexible Surgical Instrument Inside
a Curved Endoscope

The modeling of a flexible surgical instrument to study its dynamic behavior
inside the endoscope requires modeling of three key components—the surgical
instrument, the endoscope, and the interaction between the two. The surgical
instrument must be flexible to allow easy insertion into the curved endoscope
channel. In general, the flexible instrument deforms mainly in the bending and
torsional directions due to the loading conditions at the instrument tip, the mo-
tion and force input at the proximal end, and the interaction of the instrument
with the endoscope. The model of the instrument incorporates all the defor-
mations under different loading conditions. The finite element model of the
instrument is further elaborated in Section 4.2.1.

The endoscope is also flexible so that it can be easily inserted inside a lumen
of the human body. The endoscope conforms to the human anatomy and takes
different geometric shapes. The endoscope is supported by the organs or the
anatomy in contact. The endoscope is assumed to be rigid with respect to the
instrument as the inertia and the stiffness of the instrument is much smaller
than that of the endoscope. However, if the instrument tip interacts with the
tissue and a higher force is involved in the manipulation, the endoscope de-
forms together with the human anatomy in contact. Nonetheless, as we are
keen in understanding the characteristic behavior of the instrument in a curved
endoscope, the scope is limited to the curved rigid endoscope. The model of
the endoscope is explained further in Section 4.2.2.

A contact force model is defined to calculate the interaction between the
instrument and the curved rigid tube. Contact with rigid surfaces introduces
non-linearity into the system and can be computationally heavy to simulate. A
contact model, comprising of the wall stifftness, damping and friction, is further
elaborated in Section 4.2.3.

The model of the flexible instrument with the curved rigid tube is shown in
Fig. 4.1. The origin of the global fram@), is situated at the beginning of the
tube and the initial tangential direction is tKeaxis. The encircled numbem),
represents tha" beam element. The nodes are represented by the numbers.

4.2.1 A Flexible Surgical Instrument as Interconnected Beam EI-
ements

The surgical instrument is modeled as a series of interconnected flexible beam
elements as available in the SPACAR program [21]. Each beam element has
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Fig. 4.1: Model of the instrument with the curved tube
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Fig. 4.2: The spatial flexible beam element

a node at either end. At each node six independent coordinates are defined—
three translations and three rotations. Hence, the configuration of the element
is determined by the position vectax8 andx9, and the angular orientation

of the orthonormal triads feef, ef] and [€], €], €]] rigidly attached to the end
nodesp andg, as shown in Fig. 4.2. In the undeformed state, the triads coincide
with the axisp-g and the principal axes of its cross-section. Therefore, the
vector of nodal coordinates for the beam element is expressed as the two sets
of Cartesian coordinategP andx9, and two sets of Euler parameted$,and

A9, representing the orientation of the triads at the nquiasdq

;
Xpeam= | XPT, APT, T, 29T | (4.1)

The spatial beam element has a total of fourteen nodal coordinates with
two constraint conditions for the Euler parameters. The number of degrees of
freedom of the element as a rigid body is six. Consequently, the beam element
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has six deformation modes defined as [22]:

elongation: € =D1(X) = [ —lo,
torsion: e=D:X) = lo(ef ¢ -6 €))/2,
bending: e3=D3(X) =- log- €, .2)
a=D4x) = log-€, '
es=Ds(x) = log- eg,
€& =Ds(X) =— loa-ey,

wherel = ||x9 — xP|| is the distance between the nodal poihyss the reference
length of the element, ara&l = (x4—xP)/l is the unit vector directed from node

p to nodeq. The first and second deformation modesand e, describe

the elongation and torsion of the element. The other four deformation modes,
e3—e, are related to the bending deformations of the element. The analytical
functionsD; are called deformation functions.

Kinematic Analysis

The kinematic model is obtained by assembling the finite elements. The ele-
ments are connected at the common nodal points. The vector of nodal coordi-
natesx, thus formed, defines the configuration of the instrument. The v&ctor

is, therefore, given by

X=[X1 X .. X' (4.3)

wherenxrepresents the total number of nodal coordinates.
The vector of deformation modesof all elements are then written as a
vector function of the nodal coordinates

e=D(x). (4.4)

Kinematic constraints are introduced by imposing conditions on both nodal
coordinatess and deformation mode coordinates

The configuration and the deformation state of the instrument is defined by
the independent generalized coordinaiesThe vector of all the independent
generalized coordinategs, therefore, called the vector of degrees of freedom
(DOF). It includes the vector of independent generalized nodal coordinates
x™M and the vector of independent deformation mode coordireélfés

(m)
q =[ );(m) ] . (4.5)



4.2. Modelling of a Surgical Instrument 77

The motion of the instrument is described as the function of the veatbr
the independent generalized coordinates. The solution is expressed as

x = FX(q), (4.6a)
e= F)q), (4.6b)

whereF® andF©) are called the geometric transfer functions. The geometric
transfer functions cannot be calculated explicitly from Eqn. (4.4), but they have
to be determined numerically in an iterative way [21]. The velocity vectors and
the acceleration vectors are obtained by differentiating Eqn. (4.6) successively
with respect to time.

Dynamic Analysis

In a dynamic analysis, the equation of motion is solved first. The equations
relate forces and torques to positions, velocities, and accelerations. The in-
ertia properties of the concentrated and distributed mass of the elements are
described by means of lumped and consistent mass matrices. The global mass
matrix is obtained by assembling the lumped and consistent element mass ma-
trices. The stifftness properties are also defined for the flexible elements by
means of stiffness matrices relating stress resultants and deformations. The
stiffness matrices are calculated using polynomial interpolations for the defor-
mations of the element. A distributed mass along the center line and lumped
moments of inertia at the nodes for the rotational inertia are defined. The de-
tailed description of the element and its stiffness and inertia properties can be
found in [40].

The equations of motion are derived using the principle of virtual power
and the principle of d’Alembert. By making use of the geometric transfer
function, Eqgn. (4.6), the equations of motion are written as a set of second order
ordinary differential equations for the independent generalized coordipates
For the detailed description and derivation of kinematic and dynamic analysis
of elements, the readers can refer to [20, 63].

Numerical Integration Methods

The equations of motion are solved numerically using SPACAR program. It
has a comprehensive list of integrators, which includes various explicit, im-
plicit, and semi-implicit methods [41, 53]. We used the explicit third-order
Runge—Kutta method with the variable step-size. The step-size is selected
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based on an estimate for the truncation error. The small error bound guides
the integration method towards choosing sufficiently small time steps needed
for the stability [42]. A relative error bound of 1010~ is chosen for the
solution. However, this has to be chosen carefully as larger value leads to in-
stability, but on the other hand a smaller value leads to longer computation
time. For the stability of the various numerical integration methods and the
limit to the step-size, the readers can refer to [41].

Discussion

Different kinds of finite elements are needed to model the complete surgical
instrument. A hinge element is used to prescribe the input rotation motion at
the proximal end of the instrument [12,63]. The entire length of the instrument
is modeled by choosing multiple spatial beam elements. As the shape of the
tube changes, the minimum number of the beam elements required to accu-
rately model the instrument behavior also changes. The higher the curvature
of the tube, the smaller is the required length of the beam element. Therefore,
more beam elements are required for the same length of the instrument if the
tube is more sinuous.

A length ratio (L/Rmnin) can be defined and used as a parameter to choose
an optimum length of the beam element for a given shape of a curved tube.
Here, l¢ is the element length anB,i, is the minimum radius of curvature
of the tube. As the instrument is always confined within the tube, this also
ensures limited deformation within an individual element. This is also equal
to the angle subtended by the element at the center of curvature. Moreover,
more elements also mean high computational time required for the simulation.
An element length, corresponding to°l&ngle subtended, has been used by
ten Hofffor the study of rotation transmission behaviour of a flexible drive-
shaft [60]. This corresponds to the length ratio of 0.26. Hakvoort used 12
elements to define the semicircular part of the curve to model a Coriolis mass-
flow meter for the shape optimization [15]. We further investigated the effect of
the length ratio on the sliding behavior of a flexible instrument inside a circular
tube and observed that a length ratio smaller than 0.15 gives a sufficiently
accurate result [26]. We used this as a basis in choosing the length of the beam
element. However, the model has to be refined or coarsened depending on the
accuracy or the computation time required.
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4.2.2 An Endoscope as a Rigid Curved Tube

The endoscope is modeled as a rigid curved tube of uniform circular cross-
section. The shape of the tube is defined by the centerline of the tube. The
centerline is defined by a straight line, a circular arc, &iBr curve, or a
combination of these. Different geometric shapes are connected together to
define the entire length of the curved tube. The tangents at the joining end of
the two sections are the same. A planar case was explained in [26, 31], and
can be referred to for the detailed description. However, for the 3-D case, the
rigid curved tube has to be defined in the 3-D space and is explained in detail
in this section. The kinematics of the contact between the instrument and the
endoscope is explained in detail with respect to the geometric shape of the
curve chosen to describe the section of the curved tube.

Kinematics of the contact between the instrument and the endoscope

As the instrument progresses inside the curved tube, the contact takes place
at the nodes. The position of the interacting node is given by the position
vectorP,. The corresponding closest point on the center line of the tube is
called the base point and denoted by the position vétof he tangent vector

at P¢ is represented by.. Three orthogonal directions—radial, axial, and
circumferential—are defined at the interacting node and denoted by the unit
vectorsey, e, andes respectively. The triad can be termed as the contact triad
and expressed as

(Po — Pc)
=0 ¢ 4.7a
[IPo — Pell ( )
Py
&=— 4.7b
(1Pl ( )
&3 =€ Xe. (4.7¢c)

Figure 4.3 shows the contact triad attached to the interacting Ppde

The calculation of the contact triad requires finding the position of the base
point P; on the centerline and the tangent vedRrat the base point. The
calculation ofP; and P, are explained here for aé&ier tube and a circular
tube.

Bézier Tube A 3-D cubic Bezier curve is defined by a set of four control
points. The first and last control poing, andP4, coincide with the endpoints
Ps andPe of the curve. The shape of the curve is determined by the interior
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Fig. 4.3: Contact triad at the interacting noétg of the beam when in contact with theeBier
tube

control points,P, andP3 [9, 11]. A part of the 3-D tube can be defined by
selectively choosing the control points.

Figure 4.3 shows the centerline of the curved tube defined taz&EBcurve.
P(u) is the location of a point on theéBier curve depending on the parameter
ufor 0 < u < 1. The tangent vectd?; is given by the parametric derivative
of the curve at poinP.. The starting poinPg of the curve corresponds to
P(0) and the end poir, to P(1). The vector (B— P¢) is perpendicular to the
tangent vectoP,. The pointP. is obtained by solving

(Po - Pc) : P/c =0 (4-8)

for 0 < u < 1. The value olu, satisfying Eqn. (4.8), locates the poly¢ and

the tangent vectoP,. The detailed description of theéBier curve and the
calculation of the base point and the tangent vector can be referred to [26, 31].
Figure 4.3 shows the contact triad at the interacting rijdiaside the Ezier

tube.

Circular Tube A circular tube is defined by an arc as the centerline of the
tube. The arc is defined by the radiRsthe centeP.,, and the unit vectoe,
normal to the plane containing the arc. Figure 4.4 shows the configuration of
the circular tube.
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)

Fig. 4.4: Contact triad at the interacting nofg of the beam when in contact with the circular
tube

The base poinP; on the centerline is calculated analytically. As the cross-
section of the circular tube containing the interacting nBgles perpendicular
to the plane containing the arc, the tangent veetoat the base poin® is
obtained from the vectors {P- P.o) ande, as

_ € X (Po — Pco)
llep X (Po — Peo)ll”

The radial vector. from the center of the circular arc to the base péipts
then calculated from the cross product of the vectgande, as

(4.9)

€a

€ = € X &, (4.10)
The position of the base poiRt is then given by
Pc = Peo + Re. (4.11)
Figure 4.4 shows the contact triad defined at the interacting Rgd® the
beam when the node is in contact with the inner wall of the circular tube.
Instantaneous velocity at the point of contact

As the instrument has a certain thickness, the actual contact Ppdies on
the outer surface of the instrument. If the interacting node has a translational
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Fig. 4.5: Velocity and force components acting on the instrument at the point of cdhtact

velocity v, and angular velocitw,, the instantaneous velocityat the contact
pointP is given by
V = Vg + oo X €1 (4.12)

wherer, is the radius of the flexible instrument.
The velocity vectow can be decomposed into normal and tangential com-
ponents
V = V€, + i& (4.13)

wherev,, = v - e; is the velocity component normal to the wall and the normal
direction is given bye, = e;. The tangential velocity componewtis given by

Ve = [I(V - e2)ex + (v - es)esll (4.14)
and the tangential directios is given by

_ (v eex + (V- e3)e3
- ;

& (4.15)

Figure 4.5 shows the velocity components at the point of coRtact
4.2.3 Contact Force Model

The contact between the beam and the curved tube is defined at the nodes of
the beam elements and at a point halfway between the nodes. The node expe-
riences a normal force depending on the depth of penetration and the rate of
penetration. The wall stiffness and damping are defined normal to the surface.
Friction at the contact point is also defined. Therefore, depending on whether
there is any sliding motion at the contact point, the node experiences a friction
force in the tangential direction.
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Fig. 4.6: Cross-sections of the tube and the instrument at the point of contact

Normal Force Three contact regions are defined—no contact, full con-
tact, and transition. Figure 4.6 shows the cross-sections of the tube and the
instrument at the contact. A transition zone is defined betwgesnd ry
where the wall stiffness and damping varies continuously. The transition zone
makes the normal reaction force continuous and makes the overall computa-
tion faster [26, 31]. A dimensionless parametés defined asx, — a)/(b— a)
such thatt varies from 0 to 1 as the instrument enters into the transition zone
and leaves it. Herex,, is the normal displacement of the contact node from the
centerline of the tubeg andb are given by (5 — ro) and (1, — ro) respectively.

Therefore, the net normal reaction foregis given by

0 if xp<a
Fn=1: —(k/2)(b—a)é® — cu(3- 28, ifa<x,<b (4.16)
—k(b—a)(¢é - 1/2)- cyVn if xo>b

wherek is the wall stifthessg,, is the wall damping coefficient, ang is the
velocity in the normal direction. If the value &%, is positive, it is replaced by
ZEero.

Friction Force The friction force is calculated from a Coulomb friction
force model that is made a continuous function of the sliding speatizero
and is given by

Fi = Fctanh(Gw) (4.17)

whereF; = uF, is the Coulomb frictionu is the coefficient of friction be-
tween the contacting surfacds, is the normal reaction force at the contact
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(Egn. (4.16)), and, is the velocity coefficient which determines the width of
the transition region near zero sliding velocity,[26]. The friction force is
directed to the opposite direction of the sliding velocity.

Resultant force and moment acting at the interacting node p

The resultant forcé acting at the contact poiR of the instrument by the
inner wall of the tube is given by

F = Fnen + Fi& (4.18)

whereF, and F; are the normal and tangential forces given by Eqn. (4.16)
and (4.17) respectively. Figure 4.5 shows the force components acting on the
instrument at the point of contakt

Therefore, the resultant fordg, and momeniM, acting at the interacting
nodeP, due to the total interaction forde acting at the contact poift are
given by

Fo=F (4.19a)

The contact forces are transformed to equivalent nodal forces by equating
the virtual work of the two force systems. The virtual displacement of the nom-
inal contact point is found from the virtual displacements and rotations of the
instrument. The total virtual work of the contact forces is found by integrating
the virtual work of the distributed load over the length of the element. The inte-
gral is approximated by a numerical integration by a three-point scheme based
on the contact forces and moments at the nodes and at the halfway point. For
the detailed description, the readers can refer to [42].

4.3 Simulation

The interaction force between the instrument and the curved tube is imple-
mented in the SPACAR program through a user-defined routine. The axial
deformation of the beam element is suppressed to limit the highest natural fre-
guency in the system and, thus, reducing the computation time.

The developed 3-D flexible multibody model is used for the simulation of
fine manipulation in translation and rotation under different loading conditions.
We studied the motion and force transmission of the instrument. The details of
the various simulations are presented in the following sections.
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Fig. 4.7: Configuration of the planar tube with the instrument

4.3.1 Fine Manipulation in Translation in a Curved Rigid Tube

In order to understand the transmission characteristics of the instrument inside
an endoscope in the presence of friction, a curved rigid tube is defined by a
circular section of 90 degrees of radius 300 mm. The tube is defined in the
xy-plane. Figure 4.7 shows the configuration of the curved tube with the in-
strument. Two straight tubes are defined at the entry and exit of the curved
tube to further guide the instrument ends. The instrument is defined by a stain-
less steel wire of 0.5 mm diameter. The length of the instrument inside the
curved section is defined by 10 equal length spatial beam elements. Two beam
elements of 50 mm length are defined at the ends. An input motion along the
x-directionx, is prescribed at the proximal end. The output motion of the dis-
tal end along the longitudinal axig, is observed. A small stroke sine input
motion X, is applied as follows

Xin(t) = Asin(w?) (4.20)

whereA is the amplitude and) = 2xf,. Here, the amplitudé is 20 mm and
the frequencyf, is 1 Hz. The velocityx;, and the acceleratior, "are also
prescribed at the input node accordingly. In this case, the output magtipis
along they-direction.

No load at the distal end

At first, the simulations are performed in which there is no load attached to

the distal end. The instrument is assumed straight in the beginning. The ini-
tial deformations of the elements are obtained analytically and prescribed in
the beginning to place the instrument along the centerline of the curved rigid

tube. The instrument remains constrained inside the tube during the simula-
tion due to the interaction with the tube wall. The data used for the model and
simulation are given in Table 4.1.
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Table 4.1: Data used for the simulations

Description Values Unit
Density,p 78  1C kg/n?®
Young’s modulusfE 200 16 N/m?
Shear modulusa 79 1@ N/m?
Radius of the wiretg 0.25 mm
Mass/lengthpA 1.532 10° kg/m
Flexural rigidity, E| 6.14 10*Nm?
Torsional rigidity,GJ 485 104N m?
Inner radius of the tube, 2.0 mm
Size of the transition zone 0.5 mm
Wall stiffnessk 2.0 10" N/m?
Wall damping,cy 10.0 Ns/n?

Velocity coefficiente, 1.0 16 (m/s)?

Effect of the coefficient of frictionu. Various simulations are performed
for different values of the coefficient of frictipnbetween the instrument and
the curved tube. The motion of the distal eqg; is compared with the motion
of the proximal endk,. The simulation results are shown in Fig. 4.8. As the
value ofu increases, the motion hysteresis also increases. During the retraction
of the instrument, the distal end follows the proximal end closely. However,
as the direction of motion changes and the instrument starts moving forward
inside the curved tube, the distal end does not follow the input motion instantly.
Moreover, the motion of the distal end is oscillatory during this stroke. This is
more evident when we compare the velocity of the ends.

Figure 4.9 shows the velocity of the distal eng; for different values of:.
The velocity of the proximal engl, is also shown for the comparison. The
stick-slip behavior is clearly evident at the end of the stroke when the velocity
changes sign. Moreover, the motion is smoother in the retraction stroke while
it is oscillatory in the other stroke.

Axial load at the distal end

A load is applied at the distal end along thelirection via an extension spring

of stiffness (kp = 120 N/m). An initial extension of 60 mm is defined so
that there is always a tensile force acting on the instrument during the entire
motion.
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Fig. 4.9: The velocity of the distal end,; is compared for different values @f

The output motiong; is compared with the input motiox,. The motion
characteristic of the instrument is compared with the no-load case. The value
of u used for the simulations is 0.2. Figure 4.10 shows the motion hysteresis
with and without axial load. In the preloaded case, the backlash is reduced
to 0.6 mm from 2.8 mm in the no-load case. The preloading in one direction
helps in reducing the motion hysteresis.

Figure 4.11 shows the velocity of the distal eng; with and without the
axial load. The distal end is closely following the input motion in the case
of the preloaded case. The motion is without oscillations in both the strokes,
unlike the no-load case. The instrument shows the stick-slip behavior near the
zero speed motion.
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Fig. 4.11: The velocity of the distal end,; with and without axial load fory = 0.2)

Force transmission. The force transmission from the proximal end to the
distal end is also analyzed. The forces at the proximalepds compared
with the force at the distal enBqy: (see Fig. 4.12). Herek oy is equal to
the spring forceFs,. During the retraction of the instrument, the force at the
proximal end has to overcome the spring force and also the friction force; and
thereforeFj, is larger thar,,;. However, as the direction of motion changes
at the end of the stroke and the instrument starts moving forward, the friction
force acts opposite to the spring force; and thereFgses smaller thark .

The force transmission in the case of the axial loading can be compared
with the capstan equation. The detailed analysis is presented in the following
section.
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Fig. 4.12: Comparison of the forces at the proximal &rd and at the distal en8,,. The
force Fcap based on the capstan equation is also shown.

Comparison with the capstan equation

The well-known relationship between the output and input tensions on the both
sides of a flexible string wound around a circular shaped body is given by the
capstan equation. In the axially preloaded case, the capstan equation can be
written as

out
Here, the sign is positive when the instrument is retracting and it is negative
when the instrument is moving forward. The input force based on Eqn. (4.21),
Fcap, is also shown in Fig. 4.12. The input forég, obtained from the simu-
lation result is closely following the input force based on the capstan equation
Fcap. However, near the zero velocity region, the input fafgeis not chang-
ing abruptly as compared to the estimated foFeg,. Note that we used a
continuously varying Coulomb friction force model near zero sliding speed
which is dependent on the velocity coefficiep(see Eqn. (4.17)). The slope
in Fin near zero sliding speed is related to the stiffness of the spring.

Eqn. (4.21) can be further written as

= gt+? (4.21)

In( Fin ) = +uf. (4.22)
Fout
As it is evident from Eqn. (4.22), the logarithm of the force ratio is constant
and jumps fromu6 to —u6 as the direction of motion changes. Figure 4.13

shows the plot of the logarithm of the force ratio with respect to the output
force Foyut. The simulation result is compared with the analytical result. The
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Fig. 4.13: Comparison of the logarithm of the force ratio at the end<iWiEou), with the
capstan equation (g 0.2,0 = 7/2)

plot will be used later for the estimation of the valug:ofThe simulation result
shows a deviation from the capstan equation. The percentage deviation of the
logarithm of the force ratio is calculated with respect to the valygdbr the

both strokes of motion. The effect of the bending rigidity of the instrument
and the magnitude of the axial load applied at the distal end on the percentage
deviation is also studied. The results are presented in Table 4.2.

Effect of the bending rigidity. The capstan equation does not take the
bending rigidity of the wire into consideration. However, several researchers
have either included the bending rigidity in the formulation and modified the
capstan equation or analyzed the effect of the bending rigidity [23,56]. For the
validation of the proposed model, the bending rigiditlof the instrument is
reduced and the percentage deviation is compared. The results are shown in
Table 4.2. We observed that the percentage deviation only reduced marginally
in this case. Further reduction in the bending rigidity does not reduce the
deviation.

Effect of the axial load. The magnitude of the axial load acting on the dis-
tal end can reduce the effect of the bending rigidity on the force transmission.
The larger the magnitude of the axial load, the less will be the effect of bending
rigidity on the force transmission. The amount of the axial load is reduced by
decreasing the spring stiffness attached at the distal end. The percentage devi-
ation from the capstan equation is shown in Table 4.2. We observed a marginal
change in the percentage deviation. The deviation does not increase with the
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Table 4.2: Percentage deviation from the capstan equation

Retraction Push-in
Effect of bending rigidity

El 31-56 1.7-4.0
(1.0x 1072)E| 3.0-51 1.6-3.8
(1.0x 10°9EI 3.0-51 1.6-3.8
Effect of axial load

Ksp 3.1-56 1.7-4.0
(1.0x 10 Y)ksp 24-53 1.2-29

reduction in the axial load as expected.

The maximum percentage deviation observed in this case is 5.6 %. This
corresponds to a deviation of 1.8 % in the estimatioR;gf In the present con-
figuration, the radius of curvature of the rigid curved tube over which the wire
is bent is 1200 times the radius of the wire. The effect of the bending rigidity
of the instrument and the magnitude of the axial load may be significant if the
radius of the curvature of the curved tube is small. However, the simulation
results already show good agreement with the capstan equation. The effect of
number of elements were also performed, but we did not observe a significant
change. The other parameter which can affect the transmission behavior is the
wall stiffness. The value of the wall stiffness is chosen to reduce the overall
computational time.

4.3.2 Fine Manipulation in Rotation in a Curved Rigid Tube

In order to understand the motion and torque transmission of the instrument
inside the curved rigid tube, we performed the simulation for the fine manip-
ulation in rotation. The configuration of the model is same as for the fine
manipulation in translation as shown in Fig. 4.7. A rotation motion input is
given to the proximal end through a hinge element.

No load at the distal end

There is no load applied at the distal end. The instrument is straight in the be-
ginning and an initial deformation is applied to the individual beam elements
so that the instrument takes the shape of the curved rigid tube. Various simu-
lations are performed to study the effect of friction on the motion and torque
characteristics in rotation. A sinusoidal motion input in rotatigris given to
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Fig. 4.14: Difference in angular displacement for different values &f (.0,0.2,0.5,1.0)
the proximal end as follows:
Bin = Asin(wi (4.23)

whereA = nr/2 is the amplitude of the rotation input and= 2xf,. Here, the
frequencyf, is 10 Hz. The angular veloci#, and the acceleraticiy, are also
prescribed. A higher value df, is used as the simulation is faster. A smaller
value of f, increases the computation time considerably.

Effect of the coefficient of frictionu. The rotation of the distal e}, is
observed for different values of & 0.0,0.2,0.5,1.0). Figure 4.14 shows the
plot of the difference in angular displacement,{(¢ 6i,) for different values of
u. For the frictionless contact (z 0.0), the difference in angular displacement
is of the order 0f:0.2 degree. The difference is due to the inertia as the angular
velocity is not constant. As the value gfincreases, the difference in angular
displacement also increases. kor= 1.0, the difference is of the order of
+0.4 degree. Due to the additional friction torque acting at the various nodes,
the difference in the angular displacement will increase. Note that the plots
cover the first two periods only and the transient effects are clearly visible.

The moments at the proximal end are obtained from the simulation results
for different values ofi. The moment along the longitudinal axi&, is equal
to the driving torque. In this case, it will be equal to the inertia torque and the
friction torque. Figure 4.15 shows the plot of the moment algraxis at the
proximal end for different values @f For the frictionless case, the moment
My is equal to the inertia torque only. However, as the valyeiotreases, the
momentMy has to overcome the increased friction torque also.
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Fig. 4.15: Moment at the proximal end along theaxis My for different values of (u=
0.0,0.2,0.5,1.0)

The flexible instruments often exhibit whipping motion in rotation [42, 60].
Different flexural rigidity along the two principal axes of the instrument and the
pre-curvature can affect the motion transmission and can render the instrument
unusable and dangerous. Therefore, it is important that the developed model
should be able to predict the motion characteristics.

Effect of different flexural rigidity along the two principal axes (Ely #

El;). The parametep defines the deviation from the mean value of the flex-
ural rigidity El such thaEly = (1+ p)El andEl; = (1- p)EIl. The motion and
force characteristics are studied for different valuep.ofhe value of: used

for the simulations is 0.2. There is no load applied at the distal end. Again, the
sinusoidal motion input in rotation is prescribed at the proximal end.

The lag in angular displacementy(# 6oyt) is obtained from the simulation
results for the various values @f Figure 4.16 shows the plots of the lag in
angular displacement with respect to the input rotatign For the smaller
values ofp, the lag is gradual. As the value pfincreases, the amount of
lag also increases. At a larger value pf£ 0.3), the whipping phenomenon
is observed. The distal end is almost stationary and then suddenly unwinds.
The transient vibration can be observed. The moment alongréxés My also
shows the same effect.

Effect of pre-curvature. The effect of pre-curvature is studied using the
developed model. An initial curvature with a radius of,(R 0.3 m,R;, =
1.2 m) is prescribed to the wire. A constant angular rotation of 2 revolutions
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Fig. 4.17: Lag in the angular displacement; (¢ ou), for different values of pre-curvature
with a radius of (R = 0.3m,R;, = 1.2m) andu, (—-) for u = 0.0, and (—) foru = 0.5

per second is given to the proximal end. There is no load applied at the distal
end.

The lag in the angular displacementy, (¢ 8ou1), is calculated for different
values of pre-curvature and Figure 4.17 shows the plot of the lag in the
angular displacement for (# 0.0,0.5). The whipping phenomenon is clearly
observed in the case of pre-curvature with smaller radigs£R0.3 m). The
amount of lag in the angular displacement is continuously increasing to the
maximum and suddenly unwinds and gives rise to the whipping action. How-
ever, in the case of pre-curvature with larger radius €R1.2 m), the whipping
action does not take place. The friction has a negligible effect.
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Fig. 4.18: Experimental set-up showing the key modules

4.3.3 Discussion

The developed flexible multibody model incorporates all the required/necessary
parameters to study the dynamic behavior of the instrument in translation and
rotation inside a curved rigid tube. We performed various simulations using the
developed flexible multibody model. The simulations in translation and rota-
tion showcases the typical behavior of the wire under different scenarios. The
simulation results conform to the dynamic behavior reported in the literature.
However, experimental validation is required for the confidence in using the
model. The experimental set-up and the experimental validation is explained
in detail in the following section.

4.4 Experimental Set-up and Validation

An experimental set-up was designed to validate the model and simulation
results. The set-up consists of three basic modules: Actuation module (AM),
Force sensing module (FSM), and Tip motion measurement module (T3M).
Figure 4.18 shows the whole assembly of the experimental set-up, indicating
the three modules together with the key components.

The AM provides actuation in 2-DOFs, i.e. translation and rotation along
the longitudinal axis of the instrument at the proximal end. The FSM enables
measurement of all forces and torques arising from the interaction of the in-
strument with the curved rigid tube. The T3M measures the translation and
rotation of the distal end of the instrument along the longitudinal axis. The
translation and rotation of the distal end is measured via a specially designed
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Fig. 4.19: Experimental set-up with the extension spring attached to the distal end of the wire

cam through two laser displacement sensors (LDS). The details of the design
and evaluation of the set-up can be referred to [27, 30].

The set-up is configured as shown in Fig. 4.18. A glass tube is bent to
a circular arc of 90 degrees and of radius 300 mm. A stainless steel wire
of diameter 0.5 mm and length 800 mm is chosen for the model validation.
The glass tube is chosen so that the wire can be observed from outside. The
curved glass tube is rigidly attached to the top floating plate of the FSM. The
straight sections of the tube at the entry and exit are aligned along-taed
y—directions. The ends of the wire are attached to the AM and the T3M or the
load as per the requirement.

Various experiments are performed to validate the developed model for mo-
tion and force transmission in translation and rotation.

4.4.1 Motion and Force Transmission During Translation

An extension spring is attached to the distal end of the wire to preload the wire
in tension as shown in Fig. 4.19. The proximal end of the wire is attached to
the AM. An initial extension is prescribed so that the wire is always in tension
during the entire motion. A sinusoidal motion is given to the proximal end.
Figure 4.20 shows the plot of the forces and moments irxylze-directions
measured by the FSM. The input forEg, acting on the proximal end of the
wire is equal and opposite to the reaction force-halirectionFyx measured by
the FSM. The output forc&,y; acting at the distal end of the wire is equal
and opposite to the reaction force yadirectionF, measured by the FSM.
Moreover, the output forc&,,; is equal to the spring force. The measured
signal is filtered off-line, forward and backward in time to achieve zero-phase
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Fig. 4.20: Forces and moments kyz—directions measured by the FSM

digital filtering. A 2nd order low-pass digital Butterworth filter is designed
with cut-offfrequency of 45 Hz [30].

The output forceFqy: depends on the extension of the spring attached to
the distal end. As the proximal end moves, the distal end follows the motion;
and accordingly we observe a gradual change in the output feyge The
input forceF;, has to overcome the friction force and the spring force during
retraction. However, at the end of the retraction stroke as the direction of
motion changes, the direction of the friction force also changes and the input
forceFi, has to overcome the spring force minus the friction force. The sudden
change inF;j, can be observed at the end of the stroke.

The forcesFi, and Fqy also apply moments along- andx—axes respec-
tively. The changes iffi, andFo are reflected in the momenkd, and My
respectively (see Fig. 4.20). The corresponding moments follow the same pat-
tern as expected.

Figure 4.21 shows the plot of the input and output forlégsand Fy; with
respect to the input displacemeg. Both the input and the output forcés,
and Fqy; show a linear relationship during both the strokes of motion. The
relationship betweek;, and Fqy; will be used to estimate the coefficient of
friction u between the glass tube and the stainless steel wire, which is described
in detail in the following section.



98 Chapter 4. 3-D Modelling of a Surgical Instrument

11

Fin

10+
I / Fout

Force [N]

w »~ 00 O N 0 ©

-10 -5 0 5 10
Xin, [Mm]

Fig. 4.21: Comparison of the input forcé;, and the output forc€&,, with respect tok,

15

Xout, [Mm]

B0 8 - 4 =2 o 2 4 & 8 10
Xin, [mm]

Fig. 4.22: Motion hysteresis in translation

The output motion of the distal end, is calculated from the output force
Fout- Figure 4.22 shows the plot of the output displacemegptwith respect
to the input displacement,. A hysteresis of the order of 0.4 mm is observed
in this case.

Estimation of 4 and comparison with the capstan equation

For the estimation of the value of coefficient of friction between the contact-
ing surfaces, the logarithm of the force ratio, B/ Fouo), is calculated and
compared with Eqn. (4.22). Figure 4.23 shows the plot of the logarithm of
the force ratio with respect to the input displacement. The logarithm of the
measured force ratio is shown By . The ratio is constant and only changing
when the direction of motion changes, as expected from Eqgn. (4.22). However,
if we see the plot of the logarithm of the force ratio, the measured quantity is
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Fig. 4.23: The logarithm of the ratio of the input force and output forceFlfFoy), With
respect to the input displacement

Table 4.3: Data used for the validation

Parameter Value Unit
Spring stiffress ksp 144.9 N/m
Initial extension 46.5 mm

not evenly placed around zero as expected from Eqn. (4.22).

If we define a deviation from the capstan equation by a &i&n. (4.22)
can be written as

F.
|n(|:'n ) = +uf + 6. (4.24)

out

The biasé is calculated from the mean value of the logarithm of the force
ratio, In(Fin/Fout), over complete cycles. The bias measured in this case is
(6 = —-0.01). The logarithm of the force ratio is accordingly readjusted and
the modified value of the logarithm of the force rafip is shown in Fig. 4.23.
The biass corresponds to an error of 1.0 % in the force measurement in this
case.

The modified value of the logarithm of the force ratio is used to estimate
the value of the coefficient of friction between the glass tube and the stainless
steel wire: u = 0.135. The value of the logarithm of the force ratio based
on the capstan equation is also shown in Fig. 4.23 for the estimated value of
u = 0.135 and = n/2. The experimental results show a deviation of 1.0 %
from the capstan equation.
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Fig. 4.24: Comparison of the logarithm of the force ratio, Fi{/Fou), with the simulation
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Comparison with the simulation result

A simulation is carried out using the developed flexible multibody model to
compare with the experimental results. A sinusoidal input motion is prescribed
in translation at the proximal end. An amplitude of 10 mm with a frequency
of 0.2 Hz is used in the simulation. Here, the estimated value of the coefficient
of friction u of 0.135 is used for the contacting surfaces. An extension spring
is attached at the distal end. The spring stiffness and the initial extension are
stated in Table 4.3.

Figure 4.24 shows the plot of the logarithm of the force ratiokik(Fout),
with respect to the input displacemext. The experimental result is com-
pared with the simulation result. The corresponding plot based on the capstan
equation is also shown. The simulation result shows a good agreement with
the experimental result.

4.4.2 Motion Transmission During Rotation

The rotation experiment is performed by giving a sinusoidal rotation of ampli-
tude 360 degrees at 0.5 Hz at the proximal end of the wire. The distal end is
connected to the T3M. There is no axial load applied at the end. The output
rotation of the distal end is measured with the laser displacement sensor via the
designed cam. Figure 4.25 shows the plot of the rotation output of the distal
endfy; With respect to the rotation input of the proximal efigl Here, an
overshoot of the order of 100 degrees is observed at the end of the each stroke.
This is expected as the cam and the guiding shaft have significant rotational
inertia.
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Fig. 4.25: Comparison of the rotation of the distal efigcx, with the simulation resubioy;sim
for the given input rotation at the proximal efgd

Table 4.4: Mass properties of the guide shaft and cam

Parameter Unit Value

Rotational inertiaJy kg m? 1.36x 107
Jy kg m? 17.47x 10°°
J, kgnm? 17.67x 107°

Mass m kg 0.100

The rotational inertia of the cam and the guiding shaft are obtained from the
CAD model. The mass properties obtained from the CAD model are stated
in Table 4.4. The rotational inertia along the longitudinal axis is also ob-
tained from the fundamental frequency of the wire and the added inertia at
the distal end. The fundamental frequency is 1.06 Hz. The total length of
the stainless steel wire is 800 mm. The rotational ineltithus calculated is
1.38x 107° kg n.

Comparison with the simulation result

The mass and the rotational inertia of the guide shaft and the cam are added
in the model as a lumped mass and inertia at the distal end of the model. The
same input rotation is prescribed at the proximal end of the model and the
simulation is carried out. The output rotation of the distal @xnglis calculated
and compared with the experimental result as shown in Fig. 4.25.

Figure 4.26 shows the plot of the output rotatig: with respect to the in-
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Fig. 4.26: Comparison of the rotation of the distal e@g; with the simulation result for the
given input rotation at the proximal e

put rotationd;, from the experiment and the simulation. The range of motion
obtained from the experiment and the simulation are of the same order. The
simulation result also showed an overshoot of the order of 100 degrees at the
end of each stroke. However, there is significant difference in the experimental
and simulation result. The simulation result shows the initial lag and the re-
covery. This is not evident in the experimental result. Nonetheless, the model
predicts the range of motion in the same order of magnitude. The deviation
in the result may be accounted for the initial curvature or unequal bending
rigidity, which is not accounted for in the model. Characteristic plots can be
obtained for various cases using the developed model. These characteristic
plots can be used to estimate the unknown parameters and can be used in the
model to further refine it.

4.5 Discussion

The assumption that the curved tube is rigid and the geometry of the tube is not
changing due to the interaction with the instrument is generally valid because
the endoscope is supported by the surrounding organs or part of the anatomy
where it is inserted. Nonetheless, the interaction of the instrument tip with the
tissue can exert such a high force on the endoscope that the endoscope cannot
be assumed to be rigid anymore. Therefore, a flexible model for the tube will
be required to address such interactions. The current model is limited to the
interaction with the curved rigid tube only, but it can be extended to account
for an elastic tube.
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The simulations for the rotation were rather computationally heavy. There-
fore, a higher value of angular rotation is used for the simulation.

Whipping action of the instrument is not desired as it makes the instrument
uncontrollable and can be dangerous in surgical applications. However, the
presence of an initial curvature cannot be ignored because of manufacturing
limitations. The model can be used to investigate the dependence of various
parameters on the onset of whipping motion.

4.6 Conclusion

A general 3-D flexible multibody model of the instrument was set up. The con-
tact model and the model of the curved rigid tube was appropriately defined.
The effect of various parameters in motion and force transmission was studied
through various simulations in translation and rotation.

The simulations for the fine manipulation in translation show the stick-slip
behavior clearly when the input velocity changes direction. However, the mag-
nitude of the stick-slip is greatly reduced when the distal end is preloaded in
tension. The motion hysteresis is reduced from 2.8 mm to 0.6 mm. For the
unloaded case, the output motion of the distal end is oscillatory during the for-
ward motion. However, the motion is smoother during the retraction. For the
preloaded case, the output motion of the distal end is smoother during the both
strokes of motion.

The ratio of the input force at the proximal end to the spring load at the distal
end is compared with the capstan equation result. The simulation results show
a deviation of 1.8 % in the estimation of input force. The bending rigidity of
the instrument and the magnitude of the axial load applied at the distal end
have no significant effect on the force transmission for the given configuration.

The simulations of fine manipulation in rotation show a motion hysteresis of
the order of 0.4 degree for the unloaded case. However, the motion hysteresis
in rotation increases considerably with different flexural rigidity along the two
principal axes and with a pre-curvature. An increased difference in the flexural
rigidity along the principal axes and an increased value of pre-curvature result
in a whipping action.

Measurements of the input force shows a deviation of the order of 1 % from
the analytical solution obtained from the capstan equation. The measured out-
put rotation of the distal end with respect to the input rotation of the proximal
end is in agreement with the simulation result.

Now we have a general 3-D model of a flexible instrument in a curved rigid
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tube, which can be used to study the effief various parameters under difter-
ent scenarios and for different geometric configurations for both in translation
and rotation.
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IMPROVED FORCE TRANSMISSION OF
A FLEXIBLE SURGICAL INSTRUMENT
BY COMBINING INPUT MOTION

The force transmission of a flexible instrument through an endoscope is consid-
erably deteriorated due to friction between the contacting surfaces. Friction
force along the axial direction can be reduced by combining the translation
motion input with rotation. A ratid is defined to measure the reduction in the
friction force along the axial direction due to the combined motion input at the
proximal end of the instrument. An analytical formula is derived that shows
the reduction in the friction force for the combined motion input. A flexible
multibody model is set up and various simulations are performed with differ-
ent motion inputs. The simulation result showed a reduction of 80 % in the
value of/ in accordance with the analytical result for the given velocity ra-
tio. Several experiments are performed with constant translation motion input
combined with constant and sinusoidal rotational motion input. A maximum
reduction of 84 % is obtained in the value/odgainst a reduction of 89 % cal-
culated analytically. The knowledge of force transmission with a combination
of motions can be used to increase the force fidelity of a flexible instrument in
applications like robotic surgery with a flexible instrument.

Key words: friction alleviation, force transmission, flexible instrument, com-
bined motion
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5.1 Introduction

The current robotic surgical systems have revolutionized the field of minimally
invasive surgery (MIS) by dexterity enhancement, navigation and guidance,
and improved visualization [6, 14, 32, 34]. These systems often employ long
rigid instruments. However, the application of flexible instruments becomes
apparent and inevitable with new trend in surgerg, flexible endoscopic
surgery, Natural Orifice Transluminal Endoscopic Surgery (NOTES) and Sin-
gle Incision Laparoscopic Surgery (SILS) [7,57]. Nonetheless, the surgeons
are deprived of their touch feedback, often referred as haptic or force feedback,
while performing robotic surgery using these instruments [43,46,61]. The ad-
dition of force feedback capabilities into MIS procedures provides an excellent
opportunity to improve the quality of surgical procedures by reducing surgical
errors and potentially increasing patient safety.

However, the frictional force causes disturbances to haptic sensations. The
amount of haptic feedback may be enhanced by reducing the frictional force
[43]. Moreover, the reduction in friction force also leads to improved motion
transmission [55]. A better estimation of instrument tip motion also helps in
accurate control of thin flexible surgical instrument [3].

In our previous study [26, 29], we studied the translational and rotational
behaviour of a flexible instrument inside a curved rigid tube. The force trans-
mission of a flexible instrument is deteriorated due to friction between the
instrument and the tube. Frictional force limits the amount of force delivered
at the distal end of the instrument and vice-versa. The advantage with the
robot-assisted system is that it can go beyond the surgeon’s hand movement
and the proximal end of the instrument can be actuated differently in transla-
tion and rotation along the longitudinal axis of the instrument. It is known that
by combining the rotation motion while simultaneously applying force in the
axial direction, an object can be easily pulled out, like a cork from a wine bot-
tle. Therefore, we hypothesized that force transmission of a flexible surgical
instrument can be improved by combining the rotation motion with the axial
motion.

The objective of this paper is to study the effect of combined motion on the
force transmission of the flexible instrument along the axial direction through
a curved rigid tube. Firstly, a mathematical formula is derived to compare the
force transmission along the axial direction for the combined motion with re-
spect to the axial motion only. The ratio of the circumferential and the axial
velocities at the contact point of the instrument due to the rotation and the
translation input motion is defined. The effect of the velocity ratio on the force
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transmission is studied. The details of the analytical formulation are described
in Section 5.2.1. Secondly, a flexible multibody model is set up to perform
simulations for combined motion. The details of the model are described in
Section 5.2.2. Thereafter, various experiments are performed to validate the
analytical and simulation results. Section 5.2.3 describes the experimental
set-up. The simulation and experimental results are discussed in Section 5.3.
Finally, the discussion and the conclusion are presented in Section 5.4 and
Section 5.5 respectively.

5.2 Methods

The effect of the combined motion on the force transmission is studied for a
flexible instrument traversing through a curved rigid tube. A flexible wire of
circular cross-section with diametdy; is used as a flexible instrument for the
analysis. The wire is inserted through a curved rigid tube with a wrap angle
Figure 5.1 shows the configuration of the wire inside the tube. The input side
is the proximal end of the wire. The translation motion ingytis combined

with the rotation motion inpufi,. The reaction force at the proximal end is
the input forceFj,. The output side, the distal end of the wire, is attached to a
spring. The force applied at the distal end is the output féxge The output
motions at the distal end arexgy in translation and; in rotation.

A mathematical formula is derived for the reduction in the friction force
along the axial direction due to the combined motion input. The force trans-
mission of a flexible wire through a curved rigid tube is analyzed using the
capstan equation. The ratio of the input and output forces is compared for the
combined motion with that of the translation motion only. The details of the
analytical formulation are described in Section 5.2.1. A case study is formu-
lated and analyzed for different values of the combined motion. Analytical
results provide a basic insight into the force transmission of a flexible wire due
to the combined motion.

A flexible multibody model was developed to study the motion and force
transmission of a flexible instrument inside a curved rigid tube [26,29]. The
model includes the mechanical properties of the instrument and that of the
curved rigid tube, and also the contact properties. A flexible multibody is set
up and described in detail in Section 5.2.2. Various simulations are performed
and the results are compared with the analytical results. The simulation results
are discussed in Section 5.3.

For the experimental validation, we performed various experiments using
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Fig. 5.1: A flexible wire inside a curved rigid tube. The distal end is attached to a skgjng
The input motion is applied at the proximal end.

flexible wire inside a curved rigid tube. An experimental set-up was designed
to study the motion and force transmission of a flexible instrument inside a
curved rigid tube [30]. The set-up provides the input motion to the proximal
end and measures the forces of interaction between the wire and the tube. The
experimental set-up is described in Section 5.2.3. The experimental results are
discussed later in Section 5.3.

5.2.1 Analytical Formulation

The translation motion input at the proximal end results into sliding velegity
along the axial direction. Likewise, the rotation motion input at the proximal
end produces sliding velocity along the circumferential direction at the point
of contact. Ifw is the angular velocity along the axial direction ahgis the
diameter of the instrument, the instantaneous velocity at the point of contact
along the circumferential direction is given tay= wdy,/2.

Assuming the input motions, translation and rotation, at the proximal end are
conveyed uniformly along the length of the wire, the resultant sliding velocity
at the point of contact on the tangent plane is given by

Vi = [va2 + ch]l/Z (5.1)

tang = v¢/va (5.2)
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Fig. 5.2: Friction force at contact point P. The unit vectors along the axial direeti@md the
circumferential directiore. constitute the tangent plane at the point of contact. The resultant
tangential velocity; makes an angle with the unit vectore,. The resultant friction forcé&,

acts in the opposite direction f.

where the angle is the angle the resultant sliding velocitymakes with the

unit vectore, along the axial direction. The velocity components along the
axial and circumferential directions on the tangent plane at the point of contact
P are shown in Fig. 5.2.

Reduction in friction force along the axial direction

As the friction force acts in the opposite direction of the resultant sliding ve-
locity, the resultant friction force also makes an angleith the unit vector

€, along the axial direction. The friction force components along the axial and
circumferential directions are shown in Fig. 5.2. It is evident from the figure
that for a given velocity; the friction force along the axial direction is the
maximum forg = 0 andF, = F;. On the other hand, the friction force along
the axial direction is the minimum faf = n/2 andF,; = 0. In general, the
friction force along the axial direction is given by

Fa = Ficos¢. (5.3)

If we assume the Coulomb friction force model, for the given normal reac-
tion forceF,, acting at the contact point P, the friction forEeis given by

Ft = uFn (5.4)

wherey is the coefficient of friction between the two contacting surfaces.
Therefore, if the translation motion is combined with the rotation motion,
the friction force along the axial direction can be rewritten as

Fa = uFncose. (5.5)
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Hence, the efidive coefficient of frictionues along the axial direction in the
case of combined motion is

Meft = UCOSE. (5.6)

The reduction in the friction force along the axial direction due to the com-
bined motion is given by

AF4 = (1 - cos¢¥. (5.7)

Therefore, by combining the motion, the friction force along the axial direc-
tion can be reduced. A reduction in the overall friction force along the axial
direction also leads to reduced motion hysteresis in translation [55].

Force transmission due to the combined motion

For the wire in curved tube as shown in Fig. 5.1, the force transmission in
the translation motion can be compared with the capstan equation. The well-
known relationship between the output and input forces on the both sides of a
flexible string wound around a circular body is given by the capstan equation
[23]. If Fj, andFqy: are the forces on the input and output sides, the capstan
equation can be written as
Fin
out
whereu is the coefficient of friction between the two contacting surfaces, and
a is the wrap angle. Here, the sign is positive when the wire is retracting and
it is negative when the wire is moving forward.
If there is only translation motion along the axial direction, the logarithm of
the force ratio can be written as

= et (5.8)

In( Fin ) = tua. (5.9)
Fout trans
The absolute value of the logarithm of the force ratio remains constant for
a given configuration of the wire and the tube and is equalato The sign
depends on the direction of motion of the wire.

In the case of the combined motion, the logarithm of the force ratio is given

by

F.
In(F'”) = Hleq. (5.10)
out/comb
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Let us defineZ as a ratio of the logarithm of the force ratio for the com-
bined motion and the logarithm of the force ratio for the translation motion to
compare the effect of the combined motion on the force transmission along the
axial direction, that is

Fin
l= n (Fout)comb (511)

Fin )
|In (Fout )trans
Here, we use the absolute value in the denominator for the comparison. From
Eqn. (5.9), Egn. (5.10) and Eqgn. (5.6), Egn. (5.11) can be rewritten as

g = THe® (5.12)
i’
= +COS¢. (5.13)

The ratioZ is used to calculate the force transmission along the axial direc-
tion. As¢ — n/2, the value off approaches towards 0. Correspondingly,
the force transmission along the axial direction will be the maximum. In this
case, the friction force will be acting along the circumferential direction of the
wire, and the force transmission along the axial direction will be maximized.
However, Asp — 0, the value of approaches towards 1. The force transmis-
sion along the axial direction, in this case, will be the minimum. The friction
force will act along the axial direction of the wire, and will limit the force
transmission along the axial direction.

For all anglesy, it follows from Eqn. (5.2) and Egn. (5.13) thatcan be
expressed in terms of velocity ratig/v, as

1
VI+ (Ve/Va)?

Itis apparent from Eqgn. (5.14) that the magnitude of the ratecreases with
increasing velocity rati@. /v, and, therefore, the force transmission improves
with the increased velocity ratio.

=z (5.14)

Analytical results

We analyzed the effect of the combined motion on the force transmission along
the axial direction. From Eqgn. (5.14), we observe that the ratepends on

the velocity ratiov:/Vva. In order to get different velocity ratio, a constant axial
velocity is combined with a sinusoidal rotation input at the proximal end.
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Let us consider a guide wire inserted into a curved rigid tube as illustrated
in Fig. 5.1. The distal end of the guide wire is attached to a spring with a
linear stiffnesksp. The input motion is described at the proximal end both in
the translation and rotation. The coefficient of friction between the contacting
surfaces is given by.

Itis assumed that the guide wire is loaded in tension all the time. A constant
velocity vi, is defined along the axial direction. A sinusoidal rotation motion
of amplitudeA and the frequency is also defined at the proximal end such
that the initial angular displacement and the velocity are zero, and is given by

Oin = Acos(2:4t) — A (5.15)
6in = —2nf Asin(2xft). (5.16)

Therefore, the velocity components along the axial and circumferential di-
rections are given by

Va = +Vin (5.17)
Ve = Ginthw/2. (5.18)

The axial velocity has a constant magnitude, but the sign is reversed to limit the
range of the axial motion. It is assumed that the guide wire can freely rotate
along the axial direction and the spring does not constrain the guide wire in
rotation.

Case study: constant/, with sinusoidal v;

Input motion profile both in translation and rotation are defined to analyze the
effect on the rati@. A constant translation velocity, = 5 mm/s is defined
along the axial direction. Its direction is reversed every 1 s. A sinusoidal mo-
tion is defined in rotation with different amplitudds= =, 27, and 3rradians
and a frequency = 1 Hz (given by Eqgn. (5.16)). A guide wire of diameter
dw = 0.8 mm is considered. The corresponding velocities along the circumfer-
ential directionv; are calculated (Eqn. (5.18)). Figure 5.3 shows the velocity
profiles in the axial and circumferential directions. Fer 1.75 s, there is no
rotation motion defined. The velocity along the circumferential directios
triggered aftet = 1.75 s.

The value of the ratid is calculated for different values of the axial velocity
Va and the circumferential velocity, using Eqn. (5.14) and shown in Fig. 5.4.
Fort < 1.75 s, as there is no rotation motion, the value of the ratthanges
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Fig. 5.3: Velocity profile of the input motion in translation and rotation. The velocity along
the axial directionv, is combined with the velocity along the circumferential directipmafter

t = 1.75 s. The velocities along the circumferential direction are shown fiardint amplitude
Alrad] and frequency = 1 Hz.

to +1 as the direction of motion changes. However, dfterl.75 s, the mag-
nitude of the rati@ starts decreasing from 1 as the magnitude of the sinusoidal
rotation motion starts increasing. The maximum decrease in the magnitude of
the ratio occurs when the circumferential velocity is maximum for the given
axial velocity. As the circumferential velocity approaches zero, the magnitude
of the ratio/ also approaches towards 1. In the subsequent periodic behaviour,
the frequency of the sine function can be recognized.

Here, we observed that when the circumferential velogitys zero, the
friction force acts completely along the axial direction and thus limits the force
transmission. However, as the magnitude of the circumferential velagity
increases, the magnitude of the ratidecreases and it reaches to the minimum
for the maximum value of..

We observed a significant decrease in the friction force in the axial direc-
tion if the velocity along the axial directiow, is combined with the velocity
along the circumferential directiow.. From the chosen case study for the
analysis, the ratid reduces to 0.2. The reduction in the friction force will
increase the force fidelity of a flexible guide wire in a curved rigid tube. The
backlash—associated with the friction—can be greatly reduced. In our ana-
Iytical study, we did not consider the dynamic effects due to the stiffness or
the inertia properties of the guide wire. We assumed that the wire is infinitely
rigid in translation and rotation. We also assumed that the wire is compliant
in bending. Nonetheless, these assumptions simplify the overall problem and
help in deriving the basic governing equations.

The stiffness and inertia properties of the guide wire can have a detrimental
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Time, [s]

Fig. 5.4: The ratio{ for the combined motion as the velocity ratio changes. The sinusoidal
rotation motion is combined with the constant axial motion afterl.75 s. Several plots of the
ratio £ are shown for sinusoidal rotation motion of different amplituddsad] and frequency

f =1Hz.

effect on the force transmission and can pose limitations to the analytical re-
sults. Therefore, the analytical results are validated with the flexible multibody
model and with the experiments.

5.2.2 Flexible Multibody Model of an Instrument and a Tube

We developed a flexible multibody model to study the behavior of a flexible
instrument inside a curved rigid tube. The modeling task requires three key
components—a finite element model of the instrument, a model of the curved
rigid tube, and the contact model to define the interaction between the instru-
ment and the tube.

In general, a flexible instrument deforms mainly in bending and torsional
directions due to the loading conditions at the instrument tip, the motion and
force input at the proximal end, and the interaction of the instrument with the
tube. The flexible instrument is modeled as a series of interconnected flexible
beam elements. Each beam element has six deformation modes defined—one
mode for the elongation, one mode for the torsion, and four modes for the
bending deformations of the element [21, 22]. Figure 5.5 shows the flexible
multibody model of the instrument and the curved rigid tube. The encircled
number®, represents the" beam element. The nodes are represented by the
numbers.

The curved rigid tube is modeled as a circular tube of uniform cross-section.
The shape of the tube is defined by the centerline of the tube. The centerline
is defined by a straight line, a circular arc, azger curve, or a combination
of these. Different geometric shapes are connected together to define the en-
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Fig. 5.5: Flexible multibody model of a instrument and of a curved rigid tube

tire length of the curved tube. The contact model includes the interaction in
the normal and tangential directions at the various nodes. Wall stiffness and
damping are defined to calculate the interaction in the normal direction. Fric-
tion between the instrument and the tube is defined to calculate the interaction
in the tangential direction. The details of the developed model can be referred
to [26, 28, 29].

A flexible multibody model is set up to validate the analytical results. The
effect of the velocity components—along the axial and circumferential directions—
on the force transmission is further investigated.

Description of the Model

A flexible instrument is defined by a stainless steel wire of circular cross-
section of 0.8 mm diameter. The undeformed wire is straight and has no pre-
curvature. The entire length of the wire is defined by interconnected spatial
beam elements. A curved rigid tube is defined by an arc of radius of curva-
ture 300 mm and a wrap angle = 90°. The inner diameter of the tube is

4.0 mm. Two straight tubes of the same inner diameter are defined at the entry
and exit of the curved tube. The wire inside the circular section is defined by
10 equal length spatial beam elements. A section of 130 mm and 200 mm long
wire are defined in the straight sections of the tube at the entry and at the exit
respectively. Figure 5.6 shows the configuration of the model.

Simulation for the combined motion

The model is set up for the simulation. The instrument is assumed straight
in the beginning. The initial deformations of the elements are obtained an-
alytically and prescribed in the beginning to place the instrument along the
centerline of the defined curved rigid tube. The data used for the model and
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Instrument

Fig. 5.6: Configuration of the flexible multibody model of the instrument and of the curved
rigid tube used for the simulation. The instrument is defined by interconnected spatial beam
elements.

Table 5.1: Data used for the simulations

Description Values Unit
Density,p 7.8 10 kg/m®
Young’s modulusfg 200 16 N/m?
Shear modulusG 79 10 N/m?
Mass/lengthpA 3.92 103 kg/m
Flexural rigidity, E| 4.02 103N m?
Torsional rigidity,GJ 3.18 103N n?
Size of the transition zone 0.5 mm
Wall stiffnessk 2.0 10 N/m?
Wall damping .Gy 10.0 Ns/nt
Velocity coefficientg, 2.0 16 (m/sy*
Friction coefficienty 0.157

simulation are given in Table 5.1. The load at the distal end is applied through a
linear spring of stiffneds;, = 198.3 N/m and an initial extension of 12.5 mm.

A lumped mass and inertia are added at the distal end to account for attach-
ments used for measurement (see Section 5.2.3). The mass and inertia proper-
ties are given in Table 5.2.

An input motion profile is defined at the proximal end of the instrument in
both directions—translation and rotation—as shown in Fig. 5.3 and outlined
in Section 5.2.1. In the simulations, the amplitudedis= 2 rad, and the
frequency isf = 1 Hz. The simulation is performed for= 6 s. The rotation
motion is triggered at = 1.75 s so that when the instrument reverses the
direction att = 2 s, the circumferential velocity; due to rotation reaches to
the maximum.
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Table 5.2: Mass properties of the attachment

Parameter Value Unit

Rotational inertiaJy 1.36 10° kg n?
Jy 17.47 105 kg n?
J; 17.67 10° kg n?

Mass m 0.100 kg

The input force=j,, and the output forc€q; are calculated during the simu-
lation. The input forcd;, is the force acting at the proximal end and is equal to
the reaction force. The output forég,; is the force acting at the distal end and
is equal to the spring force. The extension in the sprgg, is calculated from
the displacement at the distal end. Therefore, the output fégge= KspXextn.

The force ratioFi,/Foyt is calculated for the entire motion range. The rdtio
is calculated further using Eqgn. (5.11). The details of the simulation results are
presented in Section 5.3.

The coefficient of frictiom between the contacting surfaces is assumed con-
stant. The Coulomb friction force model is used in the simulation. The value
of 4 does not change with the magnitude of sliding velocity.

5.2.3 Experiments

Various experiments are performed to validate the analytical and simulation re-
sults. We used the experimental set-up previously designed to study the motion
and force transmission of a flexible instrument inside a curved rigid tube [30].
A brief description of the set-up is given in the following section.

Description of the experimental set-up

The experimental set-up consists of three basic modules: Actuation module
(AM), Force sensing module (FSM), and Tip motion measurement module
(T3M). Figure 5.7 shows the experimental set-up, indicating the three modules
together with the key components.

The AM provides the actuation in 2-DOFHRs. translation and rotation along
the axial axis of the instrument at the proximal end. The FSM enables all 6-
DOFs measurement of forces and torques arising from the interaction of the
instrument with the curved rigid tube. The T3M measures the translation and
rotation of the distal end of the instrument along the axial direction. The details
of the design and the evaluation of the set-up can be referred to [30].
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Fig. 5.7: Experimental set-up with 2-DOFs actuation module (AM), 6-DOFs force sensing
module (FSM) and 2-DOFs tip motion measurement module (T3M). The AM provides actu-
ation at the proximal end. The FSM measures all the six components of the interaction force
between the instrument and the tube. The T3M performs contactless measurement of the distal
end motion.

The combined motion is effected through the translation and rotation motion
of the AM independently. The motions along the two DOFs are measured by
the encoders. The proximal end of the wire is attached to the AM at the rotation
axis. The motion of the distal end of the wire is measured via the cam through
two laser displacement sensors. The forces acting at the ends of the wire are
measured from the reaction forces measured by the FSM.

Aforce is applied to the distal end along the axial direction through a spring.
The spring is attached to the base through a string. The configuration allows
the loading of the wire in the axial direction. As the string is extremely com-
pliant in bending and torsion, the rotation motion can be combined with the
translation motion without loading the wire in torsion. Figure 5.8 shows the
details of the attachment to the distal end.

Configuration of the guide tube and wire

For the guide tube, we used a stainless steel tube of outer diameter of 6 mm and
inner diameter of 4 mm. A total length of 800 mm was chosen. The tube was
bent to 90 arc of radius of curvature 300 mm. There were straight sections
left at both the ends. The input side of the tube was aligned to the AM and the
output side of the tube was aligned to the T3M. The tube was rigidly attached
to the top plate of the FSM.
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Fig. 5.8: Experimental set-up with the spring attached to the distal end of the wire. One end of
the spring is attached to the base through a string allowing loading in axial direction only.

We chose a stainless steel wire of diameter 0.8 mm and a total length of
880 mm. The wire has no precurvature. The wire is inserted into the tube and
the two ends are attached to the AM and the T3M. The axial load is applied
through the spring and is attached to the base through a string. The extension
of the spring is adjusted so that there is always a tensile load acting on the wire
throughout the range of motion in the axial direction.

5.3 Results

The effect of the combined motion is studied through various simulations and
experiments. The simulation and experimental results are compared with the
analytical result. The combined motion results in a reduction in the force trans-
mission in the axial direction. The value of the ratialefined by Eqgn. (5.11),
gives an indication of the amount of reduction in the friction force along the
axial direction. The combined motion is presented in terms of the velocity ra-
tio v¢/Va. The value of the ratid is studied for different values of the velocity
ratio. The simulation and experimental results are presented in the following
sections.

5.3.1 Simulation Results

Simulation results are presented with respect to the given input motion. The
input forceFj, and output forcd=q; are calculated and shown in Fig. 5.9.
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Fig. 5.9: Comparison of the input and output forces with and without rotation motion combined
with the translation motion. The sinusoidal rotation motion is combined with the constant axial
motion aftert = 1.75 s.

We can observe the transients in the beginning. The output feygesaries
linearly as it depends on the extension of the spring. Initially, as there is only
translation motion along the axial direction, the friction force will be entirely
acting along the axial direction. When the direction of motion changes, the
direction of friction force also changes. The corresponding jump in the input
force Fj, can be observed at= 1.0 s. The rotation motion is combined with
the translation motion aftér= 1.75 s. The corresponding changes in the input
forceFi, can be observed. As the magnitude of the circumferential velagity
increases, the friction force along the axial direction decreases. Therefore, the
difference in the input forcE;, and the output forc€&,; decreases. Inversely,
when the magnitude of the circumferential velocityapproaches zero, the
friction force acts entirely along the axial direction. Therefore, the difference
between the forces is the maximum.

Effect of the velocity ratio on the ratioZ The ratio/ is calculated to
compare the effect of the combined motion on the force transmission (see
Eqgn. (5.11)). The logarithm of the force ratio for the combined motiomfliiEour),
is calculated. The magnitude of the logarithm of the force ratio for the axial
motion only isua. In this case, the value ofis 0.157 andr is 7/2 rad. Fig-
ure 5.10 shows the corresponding plot of the rétitnitially, the value of¢ is
1.0 as there is no rotation motion combined with the axial motion. However, as
the translation motion is combined with the rotation motion, we can observe a
decrease in the value 6f The analytical value of the ratipis calculated using
Eqgn. (5.14) as previously shown in Fig. 5.4 and also included in Fig. 5.10. The
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Fig. 5.10: Comparison of the value of the ratiowith and without rotation motion combined
with the translation motion. The sinusoidal rotation motion is combined with the constant axial
motion aftert = 1.75 s. Analytical result is shown by the dashed line,

simulation result shows a good correlation with the analytical result.

In order to study the effect of the velocity ratio further, different magnitudes
of the sinusoidal rotation motion were combined with the translation motion.
The magnitude of the axial velocity, is 5 mm/s for all the cases. The am-
plitude of the rotation motion is changed. The different value& ofed are
0.0, 0.57, 1.0, 2.0/and 3.0arad. The value of the frequendyused is 1 Hz.
Figure 5.11 shows the plot of the ratfofor the combined motion for differ-
ent amplitudes of rotation motion with respect to the input displacemgnt
in axial direction. When the amplitud& of the rotation motion is increased
from 0.5xto 3.0xrad, the magnitude of the circumferential veloaityalso in-
creases. As a result the ratialecreases with increasing the amplitudeThe
results are compared for one full stroke of motibe,for 4.0 s<t < 6.0 s for
clarity. The value ot remains at 1.0 for no rotation. It can be also observed
that the oscillations are damped out quickly for higher values of the amplitude.
A lag is also observed in the response.

The simulation results show that as the velocity ratifv, increases, the
value of the ratia® decreases. A largest reduction of 80 % in the valug of
is observed in the case of a constant axial veloeity= 5 mm/s combined
with the sinusoidal rotation input of amplitude = 3.07 rad and frequency
f = 1 Hz. In this case, the value ¢freduces from 1.0 to 0.2, which is in
agreement with the analytical result.

5.3.2 Experimental Results

Various experiments are performed to see the effect of the combined motion
on the value of the rati¢. Different velocity ratios,/v, are obtained by com-
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Fig. 5.11: Comparison of the value of the ratibcorresponding to constant axial velocity
vV, = 5 mm/s combined with the sinusoidal rotation input of different amplitWdfsd] and
frequencyf = 1 Hz.

bining the constant translatiag, with either the constant rotation inpwt, or
with the sinusoidal rotation input. Both kinds of input motion for rotation are
discussed in the following sections with respect to each translationipput

Estimation of the value ofu

An experiment was set up to estimate the value of the coefficient of friction
u between the stainless steel wire and the tube. The wire is inserted into the
curved rigid tube. The distal end is attached to the spring. A constant velocity,
vin = 0.5 mm/s, to-and-fro motion is given to the proximal end. The forces at
the two ends of the wire are calculated.

The value ofu is calculated from the logarithm of the force ratio. From

Egn. (5.9),
I:in )
In
(Fout

The mean value, thus, calculated over the two cycles is 0.24& For/2 rad,
the value ofu is 0.157. This is the value @f used in the simulation.

- ja. (5.19)

Constant translation vj, with constant rotation win

Experiments are performed for different velocity ratios by combining a con-

stant translation input, with constant rotation inpubi,. The constant veloc-

ity input of 0.25, 0.50 and 1.0 mm/s in translation are used for the experiments.
The translation motion is combined with the constant angular velocity of O,

/3, /2 andr rad/s.
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Case 1:vip = 0.25mm/s A constant velocitwi, of 0.25 mm/s is given to
the proximal end of the wire. The motion is reversed after 20 s and the cycle is
repeated. Initially, there is no rotational motion combined with the axial mo-
tion. The input and output forces are measured and the logarithm of the force
ratio, In(Fin/Foutrans: iS calculated. The experiment is repeated with the same
axial motion combined with the rotational spaeg = 7/2 rad/s. The rotation
motion is reversed after 10 s and the cycle is repeated. The input and output
forces are measured and the logarithm of the force rati®;Jf ¥ out)comb IS
calculated for the combined motion.

The ratio/ is calculated using Eqn. (5.11) where the denominator is obtained
from the mean value ofin(Fin/Fou)wand- Figure 5.12(a) shows the plot of the
ratio £ with respect to the input displacement. Here, we observed that when
the translation motion is combined with the rotation motion, the value of the
ratio/ is reduced considerably. For a translation speeghcf 0.25 mm/s and
rotation speed at/2 rad/s, the calculated value of anglés 68.3. The value
of the ratio¢ for the combined motion is also compared with the analytical
result, cosg= 0.37. As the rotation motion changes direction every 10 s, we
observe an increase in the valueoét the end of stroke and also halfway.
This is expected as there is no rotation momentarily and, therefore, the value
of ¢ approaches towards 1.0. However, the valué tfduces as soon as the
rotation commences.

The value of? is calculated for another value of the angular rotatign=
n/3 rad/s combined with the axial motia,. The value of is also compared
with the corresponding value of the analytical value,¢co3he results are
summarized in Tab. 5.3. The reduction in the rdtiwith respect to the veloc-
ity ratio is observed in the experiments, although the experimental reduction is
somewhat smaller than the analytical values. The rms valugsuaf also cal-
culated for different velocity ratios and shown in Tab. 5.3. The rms values are
relatively high due to velocity reversals in the rotational direction. The sudden
change in the velocity also excites the higher modes and leads to oscillations,
which is reflected in the rms values.

Case 2: vi; = 0.5 mm/s In this case, a constant input velocity, =
0.5 mmy/s is given to the proximal end. The motion is reversed after 10 s and
repeated. The translation motion is combined with different rotational speed
win—0, 7/2 andr rad/s. The rotation motion is reversed after every 5 s. Fig-
ure 5.12(b) shows the plot of the ratjdor rotation input ofw;, = 7 rad/s and
translation input o4, = 0.5 mm/s with respect to the input displacemgpt
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Fig. 5.12: Comparison of the ratig for the combined motion—a rotational speseg with a
translation motion input,. The corresponding analytical values of the rdtie cosg¢for the
combined motion are also shown.
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Table 5.3: Comparison of the ratig for constant;, combined with constanb;,

4
Translation Rotation |Analytical Experimental
Vin, [MmM/s]|win, [fad/s]] cos¢ |mean rms
0 1.0 1.0 | 0.15
0.25 n/3 0.51 |0.71] 0.24
n/2 0.37 |0.51| 0.24
0 1.0 1.0| 0.14
0.5 n/2 0.62 |0.48| 0.13
T 0.37 |0.36]| 0.14
0 1.0 1.0| 0.11
1.0 n/2 0.85 |0.95| 0.20
i 0.62 |0.70| 0.18

The analytical value of the ratipis also shown for comparison, which is equal
to cosg.

Again, the combined motion results into a reduction in the value of'the
The value ot reduced to 0.36 as compared to the theoretical value of 0.37 for
Vin = 0.5 mm/s andvi, = & rad/s. As the rotation motion corresponding to
win = m rad/s reverses after 5 s, there is no rotation momentarily. As a result,
the value of the ratig approaches towards 1 at the end of stroke and halfway.

The value of the” is calculated for another value of the angular rotation
win = ©/2 rad/s combined with the axial motiag,. The results are summa-
rized in Tab. 5.3. The reduction in the ratiavith respect to the velocity ratio
is observed. The rms values oare of the order of 0.15 (see Tab. 5.3).

Case 3:vi; = 1.0mm/s The translation speeg, is changed to 1.0 mm/s.
The translation motion is combined with different values of rotational speed
win—0, /2 andn rad/s. Both the motions are reversed at the same time after
every 5 s. Figure 5.12(c) shows the plot of the ratifor the rotation input
of win = 7 rad/s and translation input of, = 1.0 mm/s. The plot the ratit
is compared for no rotation motion combined with the translation input. We
observe the reduction in the value ofs the translation motion is combined
with the rotation motion. The analytical value of the ratidor the given
velocity ratiov;/v, is also shown. The value gfreduced to 0.70 as compared
to the theoretical value of cgs= 0.62 forvi, = 1.0 mm/s andvj, = 7 rad/s.

The value of the’ is calculated for another value of the angular rotation
win = n/2 rad/s combined with the axial motiog,. The results are summa-
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rized in Tab. 5.3. The reduction in the ratiavith respect to the velocity ratio
is observed. The rms values oare of the order of 0.20 (see Tab. 5.3).

The translation and rotation inputs are abruptly changing the direction of
motion. As a result, we see transient vibrations in both the directions. The
velocities in translation and rotation along the wire suffer from oscillations;
and they are no more constant as the input motion. The {atiepends on
the velocity ratio at the individual contact points and, therefore, we observe
oscillations in the experimental results as shown in Fig. 5.12. This is also
reflected in the rms values ¢fas shown in Tab. 5.3. Nevertheless, the effect of
the combined motion on the ratids observed in all the cases as hypothesized.
The experimental results show that the value of the ratitecreases as the
velocity ratiovg/v, increases as shown in Tab. 5.3.

Constant translation vi, with sinusoidal rotation input

In this case, the constant velocity inpit is combined with the sinusoidal
rotation input. The sinusoidal rotation input provides a wide range of velocity
ratios in one experiment. Moreover, the dynamic eftfects will be less excited
due to a smoother rotation input as compared to the constant rotation input
where the direction of rotation changes abruptly.

Case 1:vj, = 0.25mm/s A constant translation inpu, = 0.25 mm/s
is combined with a sinusoidal rotation input of amplitulle- 27 rad and fre-
guencyf = 0.1 Hz. The translation motion is reversed after 20 s and repeated.

The input and output forces are measured and the logarithm of the force ra-
tio, In(Fin/Fou), is calculated. The rati¢ is calculated for the entire motion
range of 40 s. The analytical value of the ratis calculated using Eqn. (5.14)
from the input translation motiow, and the circumferential velocity. corre-
sponding to the rotation inputj,. Figure 5.13 shows the plot of the ratidor
the entire motion range. The experimental result showed a similar qualitative
behavior as predicted by the analytical solution. There is a large reduction in
the value of the ratid as the rotational speed approaches to the maximum. As
the rotational speed approaches towards zero, the value of thé natieeases
to the maximum. The plots corresponding to no rotation motion are also shown
for the comparison.

A lag is observed in the response as compared with the analytical value.
A lag in the response is expected due to static and dynamic effects. Friction
and the stiffness leads to virtual play. The system has finite inertia and limited
stiffness, which leads to some lag. However, we try to minimize the dynamic
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Fig. 5.13: Comparison of the ratig for the translation motion inpw, = 0.25 mm/s combined
with the sinusoidal rotational input of amplitude= 2z rad and frequency = 0.1 Hz. The
corresponding analytical value of the ratidgs also shown.

effects by reducing the actuation frequency well below the fundamental fre-
quency (of the order of 2 Hz). As we observe from Eqn. (5.14), the taito
dependent on the velocity ratig/va. The velocities along the length of the
instrument lag as compared with the input velocities. Therefore, the instan-
taneous value of angl¢ and, hence, the analytical value of the rafiwvill

be different. Since we provided a sinusoidal rotation input and the response
depends on the velocity inputs, we applied a Fourier fit of a fundamental fre-
quency of same magnitude as the rotation input. Moreover, we limited the
number of harmonics to capture the overall characteristics but not the noise. A
Fourier fit is applied to the experimental value/df37]. The Fourier series is
expressed as

Ciit = ag + Z gicos(nw) + bisin(nw. (5.20)
i=1

Here, the fundamental frequeney= 27 f and the number of harmonics in the
seriesn = 2 is used. The fit is performed separately for both forward and re-
verse stroke of translation motion. The absolute value of the fasianalyzed
for both the cases. The laf is obtained by comparing the maximum values
of ¢ from the fitted and analytical plots in time. Figure 5.14 shows the fitted
curve with the experimental plot gfwith respect to the input displacemegt
for both forward and reverse stroke of motion. The analytical plots have been
adjusted in time using the obtained lag and are also shown in Fig. 5.14.

The overall reduction in the value ¢fis obtained from the maximum and
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Fig. 5.14: Comparison of the rati¢ for a translation motion input, = 0.25 mm/s combined
with a sinusoidal rotational input of amplitude= 2 rad and frequency = 0.1 Hz. A Fourier
fit to the experimental plot and the corresponding shifted analytical plot are also shown.
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minimum values of the fitted curvg;; and compared with the analytical result.
The maximum value corresponds to when there is only translation motion and
the minimum value corresponds to the translation motion combined motion
with the maximum rotational speed. The results are shown in Tab. 5.4. There
is a large reduction igf due to the combined motion. The maximum reduction
achieved in this case is 78 % in forward stroke and 75 % in reverse stroke
compared to the theoretical reduction of 84 %.

The deviation in the rati¢ is calculated from the fitted curve as well as from
the analytical curve. In this case, the analytical plot has been already shifted
according to the lagt. The lag is expressed as a non-dimensional parameter
6t/T,whereT = 1/f. The error in the ratiq is calculated from both the plots.
The experimental results deviated by 17 % and 9 % in the forward and reverse
stroke of motion as compared to the analytical results. The deviation is due to
static and dynamic effects related to friction, inertia and stiffness. The effective
frictional force is also not constant as it depends on the instantaneous velocity
ratio. Nonetheless, we observed a large reduction in the fatiwe combine
the translation motion with the rotation motion.

Case 2a:viy = 0.5mm/s Similar experiments are performed with a trans-
lation inputvi, = 0.5 mm/s combined with a sinusoidal rotation input of ampli-
tudeA = 2rrad and frequency = 0.1 Hz. The translation motion is reversed
after 10 s. Figure 5.15 shows the plot of the ratiaith respect to the input
displacemenk;,. The experimental and analytical results are compared for the
combined motion as well as for no rotation. We observed similar reduction in
the value of the ratig for the combined motion as expected from the analytical
result. A Fourier fit withf = 0.1 Hz andn = 2 is applied to the experimen-
tal data separately for both forward and reverse stroke of translation motion.
The measurements were taken for 2 cycles of motion. The lag is obtained by
comparing the fitted and analytical plots. The analytical plot is shifted accord-
ingly. Figure 5.16 shows the different plots—experimental, fitted and shifted
analytical—forvi; = 0.5 mm/s combined with a sinusoidal rotational input of
amplitudeA = 2r rad and frequency = 0.1 Hz. Different plots are shown
only for the forward stroke of motion.

We observed a reduction of 63 % in the valuefoin both forward and
reverse stroke of motion as compared to 70 % analytically as shown in Tab. 5.4.
A mean deviation of 18 % and 9 % is observed in forward and reverse stroke
of motion from the analytical solution. A reduction inis observed for the
combined motion in accordance with the analytical result.
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Fig. 5.15: Comparison of the ratig for the translation motion inpw, = 0.5 mm/s combined
with the sinusoidal rotational input of amplitude= 2z rad and frequency = 0.1 Hz. The
corresponding analytical value of the ratidgs also shown.
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Fig. 5.16: Comparison of the ratig for a translation motion input, = 0.5 mm/s combined
with a sinusoidal rotational input of amplitude= 2z rad and frequency = 0.1 Hz. A Fourier
fit to the experimental plot and the corresponding shifted analytical plot are also shown.
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Table 5.4: Value of¢ for constant, combined with sinusoidal rotational input of amplitude
A and frequencyf

Value of¢
Vin A f Direction Analytical Experimental
(mm/9 | (rad)| (Hz) Imin[ AZ [max{min| AZ [6t/T

Forward|0.16 0.84]0.990.21/0.78-0.04
Reversel0.16 0.84]0.900.150.75-0.05

1.040.440.60-0.05
Forward|0.30 0.70\ a6 490,66 -0.05
0.990.350.64-0.06
0.980.36/0.62-0.06
1.140.190.95-0.04
1.14/0.200.94-0.04
0.990.150.84-0.05
0.9910.140.85-0.05
1.030.320.71-0.03
1.090.330.76-0.03
0.94/0.260.68-0.05
0.94/0.27/0.67-0.05

025 | 2n | 0.1

2r | 0.1

Reverse 0.30/0.70
0.50

Forward|0.11] 0.89
37 1 0.2

Reverse 0.11] 0.89

Forward|0.21/ 0.79
1.0 | 37| 0.2

Reverse 0.21/0.79
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Fig. 5.17: Comparison of the ratig for the translation motion inpw, = 0.5 mm/s combined
with the sinusoidal rotational input of amplitude= 3x rad and frequency = 0.2 Hz. The
corresponding analytical value of the ratidgs also shown.

Case 2b:vi, = 0.5mm/s In this case, we combined the translation input
Vin = 0.5 mm/s with a sinusoidal rotation input of amplitude= 3x rad and
frequencyf = 0.2 Hz. The amplitude and frequency of the rotation input are
increased to get a higher velocity ratig/v, and, thus, to achieve a higher
reduction inZ. Figure 5.17 shows the plot of the ratjowith respect to the
input displacemenk;,. We observed a further reduction in the value of the
ratio/ as compared to Fig. 5.15. Here, a Fourier fit wite: 0.2 Hz andn = 3
is applied to the experimental value &f The analytical plot is shifted by the
lag. The results are compared separately for the forward and reverse stroke of
translation input for 2 cycles. Figure 5.18 shows the different plots of the ratio
¢ for the forward stroke of motion.

We obtained an increased reduction of 95 % and 85 %imthe forward
and reverse stroke of tranlation input as compared to analytical reduction of
89 % as shown in Tab. 5.4. We observed a mean deviation of 22 % and 14 %
in £ in the forward and reverse stroke of motion as compared to the analytical
solution. The deviation is larger as compared to the previous case. However,
the overall reduction i is observed for both forward and reverse stroke of
motion in accordance with the analytical solution.

Case 3:vi, = 1.0mm/s In this case, the translation input motion is in-
creased to, = 1.0 mm/s. The direction of motion changes after 5 s. The
rotation input is given as a sinusoidal input of amplitdle: 37 rad and fre-
quencyf = 0.2 Hz. Figure 5.19 shows the plot of the ratiovith respect to
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Fig. 5.18: Comparison of the ratig for a translation motion input, = 0.5 mm/s combined
with a sinusoidal rotational input of amplitude= 3x rad and frequency = 0.2 Hz. A Fourier
fit to the experimental plot and the shifted analytical plot are also shown.
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Fig. 5.19: Comparison of the ratig for the translation motion inpw, = 1.0 mm/s combined
with the sinusoidal rotational input of amplitude= 3x rad and frequency = 0.2 Hz. The
corresponding analytical value of the ratids also shown.

the input displacemeng,. The experimental results show a reductior ias
expected from the analytical results. A lag is also observed as in the previous
cases. A Fourier fit withf = 0.2 Hz andn = 3 is applied separately for the
forward and reverse stroke of translation input for 2 cycles. Figure 5.20 shows
the experimental, fitted and the analytical shifted plots/féor the forward
stroke of motion.

We obtained a reduction of 73 % and 67 %ifor the forward and reverse
stroke of translation motion as compared to analytical reduction of 79 % as
shown in Tab. 5.4. A mean deviation of 16 % and 7 % is observed in the
forward and reverse stroke of motion as compared with the analytical solution.
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Fig. 5.20: Comparison of the ratig for a translation motion input, = 1.0 mm/s combined
with a sinusoidal rotational input of amplitude= 3rrad and frequency = 0.2 Hz. A Fourier
fit to the experimental plot and the corresponding analytical plot are also shown.

5.4 Discussion

Assumptions are made to simplify the analytical model and use it as a tool to
estimate the improvement in the force transmission due to the combined mo-
tion. We assumed uniform contact and motion transmission along the length
of the flexible instrument. However, as the wire is flexible in bending and rota-
tion, the motion at the distal end and all the intermediate contact points will not
be same as the input motion at the proximal end. In this study, we compared
the simulation and experimental results with the analytical result with respect
to the input motion both in translation and rotation. The analytical formulation
assumes that the wire is fully compliant in bending and rigid in axial direction
and torsion. Nonetheless, the analytical formulation provides the basis of the
study and can be used as a guiding principle for further study.

Friction, inertia and the compliance of the instrument leads to deviation from
the analytical formulation. The effect of these parameters are observed in the
experiments. The flexible multibody can be useful to further investigate the
effect of combined motion on various kinematic and dynamic behaviour.

Friction between the instrument and the tube is another challenge. The value
of u is not constant and varies over a range. Therefore, we estimated the value
of u for each set of experiments. Nonetheless, we are keen on overall reduction
in Z over a cycle, the absolute value of the friction force is not required.

The reduction in” leads to improved force transmission along the axial di-
rection. The application is not only limited to the robotic surgical application,
but can be also applied to many mechanical transmission problems using flex-
ible wires through tubes.
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5.5 Conclusion

In this paper, we presented how the force transmission of a flexible instrument
inside a tube is improved along the axial direction by combining the translation
motion input with rotational motion input. An analytical model is derived to
calculate the reduction in friction force. The ratias defined to measure the
reduction in the friction force along the axial direction due to the combined
motion. We set up a flexible multibody model of an instrument inside a curved
rigid tube and compared the simulation results with the analytical solution. The
simulation result showed a reduction of 80 % in the valué of accordance

with the analytical result for the given velocity ratig/v,.

We showed the reduction in the ratfathrough several experiments com-
bining different constant translation inpit with constant and sinusoidal ro-
tation input with different amplitudes and frequencies. A maximum reduction
of 84 % is obtained against a reduction of 89 % calculated analytically. Static
and dynamic effects lead to a deviation from the analytical solution. The reduc-
tion in the friction force ultimately results into improved force transmission.
The developed analytical model offers a simple though effective estimate of
the amount of reduction in friction force in axial direction. The knowledge of
force transmission with a combination of motions can be used to increase the
force fidelity of a flexible instrument in applications like robotic surgery with
a flexible instrument. The developed insight can also be useful in designing
mechanical transmission using flexible wires, cables and tubes.
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S

CONCLUSIONS AND
RECOMMENDATIONS

6.1 Conclusions

The overall objectives of the research are restated as:

Characterization of static and dynamic behaviour of a flexible sur-
gical instrument inside a curved rigid tube—both for translation
and rotation motion input; develop a 2-D and 3-D flexible multi-
body model; design a dedicated experimental set-up for the actu-
ation and measurement of motion and interaction forces; and to
derive strategies to improve motion and force fidelity of the instru-
ment.

The objectives and the conclusions of the individual chapters are recapitulated
in the following sections. The overall conclusion is discussed thereafter in

Section 6.1.5. The recommendations for the future work are summarized in
Section 6.2.
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6.1.1 2-D Flexible Multibody Modelling
The objective of Chapter 2 is:

Develop a 2-D flexible multibody model of an instrument to study
its sliding behaviour inside a curved rigid tube.

The focus is to develop a computational model for a planar case which in-
corporates not only the geometry but also the necessary mechanical properties
of the system and the contact model. The model should be able to determine
the characteristic behaviour during insertion and for fine manipulation of the
instrument in translation.

A 2-D flexible multibody model of a flexible instrument constrained inside
a curved rigid tube was developed. A static friction based contact model was
implemented. The simulations showed the forces acting at different nodes on
the instrument during insertion inside a curved tube of different shapes. The
simulation results for fine manipulation showed motion hysteresis and stick-
slip behaviour. The coefficient of friction has a large influence on the motion
hysteresis whereas the bending rigidity of the instrument has little influence.

6.1.2 Design and Evaluation of an Experimental Set-up
The objective of Chapter 3 is:

Design and evaluation of an experimental set-up for the validation
of the developed flexible multibody model and characterization of
flexible instruments for surgical application.

The design specifications were chosen with respect to a typical surgical
scenario—with a flexible instrument inside an endoscope—where the surgeon
controls the instrument from its proximal end. The experimental set-up con-
sists of three basic modules—Actuation module (AM), Force sensing module
(FSM), and Tip motion measurement module (T3M).

The 2-DOFs AM provides the actuation in axial and twist direction from
the proximal end of the flexible instrument independently with a resolution of
0.1 um and 0.005 deg respectively. The 2-DOFs T3M achieves contactless
measurement of the distal end motion in axial and twist direction via an air
bearing guided cam. A measurement resolution ofutband 0.15 deg are
achieved in translation and rotation. The 6-DOFs FSM measures the force
and moment exerted by the flexible instrument on the curved tube. The force
resolution of 9 mN and the force and moment error of 0.8 % and 2.5 % respec-
tively are achieved by the FSM. The three modules of the set-up conform to
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the design objectives and hence were suited for the validation of the dedelop
model of the flexible instrument inside a curved rigid tube.

6.1.3 3-D Modelling and Experimental Validation

The objective of Chapter 4 is:

Set up a 3-D flexible multibody model of a surgical instrument to
study its translational and rotational behavior in a 3-D environ-
ment, and validate the model with experimental results.

A 3-D flexible multibody model of the instrument was set up. The 2-D
model was able to characterize the instrument behaviour only in translation
and for only a planar tube (Chapter 2). The developed 3-D model is able to
characterize the instrument behaviour in both translation and rotation, and for
any 3-D tube geometry. The contact model is redefined with respect to 3-D
tubes of different geometry. The effect of various parameters in motion and
force transmission was studied through various simulations in translation and
rotation.

The simulations show the stick-slip behavior and motion hysteresis when
the input velocity changes direction. However, the magnitude of stick-slip
is greatly reduced when the distal end is preloaded in tension. The motion
hysteresis is reduced from 2.8 mm to 0.6 mm. The ratio of the input force at the
proximal end to the spring load at the distal end is compared with the capstan
equation. The simulation results show a deviation of 1.8 % in the estimation of
input force. The simulations for rotational motion show a motion hysteresis of
the order of 0.4 degree for the unloaded case. The motion hysteresis in rotation
increases considerably with different flexural rigidity along the two principal
axes and with a pre-curvature. A difference in the flexural rigidity along the
principal axes and a pre-curvature result in a whipping action.

Experiments are performed to validate the developed model for motion and
force transmission in translation and rotation using the designed experimental
set-up (Chapter 3). The set-up is also used to estimate the coefficient of friction
u. Measurement of the input force shows a deviation of the order of 1 % from
the analytical solution obtained from the capstan equation. The measured out-
put rotation of the distal end with respect to the input rotation of the proximal
end is in agreement with the simulation result. The developed 3-D model of a
flexible instrument in a curved rigid tube is used to study the effect of various
parameters for different geometric configurations for both in translation and
rotation.



140 Chapter 6. Conclusions and Recommendations

6.1.4 Improved Force Transmission
The objective of Chapter 5 is:

Improve the force transmission of the flexible instrument along
the axial direction through a curved rigid tube by combining the
translation input motion with rotational motion.

An analytical model is derived to calculate the reduction in friction force
and, thus, the improvement in the force transmission along the axial direction
by combining the translation motion input with a rotational motion input. The
ratio 7 is defined to measure the reduction in the friction force along the axial
direction due to the combined motion. A flexible multibody model of an in-
strument inside a curved rigid tube was set up and the simulation results are
compared with the analytical solution. The simulation result showed a reduc-
tion of 80 % in the value of in accordance with the analytical result for the
given velocity ratiove/Va.

Several experiments were performed with different combinations of constant
translation input, with constant and sinusoidal rotation input with different
amplitudes and frequencies. A reduction of 84 % is obtained against a re-
duction of 89 % calculated analytically. Static and dynamic effects lead to a
deviation from the analytical solution. The reduction in the friction force ul-
timately results into improved force transmission. The developed analytical
model offers a simple though effective estimate of the amount of reduction in
friction force in axial direction. The knowledge of force transmission with a
combination of motions can be used to increase the force fidelity of a flexi-
ble instrument in applications like robotic surgery with a flexible instrument.
The developed insight can also be useful in designing mechanical transmission
using flexible wires, cables and tubes.

6.1.5 Overall Conclusion

In this thesis, we highlighted the increased use of a flexible endoscope and
instruments to perform advanced surgical procedures. We characterized the
static and dynamic behaviour of a flexible instrument using developed compu-
tational models and experiments. We developed a 2-D and 3-D flexible multi-
body model of a flexible instrument inside a curved rigid tube (Chapter 2 and
Chapter 4 respectively). We studied the motion and force transmission charac-
teristics of a flexible wire in a curved rigid tube using the 2-D and 3-D model.
For a planar case, the 2-D model can be used to characterize the instrument
behaviour in any complex-shaped tube in translation. However, the 3-D model
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will be needed for the rotational behaviour as well as for a complex-shape
tube in 3-D space. We showed the effect of friction and bending stiffness on
motion hysteresis (Chapter 2). We also showed the effect of different flex-
ural rigidities Ely # El,) along the principal axes of the wire and of the
pre-curvature on the whipping action which is highly undesired and unsafe
for surgical application (Chapter 4). The force transmission characteristics
were compared with the capstan equation and with the experimental results.
We designed an experimental set-up and evaluated with respect to the design
specifications required for model validation and characterization of the instru-
ment (Chapter 3). The set-up enabled us to measure all the six components of
the interaction force between the instrument and the curved rigid tube. Dif-
ferent combinations of motion in translation and rotation can be given to the
proximal end of the wire and the output motion of the distal end can be mea-
sured simultaneously. We used the set-up and performed several experiments
with different tubes and different dimensions of flexible wires. This led us to
the research of combined input motions to improve force transmission. We
developed the analytical model; and used the developed 3-D model and the
experimental set-up to validate the analytical result. The force transmission of
a flexible instrument has improved considerably by combining the translation
with the rotational input motion (Chapter 5).

Therefore, we can conclude that we achieved the objectives of the research
stated in the beginning of this thesis. We can use the developed model to pre-
dict the motion and force transmission characteristics of a flexible instrument
for the given mechanical properties of the instrument, contact parameters and
the geometry of the endoscope. Inversely, we can also calculate or recommend
the desired mechanical properties of the flexible instrument for given motion
and force transmission characteristics of the instrument. The developed strat-
egy to alleviate frictional force and, thus, to increase force transmission, can
be implemented in the overall control structure to bring more transparency into
the system. The set-up can be used to measure the motion and forces at the
proximal and distal ends of the instrument to further characterize the instru-
ment behaviour. A better insight into a flexible instrument behaviour inside
an endoscope leads to its successful and safe introduction in a master-slave
robotic system. This also brings more confidence in using flexible devices for
clinical usage.
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6.2 Recommendations

We highlighted some pertinent questions towards introducing flexible endo-
scopic systems for advanced surgical procedures in Chapter 1. The future
research directions are summarized with respect to limitations with compu-
tational modelling, characterization of actual or developed instruments for ad-
vanced surgical procedures and improvement in the experimental set-up in the
following sections.

6.2.1 Modelling and Simulation

A good computational model has to be accurate and fast. There are two key
areas where the future research can focus towards achieving an accurate and
comprehensive model for flexible endoscopic surgical system and its interac-
tion with the tissues.

¢ Flexible endoscope and interaction with tissue\ computational model
is required to develop insight how a flexible endoscope interacts with
the surrounding organs and how the motion of the endoscope shaft—
insertion and twist—facilitates proper navigation and avoids looping in-
side the body. Moreover, the interaction of the instrument tip with the
tissues will also exert forces on the endoscope and can deform the over-
all geometry. An advanced model should be able to include all these
features and can be used to develop more insight in handling and carry-
ing out surgical interventions.

e Computational time. The simulations for rotational input were com-
putationally very heavy and were taking hours and even days in some
cases. Friction is one of the problems, particularly, near the zero mo-
tion range. Ways to reduce the overall computational time are necessary
without affecting the accuracy. This will be desired as we want to use
the model to predict the behaviour under more complex scenarios like
when the endoscope is fully inside the colon. The computational time
will be critical when all the components of the model are there and we
want to simulate the individual behaviour.

6.2.2 Design of a Flexible Instrument

The instrument has a very critical role in accomplishing a surgical task suc-
cessfully and safely. It has to be flexible but, at the same time, it has to be rigid
enough to transmit the motion and force required to accomplish the task at the
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distal end. The advanced surgical procedures entail new desigineragumts

for the instrument. It is also equally important to know how these mechanical

properties affect the overall performance. Integrating these instruments with
the robotic technology poses new requirements. Therefore, future directions
can be proposed with respect to the design and integration of flexible instru-
ments for advanced surgical procedures as follows:

e Measurement of mechanical properties of an instrumentThe model

of the instrument requires mechanical properties of the actual instru-

ment. An average and equivalent mechanical property can be obtained
through various experiments. An FEM model can be also investigated

incorporating all the construction details of the instrument. The same

can be applied to the flexible endoscope. Estimation of physical pa-

rameters like friction and damping is also very challenging, but they are

necessary components of the modelling to get sufficiently good result.

e Develop a building block to use in system model system block can
be identified consisting of a curved tube in one direction with radius
of curvature and angle of wrap. A known characteristic behaviour of a
flexible instrument inside a curved tube consisting of one bend leads to
define parameters of a transfer block in system definition. The entire
complex shape of the tube can be broken down into several curved tubes
of single bends and the system behaviour can be analyzed. This can be
useful in model-based control design.

6.2.3 Improvement in the Experimental set-up

The developed experimental set-up fulfills the requirement necessary for the
model validation. However, the design of the set-up can be further improved to

include accurate actuation and measurement. The following recommendations
are made to improve the experimental set-up for future applications:

e The AM used geared motors for actuation in translation and rotation.
This introduces backlash. Moreover, due to a high gear ratio, the motor
is able to overcome any fluctuation in the load. However, it is not desired
in a real surgical application as the motor does not see any change in the
load and can be dangerous. Therefore, a direct drive is preferred.

e The FSM can be re-calibrated using proper calibration techniques to im-
prove the accuracy further.
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e The cam used in the T3M has large rotational inertia together with the
shaft used for the attachment. Due to the limited rotational stiffness
of the slender wire, the natural frequency is of the order of 1-2 Hz,
depending on the diameter and length of the wire. The cam and the
attachment can be redesigned to reduce the inertia.

6.2.4 Other Applications

In medical science, the developed model can be used for catheter insertion.
The model can be further developed to include catheter interaction with the
blood and artery walls.

Cable-driven system can be analyzed using the developed model. Many
systems, these days, employ cable or wire transmission to actuate end manipu-
lator from the base. Flexible or rigid tubes are used to guide these cables. The
motion and force transmission of the cables are greatly reduced due to friction
and clearance.

There are industrial endoscopic systems also which are used for inspection
and maintenance particularly in the aerospace industry. New tools can be de-
veloped to access and maintain things in the complex and hard to reach spaces.
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A

THE PLANAR BEAM ELEMENT

Figure A.1 shows a planar beam element inxgrinertial coordinate system.

It consists of two nodesy andq, defined at the either end of the beam. The
configuration of the beam element is described by the position vegtoasnd

x4, of the end nodesy andq, and the angular orientation of the orthonormal
triads, (n, ny), rigidly attached to the element nodes [63]. The rotation part
of the motion of the beam element is described by the planar rotation matrices
RP andRY, defined by

cosgP  —singP cosgd  —singt

R? _[ singP  cosgP ] R _[ sing?  cosp? ] A1
The nodal coordinates of the beam element are four Cartesian coordixfates (
yP), (x4, y9) describing the position of the beam in the y)-coordinate system
and two rotation anglegP and¢ representing the angular orientation of the
base vectors (R, RPny) and (Riny, Rny) at the nodep andq respectively.
Hence the vector of nodal coordinates is given by

K T
Xoam=| XP. P @ | XA,y g8 | (A.2)
There are three deformation modes defined for the planar beam. The defor-
mationef‘) represents the elongation of the element, and the other two defor-

mation modesegk) andegk), are associated with the flexible deformation of the
beam element. They are defined as [1, 21, 63]:

elongation: W = pl(x®) = 109 — Ig‘),
bending: W =¥ x®) = —(RPny,1¥), (A.3)
€3 ) = Z)3 )(X(k)) = (anyy I(k)),
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Fig. A.1: The planar flexible beam element

wherelg‘) is the reference length of the elemélfi?, is the length of the vector
10, and the vectol® is defined by

[0 — a4 _ xP = [xq—xp,yq—yp]T. (A.4)

The operator (&) denotes the inner product of vectaandb.



SUMMARY

Flexible instruments are increasingly used to perform advanced and complex
surgical procedures either manually or robotically. The success of flexible in-
struments in surgery requires high motion and force fidelity, and controllability
of the tip. However, the friction and the limited stiffness of such instruments
limit the motion and force transmission of the instrument. The implementation
of flexible instruments in surgery necessitates characterization of the flexible
instruments, development of proper tools to understand the effect of various
mechanical parameters on the overall performance, and an improvement in
motion and force fidelity.

Therefore, the objective of this research is stated@isaracterization of
static and dynamic behaviour of a flexible surgical instrument inside a curved
rigid tube—both for translation and rotation motion input; develop a 3-D flexi-
ble multibody model; design a dedicated experimental set-up for the actuation
and measurement of motion and interaction forces; and derive strategies to
improve motion and force fidelity of the instrument. We developed a 2-D flex-
ible multibody model and studied the sliding behaviour of the instrument with
respect to the coeflicient of friction and the bending stiffness of the instrument.
Later, We developed a general 3-D flexible multibody model to study the static
and dynamic behaviour of the instrument both in translation and rotation. The
developed model is able to demonstrate the characteristic behaviour of the flex-
ible instrument for a given set of parameters. The simulation results showed
a deviation of 1.8 % in the estimation of input force compared with the ana-
lytical capstan equation. The simulation results showed the motion hysteresis
in translation and rotation. The onset of whipping motion in rotation is also
observed due to a pre-curvature and a difference in the flexural rigidity along
the principal axes of the instrument.

An experimental set-up is designed to provide the input motion both in trans-
lation and rotation from the proximal end, to measure the distal end motion
without contact, and to measure the interaction forces between the instrument
and the endoscope. The set-up is evaluated with respect to the design specifi-
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cations. The achieved specifications allow measurement of the characteristic
behaviour of the instrument inside a curved rigid tube and the validation of the
flexible multibody model. We performed various experiments to validate the
developed model and also to characterize the instrument behaviour.

We derived strategies to improve motion and force fidelity of the instrument.
The force fidelity is increased by combining the motion. Analytical model
is presented and validated with the modelling and experimental results. A
reduction in the friction force increases the force fidelity of the instrument.
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