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Introduction

Contents
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1.1 Context

Open surgery traditionally involves making large incisions to visualize the opera-
tive field and to access human internal tissues. Minimally invasive surgery (MIS)
is an attractive alternative to the open surgery whereby essentially a large number
of operations are performed using the specialized instruments designed to fit into
the body through several small incisions. MIS offers important advantages: it can
minimize trauma and pain, decrease the recovery time thereby reducing the hospi-
tal stay and cost. However MIS induces some difficulties for the surgeon. During
an intervention, the surgeon cannot directly see the operating site, but must rely
on a 2D video image of the site. Since the instruments and the camera are intro-
duced through small holes, their movements are restricted. This makes manipulating
them awkward. In addition, biomechanical behavior of the tissue is relayed through
the instruments, thus reducing touch sensations. Hence, surgeons have reduced vi-
sual and haptic feedback during MIS interventions, and can not rely on traditional
hand-eye coordination. Therefore, training a new MIS procedure takes more prac-
tice than learning new traditional surgical procedures. Interactive Virtual Reality
(VR) surgery simulators are becoming a common useful tool for training surgical
procedures. The advent, growth, and development of VR simulation as adjunc-
tive educational, training, and certification modalities in surgery is likely affecting
current surgical practice in substantial and various ways.

Unfortunately, constructing such simulations is a technically challenging task.
Consider such a system, consisting of a VR graphics simulation connected with a
haptic interface that renders reaction forces (a force feedback or haptic device), lets
the surgeon manipulate virtual organs, and feel their reactions. In addition, these
simulators serve as a test-bed for the evaluation and validation of new instrumenta-
tion and procedures, since the advances in these fields have enabled continual growth
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in MIS techniques. The operating room is becoming an increasingly complex envi-
ronment as technology affects the ways in which surgery is practiced, with marked
change during the last years and little to suggest otherwise for the future.

Among several medical diagnosis skills, palpation involves the medical personnel
interacting directly with skins or tissues. The development of palpation simulators
tends to be less common, although palpation is an important technique for the
diagnosis of many conditions. Tactile and thermal are the main senses stimulated
during a palpation task. However, thermal sensing tends to be ignored, although
it is important, especially, for abnormal thermal behavior localization; those are
correlated with the presence of tumors detection.

In this research, considerations are made of a system, where thermal informa-
tion, together with visual and force feedback, is integrated as a new multi-sensory
surgical simulation platform. The main issue that must be addressed when trying
to introduce surgery simulator in medical training, is the cost and the fragility of
haptics with force feedback. Indeed, such a device makes the surgery simulator four
times more expensive and requires frequent repairs during normal use.

1.2 Objectives

The main objective of this research is to make a contribution in the field of surgery
simulation. It focuses on the creation of a new interface for MIS training. This
interface allows the followings:

1. Force feedback rendering: Beyond the functional role of haptics in surgery
simulation, the design of a new haptic device for MIS training will help un-
derstanding the technological issues, reducing cost, implementing, testing al-
gorithms, etc.

2. Thermal rendering: Particular emphasis has to be placed in presenting the
user with the thermal cues of a manipulated object in Telepresence and VR
systems. In the context of surgery, the palpated organ will have not only
visual features and biomechanical behavior, but also thermal characteristics.
This thermal cue has to be reproduced to the user fingertip when interacting
with virtual organs.

3. Integrating multi-cues feedback: The incorporation of novel broadband
sensory modalities, with visual, haptics and thermal technology, into the evo-
lution of the next generation of surgical robotic and surgical simulator will be
investigated.

4. Improving the immersion and realism of stmulators: Since dexterous
manipulation and haptic sensation are especially interrelated in surgery, the
final objective is to meet the different challenges in order to interface success-
fully this multi-modal interface with the typical environmental characteristics
found in surgery.
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1.3 Thesis outline

This thesis is organized as follows:

The first chapter introduces the MIS-surgery techniques and briefly recalls its
specificity, evolution and nowadays use. We discuss problems and limitations en-
countered in MIS procedures teaching for skill when using cadavers, animals or
pelvi-trainers. We present an alternative technique for MIS skill acquisition using
VR technology and discuss several other advantages which make VR-MIS a nearly
standard mean. Building a VR surgery simulator requires first the understanding
of the expert surgeon’s dexterity (i.e. gesture, sensory-motor behaviors, procedures,
etc.) during a given operation. Therefore, the particular contribution of the haptic,
tactile and thermal senses is discussed. We also list and compare a chosen set of
commercially available simulators developed for MIS training (some advanced lab-
oratory prototypes are also evoked). Then, we present recent investigation results
concerning the use of VR simulator as a reliable tool for the assessment of skills in
surgery.

The second chapter discusses general requirements for designing a new haptic in-
terface which has the ability to provide force feedback during MIS procedure. These
(and other) requirements are obtained by an analysis of the existing literature in real
MIS surgery measurement data and existing knowledge in haptic interfaces design.
A new device is proposed and its mechatronics design and realization are detailed.
Trade-offs in the design procedure, actuators dimensioning, transmission and reduc-
tion are discussed. Dynamics and kinematics equations are explicitly made using
classical robotic modeling tools. The main characteristics of the prototype such
as bandwidth, stiffness, force/torque capabilities, and workspace are presented and
compared to other available devices. Experiments are also performed for position
and torque control of the assembled prototype, and the obtained performances are
discussed.

The third chapter deals with fundamentals in thermal rendering. We present
the modeling and identification procedures of thermoelectric modules that we used
in thermal displays or as an active artificial finger for probing. In the rest of the
chapter, we investigate new thermal rendering methods for telepresence and VR
applications. In order to test the efficiency of the developed models, experiments
will be conducted using candidate materials that have dissimilar thermal properties.
The first developed model is based on the estimation of the temperature in contact
for both the finger and the touched object. The estimation uses a combination of a
simplified heat transfer model and thermal feedback is provided by a bilateral control
between the master (thermal display) and the slave (thermal robotic finger) using
local temperature control loops. But the influence of the contact conditions and
the finger properties are not negligible. To improve thermal rendering transparency,
we propose another approach based on a neural network learning classifier with a
model-based control scheme. We also provide a fast analytical method to simulate
thermal exchange in VR. All the proposed techniques and models are validated
experimentally; the obtained results are discussed in this chapter.
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The last chapter is dedicated to the integration of our hardware and methods
(including force with thermal feedback) within a interactive simulation software
called SOFA. Prior to the integration, we investigate the role of thermal sensation
in surgery. Models, based on the Pennes’ Bio Heat Transfer Equation (BHTE),
are developed and implemented for medical diagnosis and temperature monitor-
ing during heat therapy procedures. In order to allow for thermal rendering, we
integrate a thermal display on the surgical-tool handle. The whole interface (Vi-
sual/Haptic/Thermal) is mounted according to the general implementation algo-
rithm allowed in the SOFA framework. The results of the conducted experiments
are discussed. Finally, concluding remarks and proposition for future works are
addressed.
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2.1 Introduction

The success of flight simulators is a good example of the importance of simulation
technology when applied to the teaching of abilities that have an impact on human
lives. Just as the flight simulators, the learning of the fundamentals of minimally
invasive surgery (MIS) procedures has improved with today’s surgical simulators.
These simulation devices range from simple, homemade boxes to sophisticated sys-
tems mimicking operating tables with plastic manikins or virtual patients. First-
generation systems use physical objects (such as cotton string, pegs, latex tubes, and
rings) to teach the basic psychomotor coordination actions necessary for MIS proce-
dures. Some of these systems offer electronic metrics. Other members of this group
are computer-based and afford virtual images and instruments projected onto moni-
tors/displays. Second-generation devices take advantage of the huge computational
advances in graphical representation of tissues and organs. These devices generally
include a haptic device for touch sensation, which allows practice of the basic skills,
gestures, and instrument-tissue manipulations typically choreographed into surgical
procedures. The most advanced of the second-generation systems incorporates vir-
tual 3D models of human anatomy and can support distributed, web-based learning
at remote sites.

The aim of this chapter is to provide a state-of-the-art about surgery simulators,
especially those used for MIS training. This type of surgery has many advantages for
patients and hospitals. However, it is difficult to practice due to some constraints
specific to MIS; the major advantages and difficulties are highlighted. Then, we
present the different training methods most commonly used to train in MIS. Finally,
we provide a description of the surgical simulator systems currently available and
offer a set of recent comparison and evaluation works against which to judge their
usefulness.

2.2 MIS: History, advantages and difficulties

Minimally invasive surgery, commonly referred to as laparoscopy, differs from opened
surgery by the fact that the surgeon works through small incisions (typically, 5 to
12 mm in diameter) and using specific instruments (scalpel, grip, clamp, etc.),
(see Figure 2.1)'. These instruments, in form of stem, are longer than traditional
instruments (between 30 em and 40 ¢m) to take into account of outdistance between
the point of incision and the body. Several incisions are carried out and equipped
each with a trocar, two for the surgical instruments and for the laparoscope (camera),
(see Figure 2.2)2. Carbon dioxide under pressure is also injected by one of the trocars
in order to release more space between the body and the abdominal wall [Liu 2003].

The first practical use of MIS is credited to Hans Christian Jacobdus in Stock-
holm, who, in 1910, published his findings of endoscopic investigation of the abdom-

!www.stryker.com
2www.levelfive.com
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Figure 2.1: Minimally Invasive Surgery Instruments.
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Figure 2.2: Minimally Invasive Surgery Procedure.
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inal cavity in 19 patients using air to insufflate [Wayand 2004]. It was Christoph
Zollikofer, who used carbon dioxide for the first time to insufflate into the abdominal
cavity that made possible electrical coagulation in interventions in the abdominal
area. In 1938, the Hungarian physician Janos Veress developed a point in a nee-
dle that was named after him and it is still used today to insufflate gas into the
abdominal cavity. The further development of endoscopy to video endoscopy, i.e.
the transferability of a picture onto a screen, was the prerequisite that resulted
in the method finding wide use. However, it was the gynecologists, in particular
Kurt Semm, who, through manifold innovations and creative applications, became
the pioneers of modern laparoscopic surgery. He performed the first laparoscopic
appendectomy in 1981. Erich Miihe carried these ideas to further development by
performing the first laparoscopic cholecystectomy in 1985. His operation was re-
stricted, however, to access through the placing of a trocar with a large diameter.
It was the French surgeons Philippe Mouret and Francois Dubois who brought the



8 Chapter 2. State-of-the-art in surgery simulators

method to clinical acceptance in France [Wayand 2004].

In June 1989, Jacques Perissat’s (Bordeaux) video demonstration of a laparoscopic
cholecystectomy was the starting signal for laparoscopic cholecystectomy throughout
Europe. Perissat initiated the establishment of an international association for this
new form of surgery and convened the initiation meeting of the foundation. In Octo-
ber 1990, the European Association of Endoscopic Surgery (EAES) was founded in
Paris. In the course of the following two years, practically all the countries of Europe
started to operate laparoscopically. The flagship of MIS was cholecystectomy. The
penetration speed was breathtaking: within a few years, almost all cholecystectomy
procedures were performed laparoscopically in 60% to 90% of European countries.
In general, since the late of 1980’s, MIS has gained widespread acceptance because
of its numerous advantages such as faster patient recovery, less damage to healthy
tissue and smaller scars, less pain, less need for post-surgical pain medication, and
less likelihood for incision complications [Woodrum 2006]. MIS has replaced open
surgery for a variety of procedures. In general, surgery procedures such as cholecys-
tectomy, antireflux surgery, bariatric surgery, colon surgery, and knee and shoulder
surgery are performed laparoscopically. Laparoscopy is used increasingly for surgi-
cal procedures fields of gynecology, cardiac surgery, and urology, leaving patients
with only four tiny marks and minimal discomfort. These dramatic patient ben-
efits make laparoscopic surgery the procedure of choice among both surgeons and
patients [Schijven 2003].

On the other hand, during MIS, the surgeon interacts primarily through two senses:
tactile and visual. As surgical instruments are used to manipulate internal organs
and the laparoscope is used to provide a camera view from the inside of the body
on a video monitor that displays a two dimensional image, allowing the surgeon to
visualize the surgery inside the patient [Upton 2002]. So that, MIS is characterized
by an increased need for

e hand-eye-coordination to perform tasks looking at a screen to compensate for
not being able to operate under direct vision;

e manual dexterity to compensate for the use of long instruments, which can
amplify any error in movement; and fulcrum effect of the body wall, i.e. when
the surgeon moves his hand to the patient’s right, the operating end of the
instrument moves to the patient’s left on the monitor [Gallagher 1999];

e handling tissues carefully with limited mobility, limited degree-of-freedom (to
compensate for the lack of sensation of touch using hands);

e compensation for the lack of 3-dimensional images and handling of instru-
ments, adding to that the reduced dexterity and the lack of tactile feel-
ing [Xin 2006]|Payandeh 1997].

e coordination of the activities of the surgeon who manipulates the instruments
and the assistant who handles the scope and positions it, because the scope
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and instruments may be incorrectly positioned and there may be trembling of
the hands.

For all these reasons, it is clear that MIS operations require much training and skills
than those needed for the open surgery |Chiasson 2003].

2.3 Training Methods in MIS

The request for more efficient and effective training facilities is a real medical need.
The training methods most commonly used are described and their advantages and
disadvantages are given.

2.3.1 Training on patients (apprenticeship model)

Traditionally, residents are trained in the classical apprenticeship with hands-on
training in the operating room. However, the specific psychomotor abilities and skills
needed for minimally invasive surgery are not easily obtained in the operating room.
In addition, training on patients is potentially unsafe. Therefore, it is ethically
questionable whether the patient may be used as a learning object for basic skills.
Furthermore, the resident is not trained to make the right decisions during critical
situations, because the critical part is taken over mostly by the expert. Thus,
the resident does not have the opportunity to make mistakes and to learn from
the consequences, which is very essential for effective training. The concept that
gaining skills from the training on patient is not always the best way to learn, for
the sake of the patient as well as for the sake of the surgical trainee, has been
effectively described. Reduced working hours for trainees, increased complexity of
procedures and ethical considerations force engineers and clinicians to work together
and develop training methods without using patients.

2.3.2 Training on cadavers

This method offers realistic anatomy, the appropriate organ colors, the correct sur-
gical environment, as well as a chance to place trocars. However, the property of
tissues will have altered, especially if the cadaver has been embalmed and blood will
not flow from severed vessels. In addition, this method is expensive since only one
of each type of operation can be performed on a single cadaver.

2.3.3 Training on animals

Performing laparoscopic surgery on animals is another method that is used for train-
ing trainee surgeons. The use of animals offers the chance for trainee surgeons to
practice placing trocars, dissecting tissues and blood vessels, exploring the prop-
erties of tissues, and familiarizing themselves with the procedures [Carsten 2002].
However, there are limits to the viability of this method. For reasons of animal
rights, this method is illegal in the United Kingdom, parts of Europe and is highly
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unpopular in the United States. Also, this method is expensive, puts a student
under time pressure (since the animal is anaesthetized), cannot be easily repeated,
and does not possess the correct anatomy.

The problems with learning on patients, cadavers and animals are reasons why
training methods outside the operating room are becoming more important.

2.3.4 Pelvi-trainers

A Pelvi-trainer is basically just a box, mimicking the abdomen, through which the
surgical instruments are inserted (see Figure 2.33). The contents of the box vary from
simple objects to animal organs and synthetically produced organs. Force feedback
is naturally obtained in a trainer that uses physical (tissue) materials to interact
with. The use of physical materials allows for measurements of instrument-tissue
interaction that can be used to optimize the training of tissue handling. However,
training in Pelvi-trainers is currently not very often used. They are experienced not
to be very stimulating, mainly because Pelvi-trainers do not give information about
the level of task performance.

|
&

Figure 2.3: Pelvi-trainers.

2.3.5 Virtual Reality simulators

With the continuously increasing power of computers, simulators are now being
acquired by hospitals as a means of improving training and reducing the costs of
education. Virtual Reality (VR) simulators will increasingly become more eligible as
a training aid, particularly due to their extensive range of educational features. In
many recent studies, it has been shown that they improved surgeons’ performance,
thus contributing to patient care.

In VR simulators, abstract environments with objects or tissues and organs are sim-
ulated with computer models. Some of the simulators are equipped with force feed-

*Image from http://urologie-chu-mondor.aphp.fr
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back. The performance feedback properties of VR simulators are stimulating their
use and automatic supervision of training sessions is easily implemented. The rapid
expansion of MIS has demonstrated that the traditional model of “see one, do one,
teach one” is not an optimal approach for training surgical skills [Gallagher 2005]
. Due to increasing time constraints, cost, stress, and ethical considerations, the
modern operating room is not the ideal learning environment [Stolzenburg 2007].
The MIS revolution has forced the surgical community to rethink how they train
residents and adapt to new technologies. This rethinking has driven the search for
innovative training solutions. The next section is dedicated to VR Simulators.

2.4 Major characteristics of MIS simulators

2.4.1 Advantages

Over a decade ago, Satava [Satava 1993| proposed early adoption of VR as a training
tool. Despite this early vision, VR simulation has only recently begun to be accepted
by the surgical community. While the reasons for this delayed acceptance are numer-
ous, the initial lack of robust scientific evidence to support the use of VR for skills
training and the lack of knowledge of how to apply effectively simulation to a surgical
skills training program are the two most likely reasons for delayed adoption of this
technology [Champion 2003][Gallagher 2005]. It took a multidisciplinary team who
looked beyond the “prettiness” of the simulator and drew from more than 50 years
of sound research on aviation simulation and 100 years of behavioral sciences re-
search to demonstrate the power of simulation for surgical training [Seymour 2002].
Due to the complexity of the MIS procedures, teaching programs must meet the de-
mand for skilled surgeons to conduct those operations. The teaching program should
also include a range of teaching devices from low-fidelity to high-fidelity simulators,
which vary in degree of similarity with actual clinical procedures [Sternberg 2007].
If executed properly, VR offers inherent advantages over other training systems such
as:

2.4.1.1 Training

Those who are involved in evaluating learning theories in surgery have found a
very reliable application of the model of Rasmussen [Rasmussen 1983] that indicates
that different training simulators need to be developed relating to different behavior
levels [Lorenzo 2005]. At the low level (skill-based behavior), simulators are needed
for learning basic skills such as using instruments. For higher-level trainers (rule-
based behavior and knowledge-based behaviors), training has to be developed using
more sophisticated training methods. For example, to enhance patient safety by
reducing human errors and critical and unexpected situations (e.g. power failure
or instrument breakdown), trainees should be trained at the higher-level. Also,
VR simulators need to be developed in which the subjects can be confronted with
unexpected complications and where quick decisions have to be made about what
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the next step in the procedure should be. These types of crisis trainers should be
developed to train surgical residents to make the right decisions while under stress.

2.4.1.2 Safety

Recognition of the importance of errors is now becoming an essential new component
in the practice of surgery and new methods and technologies are being used to
identify, avoid and reduce errors [Lorenzo 2005]. By using simulators, the novice
surgeons can err without any dangerous consequences for the equipment, the public
or the patients themselves. Testing and evaluating new instruments will also benefit
from the introduction of simulation; new techniques and technologies will be safely
tested and mastered, new and complex procedures can be practiced safely on a
simulator before proceeding to the patient. In addition, simulators can decouple
the student’s time dependency so that they can practice on their own schedule.
The potential of error reduction can substantially improve the healthcare systems
in a similar way flight simulators did in aeronautics in the 1980s, inducing several
socioeconomic advantages.

2.4.1.3 Standardization of surgeons’ evaluation

The certification of surgeons in recent years has consisted of a written exam and an
oral exam. No formal board certification process currently includes a technical skills
proficiency examination. Competency is judged subjectively, even though there is a
consensus that objective measures are required. Simulators can be used to ensure
that minimum standards are met prior to performing the next level of case com-
plexity in the operating room, or progressing to the next level of training. Practice
sessions can be stored for later review by the physician. In addition, simulator can
be used for certification of skill maintenance, which is considered of greatest impor-
tance in the future of surgery, leading to a continuous evaluation of surgeons with
the final aim of elevating the standard of care.

2.4.1.4 Reduction of training costs

The economics of medicine has drastically reduced teaching time. Residents also face
time constraints; regulations are now being adopted that limit both the number of
hours that a resident can work per week, and the number of days that can be worked
sequentially. The use of VR simulators reduces the use of the Operating Rooms that
decreases the cost of the anesthesia, surgical instruments, and assistant’s fees. In
addition to that, the costs generated by the acquisition and preservation of cadavers
and animals are reduced and ethical problems can be avoided.

In their latter role, VR training systems are designed to measure various facets
of performance, such as motion and efficiency characteristics, errors, and time to
complete a specified task. The systems also make it possible to record this informa-
tion in a database from which it can be recovered for analysis. Final goals of the
use of simulation would also encompass:
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e a dramatic reduction of the training time - therefore reducing residency length
and, more importantly, the learning curve for new techniques;

e the selection of residents, predicting those who will never achieve the skills
needed for complex surgical procedures; and

e a less stressful-inducing approach to the operating room, considering that the
real procedure can be simulated and pre-tested in a safe environment.

2.4.2 The sense of touch in MIS

One of the most important senses for performing varied complex and precise tasks
autonomously or remotely is the sense of touch. The touch sensation from the hu-
man skin provides a multitude of information, including force, vibration, hardness,
texture, temperature, etc. However, during MIS operations, the surgeon has no
direct contact with the tissue, but manipulates the tissue via laparoscopic instru-
ments. Therefore, haptic feedback is reduced to force feedback. The feedback of
perceptive information is further disturbed because the used instruments have fric-
tion in the hinges and there is friction in the trocar. As a consequence, there is
limited perception of pinching and pulling forces. Although the force feedback is
limited, its role is of special interest because it is used in important decision-making
scenarios such as the discrimination of healthy versus abnormal tissues and identi-
fication of organs and allows to commit appropriate force control actions for safe
tissue manipulation [Puangmali 2008]. However, important properties such as tis-
sue compliance, viscosity and surface texture, which give indications regarding the
health of the tissue, cannot easily be assessed since tactile sensing is not present.
In addition, high temperatures have a selective casualty effect on cancer cells, while
higher temperatures can also harm normal cells. Thermal sensing finds particular
utility in detecting and isolating unstable arterial plaque. Consequently, adding
a medium for sensing the thermo-physical properties and temperatures of living
organs or tissue will help surgeons work out the therapeutic program safely and
effectively [Zhang 2000].

Haptic perception can also complement sensory modalities such as vision and
therefore, can counterbalance the restricted camera vision in MIS [Feygin 2002]. It
can affect the three main metrics of motor functioning (i.e. precision, speed, force)
during surgery [Tavakoli 2005]. Therefore, haptic feedback is very important in
performing surgical tasks with complex kinematics and can enhance precision in the
case of MIS operation. Some studies have been performed to characterize the role
of force feedback in MIS operations.

Bholat et al. [Bholat 1999] have shown that surgeons are able to determine shape,
texture, and consistency in the absence of visual feedback using direct palpation,
conventional instrument, and laparoscopic instrument.

A study done by Arsenault and Ware [Arsenault 2000] concludes that force feed-
back can improve performance when the perspective is incorrect. This suggests that
force feedback may assist the surgeon’s adaptation to incorrect viewpoint through
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recalibration of the eye-to-hand mapping and, therefore, accelerate the learning
process for MIS operations.

A study of the effect of force feedback on performing blunt dissection has shown
that force feedback can reduce contact forces, task completion time and number
of errors [Wagner 2002]. Moreover, in needle insertion tasks, the ability to detect
the puncturing of different tissue layers is improved when users receive haptic feed-
back [Gerovichev 2002].

Palpation is another procedure frequently used by surgeons to estimate tissue
characteristics and locate blood vessels. Without haptic perception and thereby pal-
pation capability, excessive forces may be applied by surgeon causing complications
such as accidental puncturing of blood vessels or tissue damage [Hashizume 2002|. In
addition, a study performed in [Richards 2000] demonstrates that force and torque
magnitudes associated with the tool/tissue interactions provide an objective means
of distinguishing novices from skilled surgeons.

In order to restore the surgeon’s perceptual capability, methods and
technologies of tactile sensing have been applied with attempts to de-
velop instruments that have been wused to generate tactile feedback to
the MIS surgeon [Matsumoto 1997||Eltaib 2003|[Yao 2005]|[Puangmali 2008|.
A detailed state-of-the-art in tactile display technologies can be found
in [Benali-Khoudja 2004|[Ottermo 2005][Hafez 2007], and particularly
in [Puangmali 2008|.

2.4.3 Haptic Feedback in MIS Simulators

Full interaction with a virtual environment requires hap-
tic capabilities for manipulating objects and gestur-
ing [Cotin 1999][Toole 1999][Bholat 1999][Cakmak 2000][Basdogan 2001]. The
rapid increase in the number of papers on haptics and surgical simulation published
in journals and international conference proceedings in the last decade indicates
haptics’ growing importance [Basdogan 2004]|. For example, the study developed
by Bell et al. in [Bell 2007] suggests that artificial force feedback may be processed
differently than real force feedback in laparoscopic surgery simulations. In addition,
results indicate that tissue differentiation is made easier by a large difference in
compliance between two materials. A large compliance difference appears to be
more useful for differentiation than an increase in force feedback alone.

Current VR technology provides very reliable force feedback, and accurate
modeling of soft-tissue dynamics such as the mathematical modeling of non-
homogeneous, hyper elastic materials, which are current research programs.

A key issue in integrating force feedback devices into a surgical simulation sys-
tem is the update rate required for high fidelity. Although the visual display can
be updated at 30Hz, the haptic interface update rate should be around 1kHz for
stability reasons and to obtain a responsive interface (see Figure 2.4). This can
be accomplished by a multi-rate simulation with a high-bandwidth force feedback
loop |Liu 2003].
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Figure 2.4: Haptic interfacing scheme.

Among the numerous problems in dynamic haptic rendering are the need for
novel data structures to encode shape and material properties, the interactive haptic
visualization of volumetric data, and the realistic modeling of deformable bodies.
In addition, it is computationally extremely expensive to maintain a stable system
while displaying smooth and realistic forces and torques because of the required
haptic update rates.

Despite ingenious adaptations, haptic devices designed for general use, such as
the Phantom, has limited utility for surgical simulation. Surgical procedures require
special and more-complex haptic feedback.

However, developing natural haptic interfaces with force feedback and the abil-
ity to handle deformable objects remains one of the most difficult challenges in
VR research today. Thus, current research has focused on the development of spe-
cialized devices for simulating specific classes of procedures, such as laparoscopy.
Some attempts to add tactile feedback to MIS simulation systems are described
in |Eltaib 2003|.

The benefits of using haptic devices in medical training through simulation have
already been recognized by several research groups and by many companies working
in this area, see section 2.5.

2.5 Current state of MIS simulators

The purpose of this section is to highlight the status of simulation in surgical educa-
tion, including available laboratory and commercial simulator and to briefly discuss
the future of surgical training. One of the main differences between MIS train-
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ers is whether haptic feedback is incorporated or not. A comprehensive overview
of the major companies in the field of laparoscopic surgical simulation and their
simulators is given. Some companies offer complete simulation solutions. Others
emphasize either software or hardware development and are often linked in mutual
partnerships:

2.5.1 Immersion

Immersion’s involvement in medical simulation is somewhat confusing because the
company not only markets its own simulators but also provides hardware inter-
face technology to almost every other laparoscopic and endoscopic simulator on the
market. So Immersion products consist of haptic devices and simulators.

2.5.1.1 Haptic device from Immersion

Laparoscopic Impulse Engine (LIE) The LIE has five degrees of freedom
(DOFs) for motion and tracking with high resolution while providing force feed-
back in three DOFs (see Figure 2.5)*. An application example is the Karlsruhe
Endoscopic Surgery Trainer [Cakmak 2000] where a pair of Impulse Engines acting
as human-computer interface. Also, the VEST system (from Select-It AG) uses the
LIE as its force-feedback interface for simulating laparoscopic surgery interventions.

s

Figure 2.5: The Laparoscopic Impulse Engine from Immersion.

Laparoscopic Surgical Workstation (LSW) This system consists of two la-
paroscopic tools with interchangeable handles, (Figure 2.6)°. Each tool has four
haptic DOFs and an additional twist knob that reorients the virtual tool tip. With
the standard scissor-type handle there is a fifth haptic degree of freedom that allows

*Image from: http://www.cs.uu.nl
®www.immersion.com
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the simulation of grasp forces associated with operations such as cutting and blunt
dissection. The optional pen-type handle tracks the grasp motion. The intertrocar
distance of 135mm closely replicates trocar placements used in actual laparoscopic
procedures. A large system workspace accommodates a wide variety of procedures
and patient geometries. The LSW costs about 28000 Euro.

Figure 2.6: The Laparoscopic Surgical Workstation from Immersion.

Virtual Laparoscopic Interface (VLI) The VLI tracks the motion of a pair of
surgical instruments through three-dimensional space (Figure 2.7)%. The pitch and
yaw motions allow each surgical tool to pivot about its insertion point, resulting in
a large range of motion throughout a conical workspace. Insertion and retraction
allow tools a third degree of freedom. KEach instrument can also spin about its
insertion axis, providing a fourth degree of freedom. The open-close motion of the
tool handle is also tracked by the system. However, this interface does not generate
force feedback and it costs about 6000Euro.

2.5.1.2 Surgical simulators from Immersion

LapVR™ Surgical Simulator The LapVR”™ Surgical Simulator provides a
platform for VR training. The system’s hardware and software interface simulates
laparoscopic surgery and provides VR training in the essential skills required of
laparoscopic procedures (Figure 2.8)7. The LapVR™™ recorded performance, pre-
cision, and error metrics allow medical institutions to assess individual and team
performance. This simulator supports three fully instrumented tools, two trocars
with interchangeable simulated tool tips and an endoscopic camera with 0, 30, and
45 degree lenses and high-speed optical tracking technology to monitor accurately
tool motion. The LapVRT™ enables developers, researchers, and educators to sup-
ply realistic VR training of laparoscopic abdominal procedures and skills.

Swww.immersion.com
"www.immersion.com
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Figure 2.7: The Virtual Laparoscopic Interface from Immersion.

Figure 2.8: LapVR system overview.

AccuTouch Endoscopy Simulator The AccuTouch Endoscopic Simulator is ac-
tually a suite of simulations covering bronchoscopy, sigmoidoscopy and colonoscopy
using a flexible endoscope. Each type of endoscopy has didactic content, introduc-
tory cases and various procedures available. Haptic feedback is used to create the
feeling of tissue and anatomic landmarks.

AccuTouch Endovascular Simulator Several endovascular fluoroscopic tech-
niques are simulated in this trainer, including balloon angioplasty and pacemaker
placement. Incorporation of realistic devices allows a user to become accustomed to
the tools and environment as well as the procedure itself. Realism is enhanced by
the addition of haptic feedback.

CathSim Intravenous Training System CathSim is a VR system which is
used to instruct phlebotomy as well as catheter placement in adult, geriatric and
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pediatric arms, with or without complications. It incorporates haptic feedback to
allow the user to feel anatomic landmarks as the catheter is advanced through the
skin and soft tissue to the blood vessel lumen.

2.5.2 Simbionix Ltd.

Simbionix was formed in 1997 in Lod, Israel. The company’s first efforts concen-
trated on gastrointestinal flexible endoscopy, leading to the launch of its first prod-
uct in 1998, the GI Mentor. Later, Simbionix moved its headquarters to Cleveland,
Ohio. Simbionix incorporates haptics into all its simulators to mimic the feel of
touch in surgery. Simbionix collaborated with Xitact, a Swiss company, to build
its laparoscopic surgery simulator, the LapMentor platform with haptics. The Lap-
Mentor is introduced in October 2003 (see Figure 2.9)%. The simulator offers a
Basic Tasks Module, a Procedural Tasks Module, and a Virtual Patients Module.
The Basic Tasks Module simulates fundamental tasks in laparoscopic surgery in
a game-type environment. It makes it possible to practice camera manipulation,
hand-eye coordination, two-handed maneuvers, clip applying, and translocation of
objects. There are 17 studies published between 2002 and 2008, reporting use of
the LapMentor. Most of these studies provide evidence that LapMentor training
may lead to improved operating room performance. The LapMentor lists at around
90000 dollars. Simbionix has also designed the GI Mentor, the PERC Mentor and

Figure 2.9: The LapMentor surgical simulator from Simbionix Ltd.

the Uro Mentor for virtual trainer in upper and lower gastrointestinal endoscopy,
urology and radiology. Customized scopes are realistic, thus allowing training of
the equipment in addition to diagnosis and procedure implementation. Some of the
modules use realistic computer-generated images. Others focus on honing isolated
skills and do not use anatomic images.

8www.simbionix.com
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2.5.3 Xitact SA

Xitact SA was founded in 2000 in Morges, Switzerland, as spin-off from the Swiss
Federal Institute of Technology Lausanne (EPFL). Its product, the Xitact LS500
laparoscopy trainer platform, was developed by independent expert laparoscopic
surgeons and technical hardware and software engineers. The Xitact LS500 (Fig-
ure 2.10) is a laparoscopy simulator providing a modular training environment for
the education and assessment of laparoscopic procedural surgical skill and it uses
the Xitact haptic device.

Figure 2.10: The Xitact LS500 surgery simulator.

The Xitact IHP which is a 4-DOF force-feedback manipulator is based on a
spherical remote-center-of motion mechanical structure and was originally designed
for VR based MIS simulation, (see Figure 2.11)°. It features high-output force
capability, low friction, zero backlash and a large, singularity-free workspace. The
Xitact LS500 costs about 110000Euros.

2.5.4 SimSurgery A/S

SimSurgery has since 1999 been developing products for surgical simulation and
solutions for virtual training and robotic surgery. SimSurgery A/S, is based in Oslo,
Norway. Its products are based on the SimSurgery Educational Platform - SEP
(Figure 2.12'%). SEP is a training and educational platform for laparoscopic and
robotic surgery.

Basically, their software can be adapted to any surgical simulator or any other
system requiring real-time three-dimensional capacity.

9
10

www.mentice.com
WWW. simsurgery .com
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Figure 2.11: The Xitact IHP Haptic Device.

Figure 2.12: The SimSurgery Educational Platform (SEP).

2.5.5 Mentice

Mentice SA, the Mentice office in Morges, Switzerland, was originally founded as
Xitact SA. In August 2005, Xitact was acquired by Mentice. Its most well-known
product is the MIST-VR (Minimally Invasive Surgical Trainer-Virtual Reality). The
original MIST-VR system is among the most extensively tested virtual-reality test-
ing systems on the market. The MIST-VR module has evolved into Procedicus
MIST (Figure 2.13)'! and has expanded to contain Core Skills 1 and 2, with 12
different tasks. Procedicus is a platform that allows the modular addition of each
of the Mentice modules with the option of running each with haptic feedback. The
technology for the haptics is provided in collaboration with Immersion. In February
2009, a search of the literature revealed more than 83 articles in print. Many of these
articles confirm construct validity. Mentice has designed the Vascular Intervention

1 www.mentice.com
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Figure 2.13: The Procedicus MIST from Mentice SA.

System Training (VIST) to introduce users to endovascular interventions. A haptic
feedback device is coupled to a program that produces patient interaction via real
time fluoroscopic images and vital signs. Contrast media mixing and hemodynamic
factors have been incorporated to increase the realism. Up to February 2009, 29
articles about the VIST were published those confirm its validity.

More recently, Mentice has collaborated with SimSurgery A/S to develop a Key
Surgical Actvities (KSA) module and a MIST Suture Module. The KSA module is
designed for more advanced laparoscopic training and includes tasks such as camera
navigation, instrument handling, pick and place, pick and pass, cutting, suturing,
needle passing, and the use of diathermy. The results presented in [Strom 2003]
show that the use of surgical simulators such as the Procedicus KSA and MIST as
pedagogical tools in medical student training is successful and that it provides stu-
dents with experience using endoscopic tools and it will presumably reduce medical
errors.

Procedicus MIST, the KSA module, and the MIST Suture Module are now all run
on the Procedicus platform, which costs between 16000 and 25000U S$ depending
on the modules and features desired.

2.5.6 Haptica

Haptica was established in 2000. The company is headquartered in Dublin, Ireland.
Haptica works closely with world-leading surgeons and practitioners to develop prod-
ucts like ProMIS shown in Figure 2.14'2. ProMIS is designed to train surgeons in
basic skills of MIS procedures. It comprises a number of modules designed to develop
and evaluate surgical proficiency. ProMIS is a hybrid simulator; it uses augmented
and virtual reality. Depending on the objectives of the session, the trainee works
either in a real physical world on task trainer models or in a virtual world. Teaching

12www.haptica.com
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Figure 2.14: The ProMIS surgical simulator from Haptica.

points such as trocar placement, equipment in-service, or camera movement are done
using the task trainer features. When moving to skills such as motion smoothness
or diathermy use, the virtual world is used. Both physical and virtual training have
haptic feedback. To date, more than 25 studies have been published on ProMIS.
All are positive about the applicability and benefits of ProMIS in surgical training
and research.

2.5.7 Verefi Technologies, Inc.

Verefi Technologies, Inc. develops software and hardware products for training med-
ical personnel worldwide in key medical and surgical skills. Its products are surgical
simulators or VR trainers. Its initial product offerings are simulation software for
training in MIS such as the RapidFire which is a minimally invasive skills training
program that runs with the VLI interface from Immersion. The program allows
users to acquire a range of skills, from a basic understanding of the physical envi-
ronment (equipment fulcrum effect, lack of depth perception, etc.) to more complex
tasks such as transferring objects between hands and placing objects accurately in
space.

Verefi has also developed the SmartTutor, which is incorporated into RapidFire in
order to adapt the task difficulty to the user’s metrics, while the Endotower is de-
signed to introduce users to the skills needed to drive an angled laparoscopic camera
/ lens combination. The virtual model is abstract, meaning there are no simulated
tissues, in order to increase the application to multiple specialties, including la-
paroscopy, arthroscopy, urology, and gynecology.

2.5.8 Surgical Science AB

Surgical Science AB was founded in 1999 in Goéteborg, Sweden. In April 2002, the
company formed a strategic partnership with Immersion Medical to bundle the Sur-
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gical Science LapSim Basic Skills software with Immersion’s VLI. More recently, Im-
mersion’s LSW was added to the platform, allowing for haptics (see Figure 2.15)'3.
Surgical Science AB currently offers three products. The first is LapSim Basic Skills
2.0 released. It offers nine basic laparoscopic surgical tasks at three different levels
of difficulty. Haptics are not available for the Basic Skills module. The LapSim Dis-
section is an expansion module to LapSim Basic and simulates the dissection and
subsequent clipping and cutting of the cystic duct and artery as done during a laparo-
scopic cholecystectomy. It requires two-handed manipulation of the infundibulum
during dissection. A number of different instruments are available. LapSim Gyn is
also an expansion module of the LapSim Basic. Haptics are available for the LapSim
Gyn module as well.

Figure 2.15: The LapSim surgical simulator from Surgical Science AB

LapSim Basic Skills 2.0 has a list price around 39000$. The LapSim Dissection
and LapSim Gyn modules require the LapSim Basic Skills. Each of the expansion
modules costs 16000$. A steadily increasing number of papers have clearly demon-
strated the beneficial effects of both short-term and long-term systematic training
with LapSim (In July 2008, 30 studies). The vast majority of these papers are
well-designed studies based on sound scientific principles. For example, Sherman
et al. in [Sherman 2005] have developed summary metrics for the LapSim that
differentiate among levels of laparoscopic experience. These metrics included the
formulation of both a global efficiency score (time-error) and an economy of motion
score (motion). The study also provides evidence of construct validity for the Lap-
Sim. While in [Panait 2008|, the authors used the LapSim to improve basic skills in
their residents developing and instituting a laparoscopic skills curriculum.

13 . .
WWW. surglcal— sSclence.com
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2.5.9 Select IT VEST Systems AG

The Select IT VEST Systems company was founded in 2000 and has its head-
quarters in Bremen, Germany. It offers the Virtual Endoscopic Surgery Training
(VEST) system, which includes a Basic Task Training Set (BTT) and a Surgical
Procedure Training Set (SPT). The BTT set simulates camera navigation and de-
velops hand-eye coordination and dexterity in a game environment. The SPT set
simulates suturing, knot tying, dissection, clipping, and cutting. Two clinical mod-
ules are available to be added to the platform: VSOne Cho simulates a laparoscopic
cholecystectomy including two-handed manipulation of the cystic duct and artery,
clipping, and division. VSOne Gyn simulates two-handed manipulation of the uterus
and fallopian tubes with clip application and cutting. Force feedback is available
for both VSOne Cho and VSOne Gyn. Some facts about the new VEST System
VSOne (see Figure 2.16) 4:

e new compact design with electrically driven trainer input box,
e 3 haptic devices as mock-up endoscopic instruments,

e 1 virtual endoscopic camera.

Figure 2.16: The VSOne surgical simulator from Select IT VEST Systems AG.

2.5.10 Reachin Technologies AB

Reachin Technologies AB was founded in 1997 as a result of collaboration among
research institutions in Australia, Singapore, and Sweden. The company focuses on
human-computer interfaces and offers products for engineering and design, oil and
gas, medicine, research, and education. In September 2002 Reachin launched its first

Myww. select-it.de
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surgical simulator, the Reachin Laparoscopic Trainer (RLT) (see Figure 2.17'%). In
January 2004, Reachin AB entered into cooperation with Mentice AB to integrate
the RLT platform into Procedicus MIST.

Figure 2.17: The Reachin Laparoscopic Trainer.

The RLT is designed for training of basic laparoscopic dexterous skills and a
specific laparoscopic procedure, Cholecystectomy. There are two RLT modules-RLT
Basic Skills (RLT-B) and RLT Basic and Laparoscopic Cholecystectomy (RLT-BC).
In their original format, RLT-B offered simulation in basic laparoscopic skills only,
and RLT-BC added full simulation of laparoscopic cholecystectomy. Unique features
of the RLT system included the option for haptics using Immersion’s technology and
a full haptic guide called Forceback. Forceback puts the instruments through the
paces of a laparoscopic cholecystectomy as performed by an expert while the trainee
simply rests his or her hands on the instruments during the procedure to get the
feel of what an expert is doing.

2.5.11 EXOS Inc.

EXOS Inc. was founded in November 1988 in Boston. In April 15, 1996 Microsoft
Corp. announced the acquisition of EXOS Inc. EXOS Inc. has designed the EXOS
haptic device for medical simulations. EXOS provides force feedback in 4DOFs.
Feedback is provided via a handle connected to a larger tool shaft, which is pivoted
at one point with an active 3DOF gimbals. The fourth DOF is provided by a linear
sliding module, allowing the tool to be translated (heaved) along the shaft of the
tool. MIS simulation is one possible application of this device.

2.5.12 Other simulators

These simulators are generally developed for laboratory experimentation and for
specific use. We cite the LTS 2000-ISM60 (LTS; Realsim Systems, Albuquerque,

15
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NM, USA) which is a computer-enhanced video-laparoscopic training system, this
simulator costs about 18800 dollars |[Hasson 2001]. VESTA, is another laparo-
scopic simulator developed for understanding, training, and assessing surgical
skills [Tendick 2000]. VESTA provided force feedback using modified Phantom
haptic interface devices. Figure 2.18 shows some other devices developed in sev-
eral universities .

(= g N

Figure 2.18: Force feedback device prototypes for MIS simulation: (Top-right)
Monash University, Australia [McColl 2006]; (Top-left) Federal Polytechnic School
of Lausanne, Switzerland [Spaelter 2007|; (Bottom-right) Simon Fraser University,
Canada [Li 2006]; (Bottom-left) University of Leipzig, Germany [Kithnapfel 2004].

2.6 Recent comparison and validation studies

2.6.1 Comparison studies of laparoscopic simulators

All the available simulators are designed to train laparoscopic skills, but they use
different didactic resources. The Work Group for Evaluation and Implementation
of Simulators and Skills Training Programmes of the European Association of En-
doscopic Surgeons (EAES), has undertaken the first consensus review procedure
for validation of surgical simulators [Carter 2005]. A total of 32 documents con-
cerning systems produced by five different simulation companies were examined for
their level of evidence for validity. For simulation of flexible endoscopy, the highest
level of recommendation is provided for Accutouch Colonoscopy and GIMentor Gas-
troscopy. The lowest level of recommendation was for Accutouch Upper GI modules
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and GIMentor Colonoscopy. Among laparoscopic simulators, the highest level of rec-
ommendation has been given for Procedicus MIST. Whereas a study by Lamata et
al. in [Lamata 2006] compares the principal VR simulators and propose a taxonomy
to study their differences. Their study considered the following VR simulators: (1)
Mentice MIST-VR Basic Skills package and Suture 3.0; (2) Surgical Science’s Lap-
Sim Basic Skills 2.0 package and Dissection and Gynecologic modules, (3) Haptica’s
ProMis, (4) ReachIn’s Laparoscopic Trainer, (5) Simbionix’ LapMentor.

In addition, the study evaluates two generic box trainers, (6) one with physical
objects and (7) the other with ex vivo organs. The proposed taxonomy distinguishes
between a simulator’s ability to emulate reality (fidelity resources: such as surgical
setting, mechanical interaction and physiopathological behavior.), to exploit com-
puter capabilities, such as offering new ways of interaction and guidance (teaching
resources), and to measure performance and deliver feedback (assessment resources).
Figure 2.19 outlines the main results of the comparison.

100%

W Fidelity
@ Use of teaching resources
[ Use of assessment resources

60%
40% T N
20%

0% T

MIST-VR ~ MIST-VR  LapSim LapSim ProMis Reachin LapMentor Box Box trainer Operating
(Basic (Suture (Basic  (Dis./Gyn.) (virtual) Lap Trainer trainer (ex vivo room
Skills) 3.0) Skills 2.0) (objects)  organs)

80% [

Figure 2.19: MIS trainers comparison according to [Lamata 2006].

In term of haptic feedback, the same study shows MIST-VR’s Suture 3.0 pro-
vides some force feedback whereas LapSim’s Basic Skills 2.0 simulates some bleeding
effects. The haptic device used in Reachln’s Lap Trainer introduces frictions and
inertias (lower handling fidelity). However, it provides better mechanical interactiv-
ity, some bleeding effects, and a complete anatomy in cholecystectomy tasks. Lap-
sim’s modules and LapMentor increase psychopathological fidelity with pathological
conditions in some tasks and present fairly good surgical setting realism with the
anatomy of different procedures. LapMentor has the highest fidelity in almost every
category whereas box trainers do not have any physiopathological feature although
they have perfect handling and illumination.

2.6.2 Recent validation studies of laparoscopic simulators

Recent investigations have shown that a VR simulator (MIST-VR) is a reliable tool
for the assessment of laparoscopic psychomotor skills and that it improves the au-
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tomation of the so-called fulcrum effect [Gallagher 1999]. A number of studies have
been undertaken to demonstrate that skills acquired during VR training transfer to
the operating room [Sternberg 2007|[Seymour 2008|. The authors in [Pham 2005]
demonstrate that the RapidFire with Smart Tutor adaptive environment provides
less frustrating learning environment, which may enhance acquisition of laparoscopic
skills for novice users.

The objective of the study presented in [McClusky 2005| was to analyze whether
perceptual, visuo-spatial, or psychomotor aptitude are related to the amount of
training required to reach specific performance-based goals on a VR surgical sim-
ulator. Training was performed on a custom designed MIST-VR manipulation-
diathermy task (Mentice AB). The study demonstrates that the number of trials re-
quired to train subjects to reach criterion-based performance goals on the MIST-VR
manipulation diathermy task is significantly related to perceptual and psychomotor
ability. However, visuo-spatial ability did not significantly correlate with training
duration.

A very recent study developed by Gurusamy et al. in [Gurusamy 2009| included
23 experiments with 612 participants. The experiments compared VR versus video
trainer training, no training or standard laparoscopic training. The authors con-
cluded that VR training can supplement standard laparoscopic surgical training of
apprenticeship and is at least as effective as video trainer training in supplement-
ing standard laparoscopic training. The experiments performed by Tholey et al.
in [Tholey 2004] and Morris et al. in [Morris 2007] confirmed that providing both
vision and force feedback leads to better tissue characterization than visual feedback
or force feedback alone.

According to [Wentink 2003| and [Mettler 2006], skill-based behavior does not
necessarily require a highly sophisticated means of training; a simple Pelvi-Trainer
already suffices. However, in order to train knowledge-based behavior outside the
operating room and without using living animal models, a high-fidelity laparoscopic
simulator that accurately imitates the surgical environment is needed.

A study by [Domuracki 2008| showed that a short training session using a high
fidelity simulator with force feedback significantly improved performance of cricoids
pressure skills during the resuscitation.

Berry in [Berry 2007] performed a study to compare VR simulator training with
porcine training in endovascular novices. Subjective and objective analysis has
shown that the skills were improved for all participants regardless of which training
method they used. In spite of the fact that most users felt VR to be a good training
tool, they did not think that it could replace the porcine training laboratory.

Boyd et al. [Boyd 2006] from the University of Mississippi Medical Center, found
that residents, especially junior ones, seem to agree with the use of simulation in
assessing skills and feel that there needs to be a progression to the operating room
only after completion of assigned tasks on simulators. However, the great majority
of surgery residents do not believe that a surgeon’s competency should be assessed
on a simulator before granting operating privileges.

The aim of the study performed by Aggarwal et al. in [Aggarwal 2008] was to
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investigate the perceptions of senior and junior surgeons to VR simulation within
the context of current training opportunities for basic laparoscopic procedures. The
results show the existence of a lack of experience in index laparoscopic cases of junior,
and that laparoscopic VR simulation is recognized as a useful mode of practice to
acquire technical skills that should encourage surgical program directors to drive
the integration of simulation-based training into the surgical education.

The study in [Chopra 2008| shows the increasing awareness amongst a group of
trainees for VR simulators and that over 95% of them believe it to be a useful tool
for acquisition of basic laparoscopic skills.

The authors in [Hogle 2008] investigated approaches for difficult training exer-
cises using the LapSim and the ProMis systems that use real instruments. The
experience concerned experienced video gamers and non-gamers residents. The re-
sults showed that although experienced video gamers achieve competency faster
than non-gamers on the simulator, that skill set does not translate into improved
clinical performance and according to [Ahlberg 2002], MIST-VR did not improve
the surgical skills of the subjects, but it predicted surgical outcome. So, there is
still much effort needed to implement these complex systems with a more effective
realistic simulation of tissue properties and haptic feedback. Actually, many re-
search groups are investigating related issues and much research work is currently
undertaken for restoring the tactile capability to MIS surgeons by artificial means
that would bring immense benefits in patient welfare and safety [Puangmali 2008].
However, no research, simulator or device developed so far is able to provide ther-
mal sensation combined or not with force or tactile feedbacks. If thermal sensation
appear to be of some interest in MIS, issues concerning hardware design, signal
processing, thermal modeling, integration, and human-machine interface must be
tackled.

Challenges for the future include not only overcoming obstacles to implemen-
tation of VR training but also the development of more sophisticated procedural
simulation devices and teaching systems and the extension of accomplishments in
VR for laparoscopic surgery to the area of open surgical procedures [Seymour 2005].
High-fidelity VR simulations will confer the greatest skills transfer to the in real
surgical situation, but less expensive VR trainers will also lead to considerably
improved skills generalizations that should increases the important role for VR sim-
ulator training to allow trainees to develop basic proficiency skills as a part of their
training curricula [Chopra 2008].

2.7 Conclusion

The difficulties encountering for skills acquisition in MIS procedures training make
VR simulation an outstanding training means. However, to obtain good perfor-
mances a full interaction with VR systems requires integration of multimodal in-
terfaces. The objective of integrating multi-cues haptic feedback is to improve the
immersion and realism of these simulators. Since dexterous manipulation and haptic
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sensation are especially interrelated in surgery, it is required to meet the different
challenges in order to interface successfully haptic feedback with the typical environ-
mental characteristics found in surgery. The state-of-the-art in surgery simulators
developed for MIS training shows that a variety of devices and software exist both
in commerce and laboratories although there are until today some difficulties to be
overcome. We previously noted that tactile and thermal sensations are not used in
conventional MIS procedures although they might bring additional functionality or
enrich the feedback (through direct replication or sensory substation) for interaction
with the human organs. Therefore, some researches have been conducted in order
to add these sensations to the new generation of surgery instruments.

In order to provide a contribution in this area, we will investigate the thermal
rendering fundamentals for the general purpose of telepresence and VR, applications.
Prior to that, we will develop our proper haptic device inspired from real forces and
motions of the tool during practical use in real procedures. Our aim is also to master
the technology for reducing the costs of accessing such technologies which are still
very expensive for developing countries. The two modalities (haptic and thermal)
will be integrated in an interactive VR system (SOFA) for evaluation in the last
chapter.
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3.1 Introduction

Design of high performance haptic devices for surgery simulation requires a multi-
disciplinary approach and collaborative teams, since haptic devices include several
mechanical and electronic parts able at the same time to track the user’s intended
actions through hand/device interaction, and to produce, as a feedback, the result-
ing user’s arm’s motions constraints if any. Therefore, it is important to examine
closely the human sense of touch and the application constraints when constructing
these devices. Especially for MIS simulation applications, the role of the haptic de-
vice is to replicate the holding of the surgery tool in a natural manner i.e. keeping
the same DOF and the same workspace as the real surgical tool during its effective
use by the surgeon [Baumann 1998|; the haptic device should also provide sufficient
forces and torques feedback for the user. So that, the usual methodology followed
when designing haptic devices for surgery simulation is to keep part of the surgi-
cal tool like a grasper between the operator and the motorized part of the haptic
interface [Hayward 1998]. In this case, different tools can be interchanged so that
identical visual and functional aspects are maintained between the haptic interface
and the surgical tool usually used [Hayward 1998].

The aim of this chapter is to present and discuss the mechatronics design of a
new 4-DOF haptic interface that has the ability of providing force feedback in all
DOF available during MIS procedure. There are many engineering challenges that
will be addressed in order to integrate successfully haptics with the environmental
characteristics found in surgery. The general specifications of haptic devices will
be adapted to the MIS procedure characteristics. We present a procedure that
is designed to meet these challenges by analyzing the task, the haptic, and the
hardware constraints of surgery interactive simulation.

3.2 Design issues

3.2.1 General requirements for haptic devices

The most important characteristics that have repeatedly been stated in the literature
are presented in this section.

3.2.1.1 Back-drivability

This requirement is of prime importance [Ellis 1996]. Back-drivability can be pre-
sented as the ability to move the end-effector of the haptic device in the workspace
without opposition. The device should ideally produce no forces on the user’s hand
when there is no interaction with an object in the virtual world. The use of gears and
the presence of friction in the motors and their transmissions reduce back-drivability
since they increase the back-drive friction.
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3.2.1.2 Friction

All haptic interfaces exert a resistance to the user’s voluntary motion, even when no
resistance is desired. The term friction is used to include all contributions to this
resistance, which may come from Coulomb friction, viscous and inertial forces, and
mechanical imperfections [Lawrence 1998]. In order to increase the transparency of
the haptic device, it is necessary to decrease the friction in the various joints. This
is usually obtained using precision machined parts, bearings, cable transmissions,
and other lower friction options for the actuators and joints can help reduce fric-
tion [Tholey 2006]. However, estimation of accurate friction in a haptic device is
necessary for improving the overall performance of the device [Tholey 2006]. The
mechanism must also have an internal friction level of at most 5% of the peak
force [Adelstein 1992|[Ellis 1996].

3.2.1.3 Stiffness

This criterion can be interpreted as the ability of the interface to mimic a solid
virtual wall. The minimum stiffness required to simulate a hard wall is about
24200N/m [Tan 1994]. Stiffness can be decomposed into a transmission stiffness
and structural stiffness, which is due to the inherent flexibility of mechanical struc-
ture [Gosselin 2005]. The structural stiffness should be maximized in order to reduce
as much as possible the undesired deformation at the endpoint (operational point),
which is affected by linkages, joints and backlash. The structural stiffness can be
analyzed during the CAD design process using usual analysis software.

3.2.1.4 Bandwidth

There are two principal considerations for bandwidth requirement: at what fre-
quency can the human wrist move (motor bandwidth), and at what frequency can
the human hand perceive vibration (sensory bandwidth)?

The first is dominated by human motion studies, and the second is dominated by
psychophysics of touch. The human wrist easily exceeds 12 Hz, and can reach 25
Hz for fingers [Fischer 1990][Ellis 1996][Gosselin 2005], while the human can per-
ceive force and vibration well above 300H z [Hayward 1994|[Tan 1994|. However, the
force control and perceptual bandwidths of a human operator are quite different.

3.2.1.5 Inertia

The haptic device must have the lowest inertia possible. In addition, its inertia
must be well mastered everywhere inside the workspace [Hayward 1995] in order to
increase the transparency of the device. In other words, a haptic device needs to
communicate between the real and virtual world without introducing any inertial
effects. According to [Fischer 1990], the maximum inertial load induced by the
haptic device must not exceed 0.1Kg.
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3.2.1.6 Maximum velocity and acceleration capabilities

The device should allow the operator to exert a natural movement with natural
speed and acceleration. According to [Fischer 1990], a maximum velocity of 1 m/s
and an acceleration of 1 g are needed in order to achieve this capability. If these
conditions are not satisfied, the operator wil feel a resistance.

3.2.1.7 Position resolution

Position resolution represents the smallest amount of movement over which the
sensors are able to perceive a change of position [Hayward 1996]. Good position
resolution is one factor in displaying stiff virtual walls without vibration [Wang 2004]
and it influences considerably the stability of the system. However, it is not required
to adopt too high a position resolution at given operating speed [Wang 2004].

3.2.1.8 'Workspace

With haptic devices, workspace should be taken into consideration without sac-
rificing performances. Researcher’s experiences show that high DOF haptic de-
vices are suitable for the applications where it is necessary to reach larger
workspace |Laycock 2003]. A designer can reach larger workspace in two ways. The
first is to increase link lengths and the other is to increase degrees of freedom using
same link lengths. However, the increase in link lengths affects inertia, stiffness and
dynamic performance badly. The workspace must be free of intrusion by linkages,
strings [Hayward 1995] without kinematics singularities or coupled motion.

3.2.1.9 Human motor system

Sensory information from the kinesthetic receptors combines with available infor-
mation from the motor and cognitive systems to produce perceived limb position.
However, the ability to detect a change in position differs in each joint. It depends
on the joint moving, the velocity, and the contractile state of the muscles controlling
the joint. The Just-Noticeable Difference (JND)! for the finger joints is 2.5° whereas
the wrist and elbow can detect 2° and the shoulder 0.8° [Tan 1994|[Hale 2004|. This
would mean that the finger tip can detect 0.4mm (assuming a fingertip length of
10 mm) while the JND in distance between the thumb and forefinger in a pinching
motion has been reported to be lmm |Tan 1992]. Therefore, at a minimum, the po-
sition resolution of the haptic device needs to be 0.4mm for human capabilities, but
in fact should try to exceed that by a factor of 4. It means that we need a minimum
resolution of 0.2 to 0.5° in rotation and 0.25mm in translation) [Burdea 1996].

!The JND or the difference threshold, is the minimum amount by which stimulus intensity must
be changed in order to produce a noticeable variation in human sensory experience.
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3.2.1.10 Backlash

The backlash in the system is another critical issue [Ellis 1996]. It is a function of
many other variables and hence is not constant over the working envelope, config-
uration and many other variables of the system. Few measures, taken to reduce
backlash, such as the use of anti-backlash gears and high precision bearing tend to
increase the friction levels in the mechanism. However, cable driven transmission
technique helps overcome undesired backlash.

3.2.2 MIS procedures specifications

In addition to the general design requirements presented above, some considerations
are directly imposed by the MIS procedure specifications. This includes the required
workspace and related range of motion, forces and torques.

3.2.2.1 Workspace

For the fixed objective, the kinematics motion can be defined to achieve 4 DOF,
three rotational DOF: yaw, pitch and roll (twist) and one translational (linear) DOF
with respect to the incision point, see Figure 3.1. According to [Li 2006], the critical
design requirements includes:

e The yaw motion (rotation around the X axe) can reach 45° in both sides (55°
according to [Spaelter 2007]).

e The pitch motion (rotation around the Y axe) can reach 45° in both sides (55°
according to [Spaelter 2007]).

e The twist motion (rotation around the Z axe) can reach 70° in both sides (co
according to [Spaelter 2007]).

e The linear movement stroke (insertion) is able to reach 150mm along the Z
axe (200mm according to [Spaelter 2007]).

e The mechanism must move with respect to the incision point without any
interference.

The workspace optimization is also performed in accordance with the data collected
in-vivo during MIS procedures [Rosen 2005]. The study provided by Rosen et al. is
focused on developing a new class of surgical robotic arms while maximizing their
performance and minimizing their size. The required dexterous workspace (DWS)
is defined as the region in which 95% of the tool motions are contained based on
in-vivo measurements. The extended dexterous workspace (EDWS) is defined as the
entire abdominal cavity reachable by a MIS instrument. The DWS is defined by a
circular cone with a vertex angle of 60° and the EDWS is defined by a cone with an
elliptical cross section by two orthogonal vertex angles of 60° and 90° [Rosen 2005].
So that, a spherical mechanism, which is a rotational manipulator with all axes
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Figure 3.1: MIS tool motions.

intersecting at the center of a sphere, is a suitable candidate for the first two links
of a haptic device for MIS.

3.2.2.2 Force/torque requirements

The dimensioning procedure is performed using a database of forces and
torques applied by the surgeons on their instruments during MIS proce-
dures. This database is provided by a study performed at the University of
Washington [Rosen 1999][Rosen 2000][Rosen 2002] using an instrumented laparo-
scopic grasper equipped with a three-axes force/torque sensor to measure the
forces/torques applied by the surgeons during in-vivo MIS. This database can be
used also to evaluate haptic virtual reality surgical simulators for improving real-
ism in surgical education [Richards 2000][Lamata 2008]. By analyzing the database
in [Rosen 1999], we deduce that the forces along the Z axe (=~ 50N) were higher
compared to the forces in the XY plane (=~ 5N). On the other hand, torques de-
veloped by rotating the tool around the Z axis (< 0.5Nm) were particularly low
compared to the torques generated while rotating the tool along the X and Y axes
(~ 2Nm) while sweeping the tissue or performing lateral retraction. Similar trends
in terms of the force/torque magnitude ratios between the X, Y, and Z axes were
found in the data measured in other MIS tasks as in [Rosen 2000] while dissecting
the gallbladder fossa during laparoscopic cholecystectomy. In this case 95% of the
forces are < 20N for the Z axe and the torques are < 0.5Nm for the X and Y axes.

3.3 Mechanical Design Methodology

3.3.1 Hybrid mechanical structure

When considering the construction of a force feedback device, there is a choice
between serial and parallel mechanisms. The key difference between serial mech-
anisms and parallel mechanisms is in their kinematics structures. Parallel mecha-
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nisms are composed of, at least, two closed chains that connect a moving platform
to a fixed base thus allowing the actuator to be away from the moving platform.
For a relatively similar size of the linkages, a serial mechanism presents a larger
workspace volume than a parallel mechanism. For parallel mechanism, workspace
is compromised by the constraints of all links that connect the end-effector. For
serial mechanism, every actuator has to exert enough torque and power to move all
distal links and overhead actuators. However, the actuators of a parallel mecha-
nism can be placed on ground to support stronger payload than a serial mechanism
does. It can be made so for serial mechanisms, but at the cost of complex trans-
mission mechanisms and this is not always possible for all the links. For parallel
mechanism, the geometrical errors are not accumulated, as all the braches are con-
nected to the end-effector. The dimension accuracy of each link must be high so
that the position and orientation of the end effector is more accurate than a serial
mechanism. For serial mechanism, the geometrical errors are accumulated for each
link. Therefore, the end effector will have lower position accuracy [Li 2006]. For
serial mechanism [Laycock 2003], each chain increases the total inertia while it de-
creases the total stiffness. Parallel mechanisms do not exhibit the above problem
and have a much higher stiffness [Birglen 2002]. The disadvantage over serial mech-
anisms is that the mechanism’s elements can physically interfere. The advantages
of both mechanisms are incorporated by combining them in a hybrid configura-
tion |Baser 2006] that includes both parallel and serial linkages. By using hybrid
configurations, the stiffness remains relatively high and a large workspace can be
achieved.

Our design contains 4 DOF: there is 2 DOF parallel mechanism inspired by the
2 DOF agile eye developed at the University of Laval [Caron 1997|, which insures the
movement around pitch and yaw axes. This parallel mechanism consists in two legs
(chains), each being regarded as a serial manipulator. The first chain constitutes
a two-axes serial manipulator and the second chain constitutes a three-axes serial
manipulator. These two chains are coupled through a moving part that supports a
third 2 DOF serial chain. The first DOF of this chain is a rotation around the roll
axe that results in three intersecting planes. The second DOF is a translation along
the same axe that would hold the surgery tool. The transformation of the motor
rotation into a translation is designed based on two parallel beams with precision
linear rotary ball splines. Three pulleys are also used in order to insure the cable
rotation, see Figure 3.2. The design of our device was performed and validated
under the SolidWorks software.

3.3.2 Actuation, transmission and reduction

The actuation, the reduction and the transmission are closely coupled and must be
designed together. They are selected according to the requirements specified in the
last subsection. The type of the incorporated actuators affects the overall weight
of the device. In most cases, a good actuator should be compact and light as well
as capable of producing the necessary power to deliver necessary forces. There are
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tradeoffs between power, volume and weight since actuators capable of producing

large forces are generally heavier and are larger in size than those actuators capable

of smaller forces. The dimensioning procedure of the actuator was performed under
MotionWorks plug-in of Solidworks, by applying dynamic forces on the handle of the
surgical tool and then obtaining the required actuator torques. We select brushed
Maxon DC motors with a low inertia and low friction |Tavakoli 2004|, which are
suitable for haptic devices. Maxon RE40 is used for the yaw and the pitch axes and
RE25 for the roll and the translational axes. The actuators features are presented

in table 3.1.

Table 3.1: Motor’s specifications

Motor RE40 RE25

Nominal current (A) 6 1.26
Speed constant (tr/min/V') 581 406
Torque constant (mNm/A) 16.4 23.5
Inertia (gem?) 139 10.7

Axial Backlash (mm) 0.05-0.15 | 0.05-0.15

Radial Backlash (mm) 0.025 0.025
Efficiency (%) 88 87
Weight (Kg) 480 130

In order to provide the highest amount of fidelity, direct drive (absence of trans-
mission of reduction) is likely to be the best solution. However, this solution does
not provide adequate forces/torques needed for our application, which we saw ear-
lier is critical. Among the other transmission and reduction techniques such as the
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use of linkages, cables, steel belts, shafts plus gears, this last one gives the worst
case [Hayward 1995] since it causes high backlash and high back-drive friction due
to the gear gaps and gear friction. Back-drive friction and backlash can be reduced
by using cable driven transmission systems. Therefore, cable driven transmission
technique (capstan) was used in our design. We take a factor of 20 for the yaw and
the pitch axes and a factor of 10 for the roll axe. This gives us the possibility to
create continuous torques of about 1Nm for the yaw and the pitch axes and about
0.7Nm for the roll axe and about 18N for the translational axe. A second solution
consists of using a combined reduction (Planetary gear/capstan) in order to increase
the torques developed by the actuators driving the yaw and the pitch axes. We use
planetary gears reduction because it has fewer backlashes and less friction, espe-
cially when the reduction ratio is small (the reduction ratio is 4 in this case). So
that the torques provided by the yaw and pitch axes are multiplied by a factor of 4.
This means 4Nm, without additional weight since the actuators are placed in the
base. This solution is able to provide additional torque to compensate for gravity
and friction.

As it was presented in section 3.2, the haptic device should include low iner-
tia, no backlash, light weight and negligible friction [Laycock 2003][Astley 2000].
Therefore, a compromise has to be reached between the various design goals. Ob-
taining negligible friction can be a problem, particularly when high stiffness is re-
quired. High stiffness implies a stiff mechanical interface which needs to be con-
structed from metal which increase the friction and the overall weight of the de-
vice. This provides a conflict between obtaining high stiffness while keeping low
friction [Baser 2006||Laycock 2003]. So that, the materials used to construct such
devices need to be considered with additional costs. Another design consideration
is to ensure that the device is statically balanced [Laycock 2003]. In our design:

e Aluminum was used in order to minimize the deflection due to the stiffness of
the linkages.

e (Cable driven transmission technique was used in order to overcome backlash
deflection.

e Stainless steel ball bearings and high precision manufacturing methods were
used in order to overcome joint deflections.

e The entire mass of the mobile part remains concentrated in the neighborhood
of the centre of rotation. However, for ensuring the total stativity, active
compensation will be needed.

The Computer Aided Design (CAD) model of the device is shown in Figure 3.3 and
table 3.2, more details about the different designed parts are given in Appendix B.
3.3.3 Stress and deflection analysis

After the completion of the preliminary mechanical design procedure, links shape
and thickness must be optimized to satisfy the design requirements mentioned be-
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Figure 3.3: CAD Model of the haptic device.
Table 3.2: Parts designation for the CAD model
Part Designation Part Designation
Number Number

01 Fixed base 12 Body 6
02 Planetary reduction (GP42) 13 MIS Tool
03 Motor 1 (RE40) 14 Tool holder
04 Encoder 1 (HEDS 5540) 15 Encoder 3 (HEDS 5540)
05 Capstan 1 (20:1) 16 Motor 3 (RE25)
06 Body 1 17 Body 5
07 Body 2 18 Body 4
08 Capstan 3 (10:1) 19 Capstan 1 (20:1)
09 Body 3 20 Motor 4 (RE40)
10 Motor 4 (RE25) 21 Encoder 4 (HEDS 5540)
11 Encoder 4 (HEDS 5540) 22 Planetary reduction (GP42)

fore, such as the reduction of the inertia of the device and the maximization of
the stiffness. For this structure, the links stress analysis is carried out using COS-
MOSXpress plug-in of Solidworks. Static analysis of the mechanical design would
be sufficient because the device will be used with low speeds. The links shape and
weights are computed for aluminum with a Young modulus of 69000 M Pa and a

mass density of 2700 kg/m? as construction material. This material is used because
of its high yield strength over weight ratio [Kabadayi 2006]. According to the analy-
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sis results, the shape and the thickness of the links should be modified in iterations.
The weight values of the motors, reductors and links starting from the tool tip and
moving to the base of the robot are used to determine the static load on the robot
links.

In Figures 3.4 and 3.5, an example of deformation and distribution of von-Mises
stresses are illustrated for two links of the manipulator. Contour diagram and max-
imum stress points are shown in the figures. Legend on the right side of the figure
shows the distribution of contour diagram. Legend on the right hand side of the
figure shows the distribution of contour diagram. In this analysis, deformation in
the translational movement direction is studied under static loading of 50 IV, which
corresponds to the maximum force that shall be applied during MIS procedures.
Naturally, maximum deflection occurs at the end of the links. The maximum and
minimum deformation points are shown in the figure. It has been observed that
the link 1 and 3 (parts 06 and 17 in table 3.2) are the most critical links since they
are exposed to maximum stress in any condition. The shape and thickness of the
links are optimized according to the maximum deflection values obtained from the
analysis.

Figure 3.4: Deflection analysis of links 1 (left) and 3 (right).

Figure 3.5: Von-Mises Stress analysis of links 1 (left) and 3 (right).
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3.4 Sensors and Electronics interface

3.4.1 Position sensing

The angular positions of the four active joints are measured thanks to four incre-
mental encoders type HEDS 5540 from Maxon. These encoders are placed in the
rear of the motors and provide 500 pulsations per revolution of the motor axe.
Thus, the position measurement resolution is computed by taking into account, the
reduction ratios for the rotational axes and the helicoids shaft diameter for the
translational axe. It means that the resolution of the yaw and the pitch axes is
((360/500)/80 = 0.009°) while it is ((360/500)/10 = 0.072°) for the roll axe and
((2 x w/500) x 4 = 0.05mm) for the translational axe where 4 mm is the radius of
the helicoids shaft.

3.4.2 Force sensing
3.4.2.1 Force transducer principle

The most popular electrical elements used in force measurements include the re-
sistance strain gage, the semiconductor strain gage, and piezoelectric transducers.
The strain gage measures force indirectly by measuring the deflection it produces
in a calibrated carrier. In our experiment, four strain gages (type 120LY13 from
Hottinger Baldwin Messtechnik (HBM)) are used to measure the deflection of the
handle according to the Z axe, two on the top side, and two on the bottom side
glued to a cantilever beam (see Figure 3.6). Precise alignment was maintained to
prevent bending moments, which can severely degrade the accuracy of the measure-
ments. The gages are connected in a Wheatstone bridge configuration, which gives
maximum sensitivity and is inherently linear. This configuration also offers first-
order correction for temperature drift in the individual strain gages. In addition,
the differential placement of the gauges guaranties the independence between the
measured force and the tip of its application.

Strain gages
Fixed side
Applied force
—

e
Cantilever

! Deformation amplification Strain gages

Z axis

Figure 3.6: Force sensing based on four strain gages.
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3.4.2.2 Signal conditioning electronics and calibration

Strain gages are low-impedance devices; they require significant excitation power to
obtain reasonable levels of output voltage. The strain-gages used in this experiment
have a 120€2 impedance and are specified as having a sensitivity in terms of mV full
scale per volt of excitation. We have carried out an electronics unit that convert
the small mV changes in Wheatstone bridge output to a range of [—10 + 10]V,
which is proportional to the applied load or tension. This electronics unit consists
of an instrumentation amplifier, a differential amplifier and an ordinary amplifier,
see Figure 3.7. The total amplification gain is undertaken so that a maximum force
of £50N can be measured. The linear relation (F' = aV + [3), between the applied
force and the output voltage, is determined by calibration using troy weights as it
is shown in Figure 3.8.

2 a O || Variable
= sl 2 2 S gan ¢
= - 3 3 @ | Ampliier
| ko] 3 o =
=0 H=0 l
%’ g.. C=Dh 3 Overload
- o S &S50 detector
- - o —
>

L
Offset rectifier

Strain gages bridge

Figure 3.7: Force sensor conditioning electronics .

= N w
o o o
T T

Force (N)
o

_10,

Voltage(V)

Figure 3.8: Force sensor calibration.
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3.4.3 Torque sensing
3.4.3.1 Torque calculation principle

For the rotational axe, torque need to be computed. The motor torque 7 can be esti-
mated based on actuator commands since the motor torque is directly proportional
to motor current I as follows.

T=K.1 (3.1)

where K. is the torque constant of the motor. From the motor torque, we can
compute forces F' based on the Jacobian matrix J.

F=Jh#r (3.2)

where (J7)# is the pseudo-inverse of the transpose Jacobian.

Many applications use this relationship and a measurement of current to approx-
imate the torque applied to a link. Although this method is imprecise since it does
not take into account the complexities of the reduction mechanism, friction, and
backlash, which contribute to loss of torque from the motor to the link, the results
presented in [Walker 2008| show that such low-cost, force sensors perform just as
well as highly accurate sensors. Currents are measured thanks to the Hall-Effect
sensors (type LF306-S from LEM Transducer) that offer high frequency response
(100KHz).

3.4.3.2 Signal conditioning electronics and calibration

Since the Hall voltage is a low-level signal, it requires an amplifier with low noise,
high input impedance and moderate gain. In order to get an accurate calculation of
the torque, we perform two sets of calibration experiments. The aim of the first set
is to determine the relationship between the motor current and the output voltage
of the conditioning electronics, while the second set tries to find the relationship
that laid the current to the real torque (see Figures 3.10, 3.11 and 3.12).

Figure 3.9: Current sensors conditioning electronics.

This figures show that the relation between the measured current and the output
voltage is linear (V' = af + ) for all sensors. When comparing the estimated
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Current calibration (right) and torque estimation (left) for the roll axe.

torques based on (3.1) with the real torques, one can remarks the presence of a
divergence. This is probably due to the complexity of the reduction mechanism,
inertia and possible existing friction. We note that this divergence is small in the

case of the roll axe were the low inertia is supported (Figure 3.12). Therefore, in our
experiments, torques will be estimated based on the linear fitting of the calibration
relation(t = nlI 4+ ). The calibration parameters of the linear fit are given in
Table 3.3.
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Table 3.3: Fitting parameters for calibration.

a p n Y
Axis 1 || 0.686 | 0.018 || 1.994 | -0.035
Axis 2 || 0.544 | 0.012 || 1.953 | -0.027
Axis 3 || 0.21498 0 0.270 | 0.035
Axis 4 || 4.793 | -0.849 / /

3.4.4 Electronics interface

Figure 3.13 represents the control setup. It consists of a Quanser’s Q8 Hardware-in-
the-Loop (H.I.L.) Control Board, which is a versatile and powerful real-time mea-
surement and control board. The power electronics module consists of a linear
stages designed and realized based on the OPA541 and OPA548 operational power
amplifiers from Burr-Brown, which are able to provide a current about 10A and 3A,
respectively. Two OPA541 are used for driving the yaw and the pitch motors and
two OPA548 are used for driving the roll and the translational motors where less
torques are needed.

3.5 Modeling

3.5.1 Forward Kinematics

Figures 3.14 and 3.15 show the position of the frames attachments. All the frames
intersect at one point named ‘O’ situated at the center of the moving platform that
connects the two parallel chains to each other, thus simplifies the kinematics model-
ing. For each chain, the kinematics model is obtained by using the modified method
of Denavit and Hartenberg [Khalil 1999], where ‘=1 R; represents the rotation matrix
from the frame F;_1(zi—1,vyi—1,2i—1) to the frame F;(x;, v, 2;).

' cos (0;) —sin (6;) 0
IR, = | cos(a;)sin(6;) cos(a;)cos(6;) —sin(oy) (3.3)
sin (o) sin (0;)  sin (o) cos (0;)  cos (o)

Kinematics parameters are defined in tables 3.4 and 3.5, where «; represents the
joint offsets, r; and [; the link lengths and 6; the joint variables. For symmetry
reason, we replace 61, 02 and 05 by 61 — 5, 02 — § and 05 — 7, respectively.

For Chain 1, the rotation matrix from the original frame Fy to the frame F3 is
computed as follows:
°Ry ="Ri'Ry (3.4)

and for Chain 2, the rotation matrix from the original frame Fy to the frame Fg is
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Figure 3.13: Overview of the electronics interface.

Figure 3.14: Kinematics of Chain 1.
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Figure 3.15: Kinematics of Chain 2.

Table 3.4: DH kinematics parameters of Chain 1.

Joint j || a; | r; || 0;
1 /2100 |6
2 /210 0|6
3 /2100 |0;

Table 3.5: DH kinematics parameters of Chain 2.

Joint j a; ri | |0
4 /21 0| 0|6y
5 —7m/2 1 0|0 |65
6 /2 | 0|0 |6
computed as follows:
ORs = "Ry” R*Rs°Rs (3.5)
where:
0 -1 0
‘Ryy=11 0 0
0 0 1

The moving platform is a body of both Chain 1 and Chain 2. In Chain 1, it is
referenced by the frame F5 and in chain 2 by Fg. So that, the kinematics constraints
representing the closure condition of the parallel structure formed by Chain 1 and
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Chain 2 are then:

02y =%
g2 = "Jo (3.6)
0% = 0%
that is equivalent to write:
"Ry = "R¢°Ry (3.7)

where:

S1 .52 S1C2 —C1

'Ry = 2 —S2 0
—C182 —-C102 —Si1
0 0 1
SRo=1 0 1 0
-1 0 0
—C5C6 C5 S6 — S5
Re=| C485C6—-S45 —C}S556—5/C6 —C4C5

~84S5C6—C4 86 S4S586—C4C6 S4C5

Where C7 and St stand for cos (6;) and sin (6;), respectively.
The solution of (3.7) gives:

0y = arctan (tan (04)/C1) (3.8)

and
05 = arctan 2 ((51 52),44/1 - (S1 52)2>

04 = arctan 2 ((C152/C5),(C2/C5))
0¢ = arctan 2 ((S1C2/C5),(C1/C5))

The angular positions of the passive joints 6, 05 and g are computed based
on the angular positions of the active joints 6; and 4. Expressions (3.8) and (3.9)
are not defined for 61 = +5 and 0, = £7. Fortunately, all these configurations are
outside the reachable workspace.

The orientation in (3.10) and position in (3.11) of the end-effector is determined
by taking the joint angles of the linkages and using the forward kinematics calcula-
tion as follows.

S1S2C3—C183 —818283—C1C3 —S1C2
R= C2 03 — 0283 52 (3.10)
—C182C3—S183 C18283—81C3 C1C2

and

Opy =—qS2 (3.11)

Op, = qS102
Op, = —qC1C2
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where ¢ represents the translation movement of the tool along the z3 axe, 03 repre-
sents the rotation movement around the same axe and (°p, °py, °p.) represents the
position of the handle defined in the frame °F.

3.5.2 Inverse Kinematics

In order to determine the inverse kinematics, we need to express 6; i € [1,--- ,6]
and ¢ as a function of %p,, Opy, and Yp, and the pitch 6, yaw 1 and roll ¢ angles
used to describe the orientation of the handle, where:

e 0 is the rotation around the yq axe.
e 1) is the rotation around the zy axe.

e ¢ is the rotation around the 2y axe.

From (3.11)
01 = — arctan (p,/p»)
0y = + arctan 2 (py, VP2 —|—p§) (3.12)
q=—p:/(C1C2)
However, only 4 DOFs are available in our device, so that we can specify only

the roll angle which is independent of 6; and 3. By identification, we can easily
find that:

05 = ¢ (3.13)
On the other hand, we get:
0 =0,
3.14
{0 (3.14)

In order to compute the singularity points, we need to express the Jacobian
matrix J of the device. Since the orientation on the end-effector is derived directely
from the joint angles, we consider only the jacobian matrix resulting from position

derivation :
qC1C2 —¢S152 S1C2
J = 0 —qC?2 52 (3.15)
qgS1C2 ¢qC152 —-C1C2
S0

|J| =2¢*C2
The singularity points are defined for |J| = 0, that is:

O =75
q=0
The singularity 5 = 47 is not reachable and the singularity ¢ = 0 can be avoided

by taking a start point just under the point ‘O’.

From 3.8:
2= (ltg4)2
1+( 4t
g9 _ 19 L (3.16)
L)
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So that, the Jacobian matrix J, with respect to the actuated joints, is then:

(C1—tgl S1.522)Cc2 =Wl52C2 g1 (9

0423
Jo = 52351 - —52 (3.17)
S2 C22
C2S1 (1 + 52?%) 2 —C1C2
3.5.3 Dynamic equations
The kinetic energy Ex, and potential energy Ep, of each moving part i (¢ =1,--- ,6)
constituting the device can be obtained as:
Ex, = om0 + @76 @ 3.18
K, = 5mivg + 5 Wi i Wi (3.18)
T—)
Epi = —mug OGZ (319)

—
where m; is its mass, I/, is its inertial matrix (given in Appendix B), OG; and
7(;1. are, respectively, the position and the linear velocity of its center of gravity,
w; is the angular velocity and g is the gravity constant.

For part 1, we have:

Gi=[0 0 6] (3.20)

so, the kinetic energy is given as:

Ex, = % (£ems + a2, ) 62 (3.21)
and the potential energy is:
Ep, = —m1gygq, cos (61) (3.22)
For part 2, we have:
Wy = (—6,02 6,52 6,)" (3.23)

6101 (26,52 + ya,02) + 0251 (26,02 — yc,52)
27@2 = ‘ —0y (xG2 S2 —|— YQs 02) (3.24)
6151 (:CGQS2 + yGQC2) — 601 (xGQC2 - yGQS2)

S1 (xG2‘92 + yG2C2)
oG, = 2q,C2 —yg, 52 (3.25)
—C1(2g,52 4 yg,C2)

For part 3, we have:

Wy = ( —0,C203 + 6283 60,0253+ 0,03 35— 6,52 )" (3.26)
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—
OGS = xG3CQC3—yGSCQS3—I—SQZG3

S152 (x,C3 — yg,53) — C1 (26,C3 + ya,C3) — S1C2z2¢,
(3.27)
C152 (2¢,C3 — y,53) + S1 (2g,C3 + ya, C3) — C1C22¢,

01 (C152 (x,C3 — yg,53) + S1 (2¢553 + ya,C3) — C1C2z2¢,)
' +6251 (C2 (26,C3 — ya353) + S2z¢4)
—03 (5152 (2,93 + yg,C3) — C1 (2G,C3 — yg,53))

Ugs = |  —020352zg, — 0353C2xa, + 025352yG, — 03C3C2yq, + 020226,
01 (—S152 (265C3 — Yy, 93) 4+ C1 (26,53 + yg,C3) + S102z2¢,)
' +62C1(C2(2G,C3 — yg,S3) + S22¢,)
—03 (0152 (26,53 + ya,C3) — S1(26,C3 — ya,S3))

(3.28)
For part 4, we have:
1 .
Eiy = 5 (Lo +mug? ) 63 (3.29)
Ep, = —mygyq,C4 (3.30)
For part 5, we have:
Wy = ( 0,85 6,05 65 )" (3.31)
and
—zg;CH
—
0G, = xq;,C455 — 2¢, 54 (3.32)
—2G;5455 — 2, C4
after derivation, we get:
xG59555
UGy = —xG5Q4S4S5 + xG59§C4C5 — ZG5Q4C4 (3.33)
—2G5041C455 — x6,0554C5 + 26,0454
Finally, for part 6, we have:
ige = (—GS1C2 ¢52 ¢Cc102 )" (3.34)
and
we =0 (3.35)

The total energies of the device are given as:

6
Ex =) Ek, (3.36)
=1
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and

6
Ep=> Ep, (3.37)
=1

Using the Lagrange’s equation, the dynamic equations can be obtained with the
kinetic energy and the potential energy obtained in the above.

_d [(OL\ 0L ;0% (0)

where 7; is the generalized torque associated with the i’ body, X is the Lagrangian
multiplier(s), L is the Lagrangian operator defined as :

L=FEx—-Ep

and ® () denotes the constraint function from (3.6). The final form of the dynamic
model would be formulated as :

=M (0)§+ B(0) [«9] +C(0)62+G(0)+ F () (3.39)

where M is the inertia matrix, B the Coriolis matrix, C' the centrifugal coefficient
matrix, G the gravity vector and F' a vector that gathers friction and external forces.

3.6 Evaluation experiments

3.6.1 Reachable workspace determination

In this study, we targeted an elliptical cone with 90° angle around the yaw and the
pitch axes, in accordance with what we had mentioned in the design constraints. The
evaluation of the workspace of this 4-DOF haptic device is performed by comparing
it with the required workspace. The obtained ranges of rotations and translation
are presented in Table 3.6. The reachable workspace is totally free from the link-
ages intrusion and it approximately constitutes a half sphere with 20cm radius, see
Figure 3.16. However, the self-rotation of the tool is limited to 210°, which proved
to be sufficient for our target applications. Therefore, the designed haptic device
has enough workspace inside which one can operate in a natural and friendly way.
Moreover, the designed device provides an additional workspace of approximately
50%, compared to the required volume.

3.6.2 Performance measurement and evaluation

3.6.2.1 Frequency analysis

The objective of the frequency analysis experiments is to characterize the mechanical
bandwidth of the device in position and force. For position’s bandwidth determi-
nation, sinusoidal signal inputs have been applied independently to each axis. The
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Table 3.6: Workspace boundaries.

Workspace boundaries
Axis 1 (Yaw) [—70, + 70]°
Axis 2 (Pitch) [—70, + 70]°
Axis 3 (Roll) [—100, 100]°
Axis 4 (Translation) 200mm
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Figure 3.16: Workspace of the Designed 4-DOF Haptic Device.

frequency of the sinusoid has been modified ranging from 2Hz up to 40H z for the
translational and the roll axes, and up to 30Hz for the pitch and yaw axes. The
amplitude and the phase of the output velocity (sinusoidal signal also) have been
noted for each frequency value. Figure 3.17 shows that all axes exhibit a similar
behavior with a low frequency constant gain and -3dB cut-off frequency of nearly
13Hz, 15Hz, 25Hz and 28H z for the yaw, pitch, roll and translational axes, re-
spectively. Note that, at these frequencies, the phase is about -45°, which is very
close to the theoretical phase of a first-order system. By observing these values
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(presented in Table 3.7), one can see that the mechanical bandwidths of both the
roll and the translational axes are twice greater than those of the pitch and the yaw
axes. This is due to the fact that the pitch and yaw axes support more inertia than
do the other two. Although the obtained bandwidths are sufficient for the operators,
as has been shown in the previous chapter, friction compensation can increase the
system bandwidth by reducing its damping effect.
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Figure 3.17: Bode plot: magnitude and phase for position evolution as a function
of frequency: (Top-right) yaw; (Top-left) pitch; (Bottom-right) roll; (Bottom left)
translation.

In order to establish the force bandwidth, an open-loop excitation is applied
to each axes using a PRBS signal approximating a white noise signal sampled at
0.002 sec. During this experiment, the device is maintained in contact. The electric
current provided to the actuators is measured before being converted to torque.
Figure 3.18 represents the power spectral density estimation based on the Welch
method. The frequency responses for the yaw and pitch axes are approximately
flat for frequencies < 250Hz. However, we note the existence of an attenuation
of =~ —4dB at 39Hz for the yaw axes and 21Hz for the pitch. A relatively high
bandwidth is observed for the roll axe ( > 250H z) and the translation axe (150H z).
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Figure 3.18: DSP plot of the force frequency response: (Top-right) yaw; (Top-left)
pitch; (Bottom-right) roll; (Bottom left) translation.

3.6.2.2 Maximum capabilities

We devised a dedicated setup in order to evaluate technical performances of the as-
sembled haptic device prototype. The performances obtained by experimentations
are presented in Tables 3.7 and 3.8. In order to measure the device stiffness and
maximum-torque capabilities, each axis was independently controlled in a fixed posi-
tion using a proportional controller. By applying a maximum force that maintained
the device in the controlled position, we measured the deviation of the position sen-
sor and the level of the applied force. The ratio gave us the stiffness value for each
axis separately.

For the rotational axis, the maximum maintained torques that can be generated
by the device are superior to the required upper limits presented in subsection 3.2.2.2
according to [Rosen 1999] and [Rosen 2000]. The additional torques can be used for
friction and eventually gravity compensation when needed. The maximum torque
obtained for the translational axe is equivalent to an applied force of about 21N,
which is, to our best knowledge, an acceptable value for most tasks encountered in
MIS.

The relatively high stiffness values are achieved by using high-precision bearing
and aluminum material for manufacturing, which is light and strong in order to
minimize the deflection due to the stiffness of the linkages.
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Table 3.7: Performance evaluation of the haptic device.
Dynamic Friction Stiffness | Maximum | Maximum
Friction level velocity | acceleration
Yaw axe 0.26N/m 7.8% 2750N /rd 5rd/s 95rd/s?
Pitch axe 0.24N/m 7.2% 2400N /rd 5rd/s 95rd/s?
Roll axe 0.025N /m 3.5% 3100N/rd | 25rd/s 660rd /s>
Translation || —0.9,4+1.6N | 4.3%, 7.6% | 680N/cm | 1.73m/s 6m/s?

However, in our first prototype, the measured friction of the translational axis
is superior to the allowed threshold (JND), although high precision bearings are
used. This level is also asymmetric when moving the translational body in the two
directions. This is certainly due to some imperfections in the assembling of the two
parallel bars that guide the translational body; this problem can be easily solved
by a more precise machining tool. In the case of the yaw and the pitch axes, the
relatively high level of friction is due to the use of gear-reduction system, although
the gear reduction ratio is small (1:4). An exception is the roll axis where the level
of friction is less than the allowed one.

Finally, table 3.8 compares our prototype device to three commercial available
ones that are designed also for MIS training. By comparing the workspaces bound-
aries, one can observe that our device is able to reach larger workspace in term of
the pitch and yaw rotations and translation (insertion) with an equivalent sensing
resolution. This additional workspace may be useful for future applications. How-
ever, our device is not able to give an unlimited self rotation (roll) with equivalent
footprint. In term of workspace, force and torques capabilities, our device offers
larger potentialities.

3.7 Position and force control

3.7.1 Position control

In order to assess the model and to evaluate the performances of the assembled
device, basic position-control loops are implemented successfully using a PD con-
troller. First, a trajectory (orientation and 3D position) is planned in the operational
space, and then the desired joint positions are computed using the inverse kinemat-
ics model. After that, the desired positions of the active joints are derived from the
kinematics constraints. The position control loops allow achieving the desired joint
positions, (see Figure 3.20). The PD controller allows improving the time response
of the system and eliminating the static error in the position control loop in a stable
way. So that, and since the first instant, the resulting trajectory converges faster to
the desired one (see Figure 3.19).
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Table 3.8: Performances comparison of the designed haptic device with available

devices.
Laparoscopic Xitact EXOS Designed
Surgical IHPT™ device
Workstation
Yaw (deg) 100/0.01 100 140/0.1 | 140/0.009
(range/resolution)
Pitch(deg) 100/0.01 100 140/0.1 | 140/0.009
(range/resolution)
Roll(deg) Unlimited/0.7 | Unlimited 350/0.1 200/0.072
(range/resolution)
Tnsertion (mm) 170/0.008 ~ 200 100/0.025 | 200/0.05
(range/resolution)
Pitch torque (Nm) || 0.85/0.47 1.4/1.0 | 0.4189/0.0852 | 5.6/3.3
(peak/ continuous)
Yaw torque(Nm) 0.85/0.47 1.8/1.4 0.4189/0.0852 | 5.6/3.3
(peak/ continuous)
Roll torque (Nm) 0.07/0.04 0.14/0.10 | 0.142/0.036 | 1.2/0.7
(peak/ continuous)
Insertion force(N) 19/11 30/20 7/2 25/21
(peak/ continuous)
Footprint(cm) 30 x 34 18 x 16 x 40 | 30 x 33 x 18 35 x 35

3.7.2 Torque control

For torque control loop, the measured current of each link is converted into torque
using the fitting equations established in subsection 3.4.3 and parameters presented
in Table B. The parameters of the PID controllers (proportional gain (Kp), integral
gain (Ki) and derivation gain (Kd)) are determined using classical control techniques
and assessed experimentally (see Figure 3.20. We determined the parameters that:
(i) keep the system stable (without exceeding in the transient phase), (ii) eliminate
the static error, and (iii) reduce the response time, (see Figure 3.21), where a square
input torque is desired). The PID gain factors are presented in Table 3.9.

3.8 Conclusion

We presented the mechatronics design, modeling and assembling of a new haptic
device to be integrated in a MIS simulator. The proposed structure of this device
is inspired from the real motions of the tool during practical use in real procedures.
It is designed to provide adequate force feedback in 4 degrees of freedom as in most
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Figure 3.19: Position trajectory tracking example.

real MIS procedures. This device is designed to hold different surgical tools and
to provide adequate force and torque capabilities. The motorized part, which pro-
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Table 3.9: Torque controller gain factors.

Kp | Ki | Kd
Axis1{ 0.95 | 4 | 0.01
Axis2 || 0.8 | 3.5 0.01
Axis 3 || 40 | 12 | 0.02
Axis4 || 25 | 10 | 0.02
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Figure 3.20: Position control (Top) and torque control schemes (Bottom).

vides force-feedback, consists of a hybrid configuration (parallel-serial) that allows
combining a relatively high stiffness and a large workspace and that satisfies the
general design considerations of haptic devices. Furthermore, the optimization and
dimensioning procedure of actuators and workspace are performed using available
measurements recorded during in-vivo MIS procedures in order to integrate success-
fully haptics with the environmental characteristics found in surgery. The forward
and inverse kinematics models are expressed analytically using the DH convention.
Basic dynamic equations are also formulated. The device is assembled and the
electronics interfaces with sensor calibration are carried out. Then, the resulting
prototype is characterized, evaluated and compared with some others available de-
vices. Its main features such as bandwidth, stiffness, maximum forces/torques and
velocity capabilities are determined experimentally. We also designed an electronics
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Figure 3.21: Torque control example.

interface that allows current and force sensing. Torques are estimated based on a
fitting equation calculated from experimental calibration. This equation provides
torque values that are closer to real torques than the conventional calculation using
the torque constant of the DC motors. The resulting device is evaluated by imple-
menting position and torque control loops based on basic PID controllers and the
developed kinematics model. The obtained results show that desired position and
orientation and torque are achieved successfully, which demonstrates the high abil-
ity of our device in position and torque tracking since these two measures are very
important for force feedback generation in telepresence and VR applications. Using
this device, the surgeon can train as in usual working conditions (except stress...)
and embed the device with real surgical instruments that have to serve as haptic in-
put devices since force-feedback is an important issue in VR-based surgery training.
In the next chapter, we will address a new issue that was not considered in previous
studies related to MIS. It concerns the adding thermal feedback. Justification and
whole integration scheme is rather presented in the last chapter of this thesis. The
next chapter addresses thermal modeling and rendering from a fundamental aspect
regardless of the target application.
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4.1 Introduction

This study is conducted for a general purpose considering simply that we need
to reproduce thermal feedback to the user (e.g. a surgeon or a medical stuff),
from remote touch in real (telepresence) or virtual environments. The thermal
sensation, permeating and accompanying our tactual impressions, influences con-
siderably our capability to distinguish several objects in our surrounding world by
the simple act of touching. When bare-touching an object, thermal exchange oc-
curs through the area of contact between the human skin and this object, with
the resulting warm/cool feeling as first sensation. This transient thermal contact
feeling needs to be carefully investigated since it strongly affects one’s first impres-
sions [Monkman 1993][Jones 2003][Yamamoto 2004|[Ho 2004]|[Ho 2006a|[Ho 2006b;
it plays an important role and is inherent to our haptic sense.

Objects made of different materials that are all at the same temperature feel
thermally different. For instance, wood generally feels warmer than metal, even
though both materials are at room temperature. This effect is caused by differences
in the thermal properties of these materials.

However, the idea of sensing temperature/thermal properties of an object to
be manipulated is not new; but it tends to be ignored, even though thermal
properties help in the identification of an unknown object and can serve as part
of an object signature/model. Although this sensation is inherent to our hap-
tic sense and the various possible applications in telepresence and virtual real-
ity systems, thermal feedback has not been extensively investigated in compar-
ison to force and other tactile feedback |[Monkman 1993|[Jones 2002|[Drif 2005].
Thermo-electric module (TEM), in its proper configuration of heat-pump, is
commonly used to produce a relative temperature on the finger of the opera-
tor [Benali-Khoudja 2003|[Yamamoto 2004|[Drif 2005][Yamamoto 2005].

4.1.1 State-of-the-art in thermal rendering

Recently, a state-of-the-art in thermal rendering has been thoroughly compiled
in [Jones 2008]. From it, it appears that the human thermal perception process
is still not well/totally understood. Few thermal displays exist that are really able
to reproduce high-fidelity thermal sensations. On the other hand, no device or sen-
sor developed so far is able to quantify our thermal perception in a reproducible
way. Most of reported researches focus on the thermal threshold perception that
allows distinguishing between warm and cold feeling [Cohen 1977][Katsuura 1998,
while other researches deal with the human capability in materials discrimination us-
ing thermal cues [Jones 2002|[Ho 2004]. In [Cho 2007], [Kim 2007] and [Kim 2008],
thermal feedback systems have been investigated as a part of a multimodal device
for prosthetic applications to provide thermal sensation for upper extremity am-
putees, especially those who have undergone targeted reinnervation surgery. Russel,
in [Russell 1985][Russell 1988] conceived thermal sensors incorporated to slave ma-
nipulators for remote materials identification. Caldwell [Caldwell 1995], developed
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an anthropomorphic teleoperation system integrating temperature sensors on a ro-
bot gripper and a temperature feedback on a master glove to stimulate the operator’s
index finger. In [Yamamoto 2004], the authors described a control technique for
thermal tactile display. This technique is based on a decomposition of the thermal
sense into two phases; they introduced the idea of relative effusivity. The technique
is improved in [Yamamoto 2005], by the on-site thermal identification of the para-
meter of finger for each individual, just before thermal presentations. Some recent
approaches use the physiological composition of the human finger (bone, blood and
skin) and thermo-electricity laws to model and explain the heat exchange occurring
in each part of the finger when touching an object. In [Benali-Khoudja 2003], a
thermal model using electrical analogy is proposed for virtual reality. This model
takes into consideration conduction and convection of air around the finger and
around the touched material but it strongly depends on the human finger geometric
dimensions and on its thermal properties. This model is based on electric analogy
and takes into account various phenomena such as the applied pressure by the finger,
the speed of the blood circulation, the surface state of the skin and the material.
In [Deml 2006], the heat conduction between skin and objects is modeled by ordi-
nary differential equations. Three different layers of tissue (epidermis, dermis and
endodermis) are distinguished within the finger. The work of [Ho 2006b| proposes
a prediction model for contact heat flux! and temperature based on an infrared
camera during interactions phases. An infrared thermal measurement system is also
designed in [Ho 2007b] so that it can be used to evaluate the performance of a ther-
mal model implemented in a thermal display. This measurement system requires
that the contact material be transparent in both the infrared and visible spectrum.
It is therefore designed so that skin temperature can be measured more accurately
during contact, but not as a system that would be integrated into a haptic interface.
The objective of the studies presented in [Jones 2003|[Ho 2004], is to measure mate-
rial discrimination when thermal cues are the main source of information about the
used material. These findings suggest that temperature cues can be used to discrim-
inate between materials, but only when the thermal properties differences are large.
This can facilitate object recognition when visual cues are limited. In [Jones 2002|,
the research provided the basis for further exploration of how thermal information
is extracted from the environment and how effectively this can be presented in a
haptic display.

Almost all thermal displays consist of a heat source, a Peltier pump or
a power heater, embedded with a set of temperature sensors. The control
technique used is simple and focuses on reproducing pre-measured and pre-
computed temperature profiles on a thermal pad in contact with the human fin-
ger [Russell 1988][Caldwell 1995][Ottensmeyer 1997]. One way to provide the hu-
man operator with realistic impression of the thermal properties is to emulate the
human sensing system with a thermal sensing device to get the relative tempera-
ture change that would be felt, and reproduce that temperature change to the user

'From now on, flux is meant to designate heat flux.
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through the thermal display [Ho 2007a|. This is similar to that used by Russell
and others [Russell 1988|[Ho 2006b|. But, as stated by [Monkman 1993|, the hu-
man tactile sense is not able to determine even relative temperatures by touching a
selection of objects. Indeed, several results corroborate the fact that our fingertip
sense thermal conductivity and diffusivity [Monkman 1993].

4.1.2 Problem statement

Most thermal feedback methods use a direct temperature control scheme and do not
produce satisfactory thermal sensation since the human thermal perception relies on
the heat transfer rate, and not solely on the temperature. An exception is the work
presented in [Drif 2005] where the thermal feedback is based on a bilateral coupling
scheme between the flux and the temperature using a four channel coupling scheme.
The authors in [Drif 2005] presented a thermal teleoperator where rendering was
achieved through bilateral coupling schemes between flux and temperature vari-
ables of the master and slave sides. Their idea was totally inspired by force reflect-
ing teleoperators using bilateral coupling schemes through force (effort) and velocity
(flux) variables. In the same way, the four-channel bilateral architecture established
in [Lawrence 1993| was adopted as an architecture in their proposed thermal reflect-
ing teleoperator, (Figure 4.1). Similarly to force reflecting bilateral coupling, four
thermal bilateral coupling methods combining temperature and flux variables are
possible. Those are: flux/flux, temperature/temperature, flux/temperature, and
temperature/flux. A pair z/y means that the slave part is controlled according to
desired measured/observed x variable coming from the master side, and the master
side is controlled according to desired measured/observed y variable coming from
the slave side. Here, the master device is simply an active thermal display and the
slave an active thermal sensor; by active we mean that its output temperature/flux
is controlled.

Experiments conducted in [Drif 2005] show that flux/flux scheme exhibits poor
transparency (which is opposite to force reflecting systems where velocity /velocity
tracking has good performance relative to force/force), and the stability depends
strongly on the contact nature. An abrupt flux variation may lead to temperature
divergence. Temperature/Flux or Flux/Temperature coupling have very superior
(highest transparency) and stable performances. However, although very good per-
formances are obtained, even in a temperature/temperature coupling scheme, these
architectures do not reproduce realistic thermal interaction. Although the thermal
active finger and the master display devices were exactly the same system, a con-
frontation of the heat exchange and evolution to similar direct contact conditions
(i.e. direct touch of the material by the operator) highlights discrepancies in the
behaviors: that is, the heat exchange signals (temperature and flux) obtained from
the telepresence bilateral coupling set-up are different from those measured on a
direct contact case (again, with similar conditions). The reason for this is simple:
unless we have an artificial finger whose thermal properties are exactly the same as
that of the human operator, the bilateral coupling scheme will certainly converge
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Figure 4.1: Overview of the thermal teleoperator and possible bilateral coupling.

toward equilibrium, but with a different behavior and a different state compared to
the real case.

Thermal exchange is indeed driven by: (i) the intrinsic properties of the mate-
rial, (ii) the nature of contacting area, and can hardly (not to say impossible) be
compensated; unless one can change the intrinsic thermal properties of the mater-
ial composing the sensor. The same applies for the display: it will have certainly
different thermal properties from the object being explored (exception to objects
made with the same material as that of the display surface). But, since humans are
sensitive to flux behavior in identifying a given material, one can cheat by forcing
the display to reproduce a given flux behavior through a closed-loop control.

4.1.3 Contributions

This chapter is organized as follows:

In section 4.2, we present the modeling and identification procedure of thermo-
electric modules that we used as a thermal display (as many other researchers did),
and also as an active sensor which may behave as the human fingertip for instance.
We propose new models for both steady-state and unsteady-state dynamics based
on Non-linear Autoregressive Moving Average Model (ARMA) models for tempera-
ture and flux. The proposed models can be used for simulation, control, electronic,
and thermal engineering. They also help understanding the functionality of the heat
pumps, and facilitating the solving of cooling/heating problems without the need
for expertise in thermal engineering. The effectiveness of the models is assessed
experimentally.
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In section 4.3, these models are used in a novel rendering approach based on
the estimation of the temperature in contact for both the finger and the touched
object. The thermal feedback is provided by a bilateral control between the master
(thermal display) and the slave (thermal robotic finger).

In section 4.4, we propose a new approach for thermal rendering in telepresence
that improves thermal rendering transparency. We aim at reaching, as close as
possible, what is experienced in similar real touch conditions. The proposed method
is based on neural networks learning classifier that allows generating desired values
for thermal controllers. Two databases are built from real measurements recorded
during direct contact between the operator’s finger and different materials. One
database is used for training a classifier for an on-line identification of the material
being explored in the remote side (probed site); the other one is used to generate
desired flux trajectories for the two thermal control loops: the one acting for the
artificial finger probe, and the other one acting for the thermal display. The learning
bloc is based on Principal Component Analysis and Feed-Forward Neural Network.

In section 4.5, a theoretical and experimental study of a model describing the
heat transfer that occurs when a finger touches an object is presented. This model
accounts for the thermal dynamics of the finger, the sensor and the material by
considering their thermal properties. Models of the heat exchange are developed
and implemented on a thermal display incorporated to a haptic device for virtual
reality applications. All the proposed techniques are validated experimentally; the
obtained results are discussed in this chapter.

4.2 Modeling and control of thermoelectric modules

Thermoelectric modules, named also Peltier pumps, Peltier cooler, TEM cooler,
or Peltier heat source... will be used as a display and possibly (depending on the
application) as an active sensor that can replicate for instance a human fingertip.
Thermal sensation is displayed to the human fingertip through a direct contact and
hence two problems are to be solved:

1. a stable, robust and fast closed-loop control of the Peltier pump when used
ad a display or as an active sensor (typically: temperature or flux closed-loop
control); this call for classical control theory tools (modeling, identification,
control synthesis, etc.);

2. having an intrinsic temperature sensor is difficult. Indeed, the sensor will be
placed at the interface of the display /sensor and the contacted object and one
need to isolate the resultant temperature to identify the quantity which is the
contribution of the Peltier pump.

4.2.1 Thermoelectric modules

In this section, we give a brief review on the basic equations governing the thermal
behavior of the TEM. Then, we define the proposed models for temperature dynam-
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ics and flux as a function of current and temperature. These models would help us
develop our temperature estimator for the Peltier modules used as a display and
as an active sensor. After that, we present the experimental setup and the model
identification procedure.

A thermoelectric module (TEM) consists of a multiple semiconductor junction
connected in series electrically, in parallel thermally between two plates (Figure 4.2).
The plates must, be both good conductors of heat and good electrical insulators.
Ceramic materials fulfill this particular property: one plate is thermally connected
to a radiator, and the other to the object whose temperature is to be controlled.
Thanks to the Peltier physical effect, a current through the junctions creates a
temperature difference between the plates whose polarity and magnitude depend on
those of the current. Relatively to the ambient temperature, it then becomes possible
to heat the object or cool it down (via one TEM plate). Today’s technology allows
single-module temperature differences as high as 84°C, and cascading arrangements
can produce even higher differences.

TEMs are widely used today in many applications, from thermal stabilization
to micro-refrigeration. TEMs can be used where cooling or temperature control of
an object is required. Generally, TEMs are most often used:

1. in applications where an object needs to be cooled below the ambi-
ent temperature, or needs to be maintained at a constant tempera-
ture [Ciccarella 1989][Schiitze 2001][Hodes 2007][Solbrekken 2008];

2. as a thermal-haptic display for virtual reality and telepresence sys-
tems [Benali-Khoudja 2003][Drif 2005][Citérin 2006]. Precisely in this case,
we need to control the TEM in order to get fast and exact response both in
temperature and in flux.

The main difficulty is to write accurate equations that relate the input current,
driving the TEM, to the temperature of each side of the TEM. These equations
are hard to determine and a precise analysis of the electro-thermal Peltier effect is
difficult; this is because of the nonlinear behavior of the TEM that acts as a floating
load for the voltage supply and the several phenomena that occur within it.

In [Lineykin 2007|, a SPICE compatible equivalent circuit of TEM has been de-
vised. Equivalent circuits are a convenient tool for electronic engineers. This helps
representing the problem in ‘electronic circuit language’ and facilitates the solving
of cooling/heating problems without the need for expertise in thermal engineering.
In [Neto 2003], it has been shown that it is possible to describe the characteristics of
a thermoelectric device with a second-order discrete-time ARMA model. The para-
meters of such a recursive second-order discrete-time model vary with the operating
point, which is defined by the bias excitation current.

This section aims at providing a more general model of TEMs. We propose a non-
linear dynamic representation based on a non-linear ARMA model for temperature
control. We also propose a model for solving steady-state cooling/heating capacity
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and establish a model to describe the temperature/heat flow relation. These models
should help users synthesize control laws for achieving required performances.

4.2.2 Thermo-physical Models

When an electric current flows through a circuit composed of two different con-
ductors n—type and p—type (see Figure 4.2) heat is liberated at one junction and
absorbed by the other one, depending on the direction in which the current is flow-
ing: this is called the Peltier effect. The quantity of heat P liberated per unit of
time is proportional to the current [Carslaw 1959][Labudovic 2004]:
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Figure 4.2: Construction of a Peltier semi-conductor element. In practice several
elements are generally connected in series electrically, and in parallel thermally.

P
7= y=nl=aTI (4.1)

where 7 [V] is the Peltier coefficient, o [V-K~!] the Seebeck coefficient, T' [K] the
absolute temperature and I [A] the electric current. If an electric current flows in a
homogeneous conductor in the direction of a temperature gradient ‘é—r‘:’;, heat will be
absorbed or given out, depending on the material: this is the Thomson effect,

Pr=71— (4.2)
dx

where 7 [V-K™1] is the Thomson coefficient and z [m] the space variable. The
direction in which the heat flows depends on: the sign of the Thomson coefficient, the
direction in which the current flows, and the direction of the temperature gradient.
At the other hand, heat is also generated due to Joule effect; this heating is assumed
to be uniformly distributed on both sides.
If an electric current I flows in an isothermal conductor of resistance R, the Joule
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effect is written as:

Pj=RI? (4.3)
Because of heat conduction, heat also flows from the hot side (temperature T}) to
the cold side (temperature 7;), hence:

Py, =K (Th - Tc) (4'4)

where K is the thermal conductance. The heat capacity of the pump on the cold
side (the steady-state cooling capacity) is:

AT ek m ) (45)

where e is the thickness of the Peltier component and n the number of components.
The heat capacity of the pump on the hot side (the steady-state heating capacity)
is:

P.=n {aTCI +

I(Ty, —T, 1
P,=n {aThI + % + QRIQ — K (T}, — Tc)} (4.6)
e
Equations (4.5) and (4.6) represent the steady-state
behavior of the TEM, similar models can be found

in  [Martorana 1975||Hodes 2005]|Martorana 2005|[Harvey 2007][Beaudoin 2008|;
the description of transient behavior is more complex. However transient behavior
is required for real-time simulation and controller synthesis.

4.2.3 Proposed models

Based on the previous steady-state models, we assume that the dynamic behav-
ior of the TEMs can be correctly described by the following discrete-time ARMA
model [Neto 2003]:

n m
T(t)=-Y a; T(t—i)+ > b I(t—j) (4.7)
i=1 j=0
where a; and b; are parameters depending on the current I(t).

We propose recursive polynomial functions to describe the dependence of the
parameters on current. That is:

a; = Z aikI (t — ’L)k (4.8)
k=0

q
bi = > bl (t—j)" (4.9)
h=0
The complete description leads to the non-linear ARMA model:
n p
T(t)=->_ awl (t—i)"T(t—1)
i=1 k=0

g (4.10)
+3 N b (=) (- )

j=1 h=0
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which is a linear model of the unknown parameters 6:
T (t) =0T (t) (4.11)
where

0= lag, {i=1---n, k=0---p};
bin, {j=0--m, h=0---q}]

is the vector of parameters of dimension d = n(p + 1) + m(q + 1), and

o(t) = [I(t—i)k T(t—i), {i=1--n, k=0---p};
It =" {j=0---m, h=0---q}],

the regression vector of dimension d. For the relation between the temperature 7'
and the flux @, we also proposed an ARMA model:

n m

QU)==Y aQt—i)+Y d;iT(t—j) (4.12)

i=1 3=0

where ¢; {i =1---n}and d; {j = 0---m} are the model parameters to be identified.

Heat flux/
 Temperatur
e sensors

dSPACE |
Control
] Panel

]
\ User device Peltier Active probe
\ 3 pumps

Figure 4.3: Master/slave thermal teleoperator site.

4.2.3.1 Experimental Setup

Figure 4.3 shows the experimental setup of the thermal teleoperator system. The
master and the slave parts consist of a contact pad using one TEM from MELCOR
Corp™ of dimension 15mmx15mmx3.2mm. Each TEM is closed up to a dissipater
with high thermal conductivity in one face, and to the flux sensor (with a sensitivity
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of 1.24 [uv/W/m?]) that incorporates a T-type thermocouple (with a sensitivity of
39 pv/K), on the other face.

From a performance standpoint, a thermocouple measurement is stable over
time. Also, computing the temperature from thermocouple voltage is a straightfor-
ward one-step calculation.

With flux measurements, having good thermal contact between the flux sensor
and the surrounding material is critical to achieving this goal. Without good thermal
contact heat flow is disrupted. This causes some heat to flow around the sensor
instead of through it, biasing the measurement. Therefore, the elimination of the
air gaps around the sensor is the most common precaution that must be taken to
maintain good thermal contact. For that reason, a silicone grease is used in order
to decrease the contact resistance at the contact surface of the TEM.

Current amplifiers are used for driving the TEMs. Voltage amplifiers are used for
the flux/temperature sensors signals; sensors measure the current provided to each
device. In order to reduce the sensors sensibility to noises, the measured temperature
and flux signals are filtered using a 2nd-order low-pass digital filter. The system is
controlled in real-time via a dASPACE 1104 Control Setup.

4.2.4 TEM Models Identification
4.2.4.1 Identification of the heating/cooling capacity models
Equations (4.5) and (4.6) can be also rewritten:

{ P. =0T+ 0u01% + 03T, + 0yl + 05 = 0L 0,

4.13
Py = 01 ThI + Op2I? + 03Ty + Ol + 05 = 0] ), (4.13)

with
ense = [Thpel 1%, Thye, 1]
being the measure vectors and 6./, the unknown vectors.
Models given by equations (4.5) and (4.6) are linear functions of the parameters

to be estimated. We propose a similar form for the model to be estimated:

{ ph/c = éz/cSOh/c (414)
Experiment with N = 14 and different current values in the interval

[-1.5A,4+1.5A], has led to a set of measurements (current, temperature and flux)
that illustrate the steady-state behavior of the device. The elements of the vectors
0h/c can be determined by solving the following parametric optimization problem
where:
N
. ) . 2
01,/ = arg min {Z [Ph Je(8) = Byje (t)] } (4.15)
Onse  Li=1
where N denotes the length of the measurement vectors. Using the linear Least
Square Method (LSM) we have:

{ O = (@}f /Céh/c)fl BT, Poye (4.16)
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where:
(I)h/c = [‘Ph/c(i)v =1 N]

are measurement matrices. The estimated cooling/heating capacity by the identified
model matches the real measurement (see Figure 4.4 and Figure 4.5). The estimated
parameters are given in table A.1 of the appendix.
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Figure 4.4: Estimated (line) and measured (cross) heat capacity.
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Figure 4.5: Estimated (line) and measured (cross) cooling capacity.

4.2.4.2 Identification of the Temperature Dynamic Model

An open-loop excitation is performed using a Pseudo Random Binary Sequence
(PRBS) signal approximating a white noise signal with variable amplitude sampled
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at 0.01lsec. The same experiment is realized with the two TEMs. The parameters
of the model equation (4.10) are determined by solving the following parametric
optimization problem:

~ M N 2
15 = arg min {Z [T (t) - T (t)} } (4.17)

where ;g and T are the estimated parameters and the temperature respectively,
M = 10000. The LSM algorithm is also used,

frs = (270) ' oTY

where Y = {T'(t),t =n--- M}.
The above parametric optimization problem is improved by using the Recursive
Least Square Method (RLSM):

0t)=0(t—1)+K({t—1)p(t)e(t)

0 (t) is the estimated vector at ¢, K(t) the Kalman matrix gain, and e(t) the esti-
mation error defined as:

_ oy -0t -1 ()
e(t) = T
L+o(t) K(t—1)e(1)
The Kalman gain update is computed as follows:
1. K—De®e® K (-1
Y K(=1) Lo K(t-1)0()

A1 and Ay are the forget factors, K (0) the initial matrix gain (influences the con-

K(t)

vergence properties of the algorithm).

Figure 4.6 illustrates the measured TEM temperature compared to the estimated
temperature, the identified model is for n = p = m = ¢ = 3. In the worst case,
the error between real and estimated temperatures reached 0.3°C. The estimated
parameters are given in table A.3 of the appendix.

4.2.4.3 Identification of the temperature/flux dynamic model

The measurement sequences performed in the previous section are also used for the
identification of the parameters of the temperature/flux model. The LSM algorithm
is used to get the optimal solution. Figure 4.7 illustrates the measured TEM flux
compared to the estimated one by the identified model with n = m = 3. The
obtained results show good approximation of the real flux based on the previous
measurement of the temperature. In the worst case, the error between the real and
estimated flux reached 0.0025W. The estimated parameters are given in table A.2
of the appendix. The TEM can be used as a thermal display acting on the user
fingertip or as an active sensor replicating user’s finger behavior. The following will
concentrate on designing higher level coupling controllers, i.e. those who generate
appropriate reference signals to be tracked by the low level controllers.
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Figure 4.6: Estimated (dashed) and measured (solid) temperature of the TEM I
(top) and II (bottom).

4.3 Thermal Feedback Based on Finger-Material Tem-
perature Estimation for Telepresence Applications

4.3.1 Principle of the proposed approach

We propose a thermal feedback based on a new bilateral control scheme between the
master side and the slave side of a teleoperator. The temperature evolution of each
element of the coupled system is modeled and is identified for both the operator’s
finger and the remote object. In this control scheme, the slave device is asked to
track the estimated temperature of the operator’s finger, while the master device
is asked to track the estimated temperature of the remote object. The material
interface developed is used for thermal rendering and thermal identification of the
remote touched object.

In this paragraph, we address the thermal transfer equations between two any
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Figure 4.7: Estimated (dashed) and measured (solid) heat’s flux of the TEM I (up)
and IT (bottom).

materials in contact with different thermal properties and initial temperatures. We
also present the procedure for the material and finger temperature estimation based
on the thermal transfer equations and the experimentally identified TEM models.
Then, we address the thermal bilateral coupling scheme between the master and
the slave with flux feed-forward control using temperature estimators. Then, we
present the experimental results obtained from the implementation of the bilateral
controller for different materials and discuss the thermal feedback performances.

In the master system, the TEM is used as a thermal display to stimulate the
operator’s finger which is controlled according to the estimated temperature and the
flux of the touched object. In the slave part, the TEM is used to heat the touched
object as a remote probe; it is driven according to the estimated temperature and
the flux occurring at the operator’s finger, see Figure 4.3. In this way, we ensure a
bilateral control between the master and the slave sites that reproduces in a most
transparent and stable way the thermal sensations experienced in both sides.
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Figure 4.8: Overview of the thermal teleoperator.

4.3.2 Simplified thermal transfer equations

When two objects of different materials with different initial temperatures T; and
T5; respectively placed in contact, Figure 4.9, the temperature evolution during the
transient contact phase, for 1D conduction heat transfer process, can be expressed
using Fourier’s law [Incropera 2006] as follows:

8Tk (.le, t) 82Tk (.le, t)
— = —_— 4.18
ot W T 2 (4.18)
where the index k states for the material 1 and 2, ay, = A\p/prc is the thermal
diffusivity, A is the thermal conductivity, pg is the mass density and ¢ is the
specific heat.

Material 2 Material 1

, T2 o T10xY

Figure 4.9: Thermal contact modeling.

The initial conditions are:
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and the boundary conditions are:

aT (0, t dT5(0,t
A InO.) _ A2 % (4.21)

ox
T1(0,t) = T»(0,t) (4.22)

A thin temperature and flux sensor is included between the two materials. The
sensor is composed of two parallel cooper layers that encapsulates a T-type thermo-
couple. The sensor has a rectangular form with dimension of 15mm X 15mm x420um,
so because of its small thickness, the thermal transfer within the sensor section may
be assumed to be linear and homogeneous. The heat transferred will increase the

21

Figure 4.10: Temperature evolution inside the sensor.

temperature of the colder material and decrease that of the warmer material. The
quantity of heat @ [W] stored and released by each material is defined by:

AT (x,t)

o (4.23)

Q = pr vkck

where vy, is the volume of the material. The heat transfer at the limit of the con-
tact area is equal along the z axis, ¢, = @z14s, and the temperature equation
becomes |Carslaw 1959]:
0T (x,t)
o — ")
Oz
One general solution is T'(x) = ¢yx + ¢o, with the limit conditions T,—¢y = T} and
T,—. =T, where e is the contact area thickness, we have:

—0 (4.24)

T(x) =T — %(TI —13) (4.25)

The profile of the temperature evolution is linear and depends on the transfer direc-
tion x. Since the thermocouple is located at the center of the sensor, its temperature
is calculated for z = e/2 :

Too = (T1 +T2)/2 (4.26)
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The flux evolution is:
S(Ty — 1) B (Th — Ts)

e ~e/AS
Making analogy with Ohm’s law in electricity, the difference (7} — T5) between
two given points in each side, creates a temperature flux () between these two points.

Q=2 (4.27)

This is equivalent to an electrical potential difference applied to the two ends of a
resistance. We call thermal resistance Ry, the quantity y5. Under the influence of
the temperature difference (77 — T%), the flux increases the temperature of the cold
points in the contact area trying to reach equilibrium.

Taking into account the sensor outputs and the TEM identified models, the
temperature evolution of the operator and the manipulated remote object, can be
observed using the following expression:

7" =2 7m —7(m (4.28)
70 =27 — T (4.29)
where the variable Tém’s) state as the estimated temperature of the TEMs using

the identified models in equation (4.10), 7% the sensor temperature output and,
T"7) denote the temperature evolutions observed for both human operator (h) and
remote manipulated object (r).

4.3.3 Bilateral controller implementation
4.3.3.1 Temperature control

A typical TEM temperature controller uses a PID function. Although the PID con-
troller is useful, it suffers from a dependence on the ambient temperature condition.
The differential term attempts to measure the heating/cooling rate of the TEM
to overcome this problem; but being a derivative, it is inherently unstable for fast
temperature variations as it is the case of an abrupt contact. The flux sensor used
offers an elegant alternative to the differential term because it measures directly
the heating/cooling rate in the TEM and does not depend on the thermal ambient
conditions and perturbations.

The PID controller function using the flux sensor essentially replaces the deriv-
ative term with the sensor output, as follows:

u(t) =kp e(t) + ki /e(t) dt + kg Q (4.30)

where k, and k; are respectively the proportional and integral gains, e(t) is the
temperature error, and kg the flux factor. The use of the flux term effectively
predicts where the temperature is going and allows a feed-forward control of the
Peltier device |Lartz 1994]. We have also designed and implemented a sliding mode
controller based on the proposed TEM’s ARMA model (see Appendix C). However,
the obtained result shows the presence of the chattering phenomenon. This unde-
sirable behavior induces enormous variations in flux generation that is inherent for
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sensation. Therefore, we use only PID controller to control the TEM temperature
in our experiments.

4.3.3.2 Bilateral temperature control

We use a temperature/temperature bilateral coupling between the master and the
slave with flux feed-forward control as described above. Figure 4.11 shows a general
view of the bilateral controller: The control laws for both the master (m) and the

Pl Controller +

—@— PI Controller
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Power I stage
stage Material Finger
| Temperature

Temperature I
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Py <
3 2
(o] D
) ~
& Slave heat flux I Master heat flux g
3 : 3
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Figure 4.11: Overall bilateral controller of the thermal teleoperator.

slave (s) are defined, in the Laplace domain, as follows:

(m)
m m kz r m m s
u():{k}(,hr - }(T()—Té N+ kS QW (4.31)
k) ) Am
wl®) — {kl()s) + z?} (T® - TZSS)) + k’(Q) Q™ (4.32)

where u(™*) denote the control output, ngm’s) the estimated TEM temperature,
T"7) denote the estimated temperature for the human operator (h) and the remote
object (r) in (4.29) , QU is the measured flux, /-cl(;m’s), k:z(m’s) and /-cgn’s) are the
proportional, the integral and the feed-forward gain factors, respectively.
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4.3.3.3 Experimental results and discussion

In this experiment, objects made of aluminum, steel, wood are used as remote
objects in contact with the slave part. The surface of the objects is smoothened to
reduce roughness and ensure a minimal thermal contact resistance with a constant
pressure force. The experimental curves in the case of contact with wood and
aluminum blocks are shown on the Figure 4.12. The proposed method gives a good
tracking of temperature between the master and the slave parts. The operator
is more sensitive to temperature drop and flux changes in the slave part when
the contact is established. Note that the same experimental object temperature is
reproduced under the operator’s finger, which leads to good thermal sensations.
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Figure 4.12: Slave Peltier temperature controlled with the estimated finger temper-
ature during consecutive contact (top). Master Peltier temperature controlled with
the estimated temperature of touched objects (bottom).

Materials with large thermal conductivity are found to be easier to discriminate
compared to object having smaller thermal conductivity, especially in the case of
consecutive contact (small or no thermal adaptation of the finger). This demon-
strates a satisfactory accordance as in the case of consecutive contact with real
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objects. Materials with relatively similar heat conductivity, such as wood and PVC
are difficult to distinguish. This is due, from our first trials, to an imperfect contact.

The fact that the master device reproduces the touched material behavior and
the slave device reproduces the finger thermal behavior improves the thermal inter-
action realism so that it improves transparency too.

However, the temperature estimation procedure is influenced by the existence
of a thermal resistance between the finger and the thermal display in one side,
and between the remote object and the remote probe in the other side due to the
imperfect contact conditions. In addition, the thermal dynamic parameters of the
finger are to be included in the estimation.

4.4 Thermal Display for Telepresence based on Neural
Identification and Heat Flux Generation

To overcome the lack of information concerning the finger properties and the con-
tact conditions evoked in the previous section, we propose a new approach based
on a learning technique for thermal rendering in telepresence which improves trans-
parency; it aims at reaching, as closely as possible, what is experienced in similar
direct touch conditions. This technique reproduces, in a more realistic way, the
thermal interaction that occurs when a finger of an operator touches a remote or
virtual object.

First, a set of experiments is performed using different materials characterized
by their dissimilar thermal properties. This set of experiments consists of a Peltier
pump as a heat sink. Then, by creating a temperature gradient between the heat sink
and the materials, we record the flux that occurs during contact. Each experiment is
repeated several times. Based on this set of experiment, we built a database whose
purpose is used to train and validate a material identifier module. The material
recognition is performed using principal component analysis (PCA) combined to a
feed-forward neural network (FNN); its role is to identify which material is actually
in contact with the heat sink. Another set of experiments is performed to record the
heat exchange behavior resulting from a human bare finger touching the materials
used in the first set of experiments. Several persons were asked to participate in this
set of experiments. The flux evolution during contact is recorded for each person
and each material. Collected data (the database) is used to train a set of FNN.
This set of FNN would act as a model predictor bloc that produces the resulting
flux created in such realistic situations.

The last set of experiments consists of evaluating the overall thermal telepresence
system. The remotely probed material is identified thanks to the trained material
identifier module. Then, based on the predictive model carried out, the desired
flux is generated and conveyed concurrently to (i) the thermal display controller, in
order to replicate realistic thermal sensation based on flux control and to (ii) the
local thermal remote probe (i.e., active sensor) controller, in order to replicate the
human finger thermal influence on the probed object’s surface..
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4.4.1 Proposed thermal telepresence controller

Thermal telepresence using bilateral coupling is an efficient method that has proved
to be simple to implement. Our idea can be stated simply as follows: since it is
difficult to design an active thermal probe having intrinsic thermal properties sim-
ilar to those of any user experiencing the system, we will make use of any active
thermal probe to simply identify the material. Then, the bilateral thermal coupling
is performed on the predictive behavior of the thermal exchange using signals from
the master side as input to the model-based computation of the identified material.
In this method, the thermal sensor will have a secondary role but can be kept active
to refine the identification of the model or assert the behavior exchange continu-
ously. The output of our method is temperature or flux estimates that are used as
desired trajectories for the thermal display controller. To implement this method,
we proceed to experimental observation of the heat exchange that occurs when a fin-
gertip touches several objects characterized by different thermal parameters. These
objects are used as reference samples. These observations are exploited in order
to build a new database by recording the flux and temperature evolution for each
material. Another database results from the observation of contact between the ma-
terial samples and the thermal sensing device. As for humans, thermal perception
needs a learning phase to build the knowledge on various materials found in real
environments. From this point of view, the observation database is used to train a
classifier whose purpose is the identification of the material in the remote side. This
process takes place as soon as the material is touched by the remote thermal probe.
When the material is identified, model-based signals are produced for both the re-
mote thermal probe and for the thermal display. In addition, the control model uses
the initial temperature gap between the operator fingertip and the remote probed
material, and information provided by the classifier. Additional sensors are used in
order to detect contact and to measure the user’s applied forces.

4.4.2 Modeling

As previously stated, when two objects having different materials and/or different
initial conditions are put in contact, the temperature’s drop —across the contact area
(or the interface)— could be significant. This temperature behavior is complex to
model precisely; it is however attributed to what is known as the thermal contact
resistance. The thermal interaction between the finger and a given touched material
is mostly driven by heat conduction phenomenon. According to [Ho 2006b], heat @
is exchanged across the interface by conduction and flows through a thermal contact
resistance as follows:

Q1) = 2 oxp(ayytyerte [i/an) (433)
where ¢ is given by:
_ 1 il
S
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where index (k = 1) states for the fingertip and (k = 2) states for the material
surface, T ; is the initial temperature, R. is the thermal contact resistance and
Br = vV Arprck is the thermal effusivity.

This equation shows that the flux exchanged, during contact, depends on the
thermal properties of both the fingertip and the material. This flux is also pro-
portional to the initial temperature gap between the finger and the material. In
our method, thermal data are later normalized by dividing the fluxes by this initial
temperature gap.

The existence of a contact resistance is mainly due to surface roughness ef-
fects |[Incropera 2006]. Therefore, heat transfer is due to conduction across the
actual contact area and to conduction and/or convection through other possible
interfaces (air). The contact resistance may be lowered by increasing pressure at
the contacting area or by selecting an interfacial fluid of large thermal conductiv-
ity. Silicone-based thermal greases are attractive because of their ability to fill out
completely the interstices with material whose thermal conductivity is as much as
50 times that of the air [Khatri 2001]. Although theories have been developed for
predicting R, [Yovanovich 1982][Yovanovich 1997|[Savija 2003][Xu 2005][Ho 2006b],
the most reliable results are those obtained experimentally [Defer 1998]. The ther-
mal contact resistance is a function of materials’ mechanical, thermophysical, and
surface properties. More details are provided is section 4.5.1.

4.4.3 Material Identification and Heat Flux Generation

Two databases are constructed from direct touch experiments: the first one is used to
instruct and to validate the material identification module. The second one allows
the generation of the desired thermal variables to be tracked by the closed-loop
controllers of both devices. Seven different materials are selected. These materials
are characterized by different thermal properties and equal volume.

To build the first database, (see Figure4.13), which is used for training the ma-
terial identification bloc, we made ten tests with each material. At first, the room
temperature is measured using infrared thermometer to obtain the initial tempera-
ture of the material. Then, the TEM is heated until the temperature reaches 10°C
above than that of the samples (this corresponds to the average difference between
the temperatures of the fingertip and that of the samples). For each experiment,
the flux signal is recorded for one second, starting from the first instance of contact
between the pad and the material. Then, the recorded data are filtered. To make
this section self-contained, let us recall PCA and FNN basics.

4.4.3.1 PCA Algorithm

Principal Component Analysis (PCA) is a commonly used technique for reducing
data dimension and extracting useful information. Let x; be the recorded data for
a sample i, N the size (cardinality) of the learning set, and M + 1 the length of the
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Figure 4.13: First database building for training the material identification bloc.

sampled data. First, the average signal is computed as [Bishop 1995]:

N
E(t) = %in(t) PO, M (4.34)
=1

then, the average is subtracted from the original data, that is y;(t) = x;(t) — ., (t).
The obtained data is prearranged in the following matrix form:

Yorsnyxn®) = [vi(t), - 4i(t), - ,yn(@®)] t=0---M (4.35)

Let A= \/—%Y, we get the new orthogonal base as follows:

b; = Avl (4.36)

where \; are the eigenvalues and v; are the corresponding eigenvector of the covari-
ance matrix C = AT A. For each measurement, the projection of Y on the base

= [¢17"' 7¢’i7"' 7¢N]a giVGS
ui:y?@ (4.37)

u; is then the new representation of the sample 7.

4.4.3.2 FNN Algorithm

FNN with one hidden layer is used (see Figure 4.14). The number of neurons in
the input layer is chosen to be the dimension of the input vector, and the number
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of neurons of the output layer is equal to the number of classes (seven). Sigmoid
activation functions are used [Hertz 1991][Bishop 1995].

Figure 4.14: Feedforward Neural Network.

The mean squared error criterion determines the size of the error to be back
propagated:
N N,

E=g5d > - 2] (4.38)

k=1 p=1

where di is the desired output for unit & when pattern p is clamped, zi is the
actual output and N, is the number of outputs. The objective during training is
to minimise this error by choosing the appropriate weights. In this work, we use
the well-known Levenberg-Marquardt rule. The new weight is determined by the
learning algorithm as follows:

Wt = w' — (H + Adiag [H]) ™" Je (w') (4.39)

where X is a positive gain, J = Vz () is the Jacobian matrix that contains first
derivatives of the network errors with respect to the weights w, e (w*) = [d (t) — z (¢)]
is the error on the previous weights and H is the Hessian matrix. Using this matrix
causes the learning algorithm to converge faster. It is, however, computationally
expensive and sometimes even impossible to compute for large neural networks.
Therefore, we use the outer products approximation of the Hessian given by H =
JJ7T.

For building the second database, (see Figure 4.15), experiments were performed
with five persons. Before each experiment, the temperatures of the index fingertip
of the subject and that of the material were measured. Subjects were instructed
and trained to keep their index fingertip on the support and to apply a force of
10N approximately at the first instance of contact in order to get a similar contact
surface in all cases. The exchanged flux is recorded during 60sec. A sample profile is
presented in Figures 4.16 and 4.17. The difference between the flux profiles and the
temperature profiles of each material appears clearly. The difference between the
flux profiles and the temperature profiles is apparent. Note that the temperature



Chapter 4. Thermal Feedback for Telepresence and Virtual Reality
90 Applications

Measurement of the temperature
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Figure 4.15: Second database building for heat profiles generation bloc.
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Figure 4.16: Thermal heat flux exchanged during real contact between finger and
materials.

variation is conversely proportional to the thermal effusivity of the materials at the
opposite of the exchanged flux.

The performance of the classification bloc depends on the time-length allowed for
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Figure 4.17: Temperature evolution during real contact between finger and materi-
als.

identification processing. For a lsec sequence, and seven classes, confusion occurs
between the aluminum and steel and between graphite and rubber (see table 4.1).
This is probably due to their close thermal properties. By gathering the confused
materials in two classes, the result is improved though for sequences of 0.75sec
100% of good identification is obtained. However, if the time-length is decreased,
the performances deteriorate, (see tables 4.2 and 4.3).

Table 4.1: Validation result with seven classes (1 sec sequence).
Aluminum Marble Plexiglas Graphite Rubber Wood  Steel

Aluminum XXX XX
Marble XXXXX
Plexiglas XXXXX
Graphite XXX XX
Rubber XX XXX
Wood XXXXX

Steel XXXXX

Concerning the second database, for each material, the average data was com-
puted and used to train the FNN module responsible of the flux generation to be
used primarily as a reference variable for the thermal display. This choice is made
because [Drif 2005] show that rendering flux at the master side has superior trans-
parency and stability performances. We used one FNN with linear output for each
material.
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Table 4.2: Validation result with five classes (0.25 sec sequence).
Aluminum-Steel Marble Plexiglas Graphite-Rubber Wood
Aluminum XXXXX
Marble X XXX
Plexiglas XXX X X
Graphite XXXX X
Rubber X XXXX
Wood XXXXX
Steel XXXXX
Table 4.3: Validation result with five classes (0.5 sec sequence).
Aluminum-Steel Marble Plexiglas Graphite-Rubber Wood
Aluminum XXXX X
Marble XX XXX
Plexiglas XXXXX
Graphite XXXXX
Rubber XXXXX
Wood XXXXX
Steel XXXXX

4.4.4 Result analysis and discussion

The experimental setup is similar to that presented in paragraph 4.2.3.1. A PID
controller is used to regulate the flux control loops (Figure 4.18). The parameters

of each PID controller are adjusted using the models developed in section 4.2.

PID
Controller

Flux profiles PID
generation bloc Controller
i—

Three experimental scenarios are performed.

Material
identification
bloc
Power
stage Power
stage
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© é &
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Figure 4.18: Thermal control scheme.

In all experiments, we use se-

quences of 1 second for identification, and the seven classes of material used pre-
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viously. The three scenarios differ in the manner and the instant the contact is
established in the remote and in the user sides.
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Figure 4.19: Thermal heat flux (left) and temperature (right) exchanged in the user

side in the case of scenario 1.

4.4.4.1 Scenario 1

In this scenario the bilateral coupling is triggered once the contact is established at
the same time at the user and the telepresence sides. Once the material identification
is made, the desired flux is computed and weighted by the initial temperature gap
between the finger and the material (this is because the output signal is normalized).
The resulting output is sent as a desired state for the inner low-level control loops of
both the display and the remote thermal probe Because of the delay needed for ma-
terial identification, the first impression of contact displayed to the user is induced
by thermal intrinsic properties of the display’s material, as shown in Figure 4.19,
left panel. Although an independent flux control is performed at both sides, the
obtained temperature exchange profiles are very similar to those recorded for direct
fingertip /material contact, as shown in Figure 4.19, right panel. This scenario is typ-
ical in telepresence systems involving encounter-type haptic displays [Kheddar 2004]
and using an artificial robotic finger with active thermal behavior as a remote probe.

4.4.4.2 Scenario 2

In order to get rid of the undesirable transient behavior experienced in scenario
1, we implemented a predictive-like scheme. The contact is realized, at first, in
the remote side. Following this, the contact is made afterward between the user’s
fingertip and the thermal display. The thermal desired flux signal is generated from
the model-based module. As in scenario 1, the resulting signal is sent to the thermal
display and to the thermal probe low-level control loops. In this case, we obtain
good reproduction of the flux profiles (see Figure 4.20), from the very first instant of
(the user’s finger/ display) contact. Indeed, the latency experienced in scenario 1 is
compensated for by the prior predictive contact established in the remote side. This
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procedure is typical to virtual reality telepresence applications since virtual objects’
thermal properties are known prior to establishing the virtual contact [Citérin 2006].
Indeed, by using any proximity-distance algorithm, we can set a distance threshold
from which the object is identified as nearly being touched. This method can also
be used in teleoperation setups where an intermediary representation is allowed
[Kheddar 2001]. A problem however arises for its applicability in direct bilateral
coupling teleoperation. First, it is not easy to decide the amount and the direction
of the position shift between the master device and the slave probe. Assuming
this problem is solved, if force feedback is also provided concurrently with thermal
feedback, it is not stable to achieve force feedback with a predictive shift on the
motion, unless compliance is embedded in the remote site.
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Figure 4.20: Thermal heat flux (left) and temperature (right) exchanged in the
master side in the case of scenario 2.

4.4.4.3 Scenario 3

In this case study, the user fingertip is maintained the entire time in contact with
the thermal display. When the contact is detected between the material and the
sensing probe, a thermal feedback signal is generated in that is similar to the two
previous scenarios. (see Figure 4.21). This situation is typical in wearable master
devices where the fingers of the operator are always in contact with the device (e.g.,
a glove or a force feedback handle).

In all cases, the flux is reproduced accurately. Notice that the obtained temper-
ature profiles are very similar to those recorded during direct contact. This result
shows that we have an interaction that is close to what has been observed and
recorded during direct contact.

4.4.5 Transient response comparison

Table 4.4 illustrates a signal-comparison between transient temperatures and fluxes
occurring at the user side (i.e., recorded at the display/finger interaction) during the
first instants of contact (the first 5 s of contact) in the cases of the direct contact
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Figure 4.21: Thermal heat flux (left) and temperature (right) exchanged in the
master side in the case of scenario 3.

and the three scenarios. By comparing profiles, it is apparent that the order of
magnitude of signals is always kept in direct contact and in all the three scenarios.
Moreover, this holds for both temperature and flux. The difference between profiles
is, however, observed in (i) the transition from initial situation to contact situation,
and in (ii) the magnitude of signals. This is due to the difference in initial conditions,
including the inescapable individual variation of each experiment, which cannot be
kept exactly the same by the very nature of the investigation.

In summary, to reproduce realistic thermal sensations, we have proposed a new
approach based on a neural-network learning technique. It uses record-and-replay
signals obtained from real measurements of thermal flux exchanged during contact
between operator’s finger and several materials with dissimilar thermal properties.
This technique avoids having to determine the thermal contact resistance, which is
known to be extremely difficult to measure or compute.

The identification of the material on the remote side allows the generation of
model-based flux references. The rate of good classification depends on the length
of the temporal sequence used for learning and/or for validation. The performance
of the rendering depends on the instant and on the type of contact. Also, the
constructed databases may be used for studying the evolution of the contact flux
and for determinating the thermal parameters of the touched object.

To validate this approach, an experimental setup was realized and a set of ex-
periments was performed. The obtained results demonstrate a clear improvement
of the thermal rendering when manipulating virtual or remote object via haptic
interfaces.

One challenging issue to be investigated is rapid identification of objects’ material
intrinsic thermal properties together with the thermal resistance from an instant
abrupt contact and without prior training or classification. This identification will
then be used in either a classical thermal bilateral coupling scheme or as a more
generic preview model that can interpolate intrinsic properties from a few learned
models and a brief instant thermal exchange behavior. In robotics, these methods



96

Chapter 4. Thermal Feedback for Telepresence and Virtual Reality

Applications

Table 4.4: Temperature and flux evolution during the five first second of contact.
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could apply perfectly in various ways; for example, thermal identification could be

combined with vision for fast object recognition and material identification from

active touch or during grasping. Such an approach would be useful and perfectly
applicable for any medical purposes that call for thermal sensing either through a
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direct touch or via a tool. Real MIS using a robotic system is an example as it will
be addressed in chapter 5

4.5 Heat Transfer Model for Thermal Feedback in Vir-
tual Environments

The results obtained in the last section show the existence of a latency in flux and
temperature profiles, which is due to the time needed for the material recognition
process in the slave side.

In this section, we perform a theoretical and experimental study of a more general
model describing the heat transfer that occurs when a finger touches an object.
Models of the heat exchange are developed and implemented on a thermal display
incorporated to a haptic device. This model accounts for the thermal dynamics
of the finger, the sensor and the material by considering their thermal properties.
Experimental results validating the proposed thermal model are evaluated when
touching virtual objects in virtual environments. The developed interface is used
for thermal rendering and thermal identification of virtual touched object.

We use a sensorized TEM as a thermal display to stimulate the operator’s finger.
In addition, a force sensor is introduced in order to measure the force applied by
the operator’s finger.

4.5.1 Thermal Interaction Modeling

The quantitative characterization of heat transfer, in general, and that of the con-
duction heat transfer, in particular, relies on the evaluation of the heat-transfer
rate.

When three objects made of different materials with different initial tempera-
tures 11 ; and Ty ; = T3, respectively, are made in contact, Figure 4.22, the tem-
perature evolution during the transient contact phase can be expressed using (4.18).
Here, subscribes 1, 2 and 3 denote, respectively, the operator’s finger, the sensor
and the material.

Mathematically, the macroscopic diffusion equation of heat transfer is a partial
differential equation, in space and time. Consequently, the heat transfer problem is
a well-posed problem in the Hadamard sense, that is, there exists a solution, which
is unique and depends continuously on the boundary conditions if consistent initial
conditions (ICs) and boundary conditions (BCs) for the temperature are prescribed
and if the heat-source definitions are specified [Marghitu 2001| under the hypothesis
of semi-infinite body for both the finger and the material:

AlaTlaf’t) =X 8T2af’t) (4.40)
M2 OY 0.8 = 10,4 (4.41)

ox
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Figure 4.22: Three-layer modeling.

0Ty (~L,t) . OTs (—L,t)
2 = A3

A ox ox

(4.42)

Ty (~L,t) = T3 (~L,1) (4.43)

L represents the thickness of the sensor and h = 1/R, represents the inverse of the
thermal contact resistance.
An important concept introduced through (4.41), is the contact thermal resistance.
This type of thermal resistance is common to all technical applications and it is
due to the real, imperfect, mechanical contact between the two parts of a composite
structure. The heat transfer is then accompanied by a supplementary temperature
drop at these interface levels, by combined convection and/or radiation transfer.
By replacing Tp =T — T}, 4, introducing the Laplace transform in (4.18) gives:

0?0, (z,5) s
o2 a—kek (z,5) (4.44)

where 0y (x, s) represents the Laplace transform of Ty (z,s) for k =1,2 and 3, s is
the common Laplace variable. A trivial general solution is to take:

01 (z,s) = Arexp (—pix) + Brexp (p1z) , >0 (4.45)

Oy (z,s) = Agexp (—pex) + Baexp (p2x) , —L<z<0 (4.46)

03 (z,s) = Asexp (—psx) + Bsexp (psx) , =< —L (4.47)

Where: p; = \/azl, P2 = \/%, Py = ais, Ay, By, As, By, Az, Bs are to be

computed. The temperature T gets a finite value when = tends toward +oo and
the temperature T3 gets a finite value when x tends toward —oo. So that: By = 0
and A3 =0.
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The Laplace transform of (4.40), (4.41), (4.42) and (4.43) gives:

([ A1p1A;1 — AapaAs + AapaBs =0

(h +Mp1) A — hAy — hBy = hl2=1u

(4.48)
A2p2 exp (Lp2) Az — Aapaexp (—Lp2) B2 + Asps exp (—Lps) By = 0
exp (Lps2) Ag + exp (—Lpz) By — exp (—Lps) Bs =0
The resolution of that system leads to:
(Alo + Aqjqexp (—2L a—82>>
A = (4.49)

s (01 + Cyexp (—2L a—g))

4y Agp exp ( 2L\/7) (450)

s<01+02exp( ))

(01 + s eXp20< \/72 ))

(paos (B e ()
((11 + Cyexp ( ))

8y (2. 5) = A exp (—x\/O%) + Aqjqexp ( (\% + W) \/§> (.59

S (Cl + CQGQL\/t>
0 ~ Axpexp <_ (2L + ) \/%) + Baoexp <x\/°%> 4.54
2 (x,5) = . <C1 L Cyexp (_2L a—z)) (4.54)

o (s~ #5) 3) + oo (s + ) 3
(01 + Cyexp (—zL a—g))

By = (4.51)

Bs =

03 (v, ) = (4.55)

where:

Ao = hfa (To; — T ;) (B3 + F2)
Ay = hfa (To; — T ) (B3 — F2)

Aoy = Brh (To; — Toy) (B3 — ()
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Table 4.5: Thermal properties of candidate materials.
Thermal Mass Specific Diffusivity Effusivity
conductivity | density heat
Wim-K) | (Kg/m®) | (J/Kg.K) | _(m2/s) | (W//sm?K)
Aluminum 238 2700 917 9.61e-005 24274
Plexiglas 0.19 1190 1465 1.09e-007 575
Rubber 0.28 2010 1100 1.27e-007 787
Wood 0.23 675 3156 1.08e-007 700
Steel 52 7870 447 1.48e-005 13525

By = hp1 (B3 + B2) (Th,; — T»,;)

Bsy = h%lfQ (Bs = B2) (Th; — Toy)

B3 = h’%lfg (B3 + B2) (Th; — To,)
C1 = (h(B1 + B2) + B1B2v/5) (B3 + (2)
Cy = (h (B2 — B1) + B1P2v/s) (B3 — B2)

Sight the complexity of the resulting function, the inverse Laplace transform of
the function is calculated numerically using the simple precision Stehfest method
(N = 10) [Stehfest 1970].

N .
In (2 In (2
Ty (z,t) = i )Z;Vﬂkz <$aj t( )> + Thi (4.56)
]:
where:
V = [0.083333, — 32.083333, 1279.000076, — 15623.666890, 84244.169460,

236957.512900,
375911.692300, — 340071.692300, 164062.512800, — 32812.502560];

4.5.2 Determination of the thermal contact resistance and the
thermal properties of the sensor

In this experiment, we selected five materials from the those presented in section4.3:
Aluminum, Plexiglas, Rubber, Wood and Steel. These materials have known ther-
mal properties, (see table 4.5).

In this experiment, we use the recorded data presented in Figure4.17 for 17 ; =
36°C and Th; = 24.5°C. The thermal properties of the sensor and the thermal
contact resistance are computed using a Least Square Criterion and the Newton
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Table 4.6: Thermal contact resistance of candidate materials

Material Aluminum | Plexiglas | Rubber | Wood | Steel
Thermal contact
resistance (K.m?/W) 0.0013 0.0028 0.0042 | 0.0011 | 0.0009

optimization algorithm while the thermal properties of the finger (skin) are: \ =
0.34, ¢ = 3340 and p = 1200. The computed thermal properties of the sensor are
found to be: By = 992(W/\/s.m?.K), as = 1,036e~7(m?/s). The obtained thermal
contact resistances are given in table (4.6).

4.5.3 Including the thermal display to a haptic interface

In order to able including the thermal display to a haptic interface, we use a PHAN-
TOM Omni haptic device coupled to a planar table. The thermal display is incor-
porated to the mobile part of the planar table, (see Figure 4.23). The PHANTOM
device permeating kinesthetic feedback is also used as input device that provides
the position of the finger in the 3D space. The mobile part is controlled to track the
position XY of the PHANTOM device. A virtual world including virtual material
is simulated in order to provide visual rendering. The thermal behavior of each

Phantom
Omni Haptic
g Device

Virtual
world

Virtual
objects

Mobile
thermal
display

Figure 4.23: Haptic interface including the thermal display.

material is simulated using the model developed in (4.54) and the parameters iden-
tified in table 4.6 including the thermal properties of the sensor. The temperature
is controlled according to the paragraph (4.3.3.1)) for x = —L/2. The simulation
algorithm is quite simple: the fingertip’s position is given by the PHANTOM (since
the finger is attached to its handle) and is sent to the virtual environment. A colli-
sion detection algorithm checks for the proximity distance between the virtual finger
model and the virtual objects that are used in the experiment. Once a contact is
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determined, the touched material is identified and the predicted temperature of the
sensor is computed by our model (that is T5(¢,2)). This temperature is then sent
as a command for the display at the operator’s side.

Figure (4.24, right) shows that the temperature profiles are reproduced with
accuracy in comparison to Figure (4.17) under the same initial conditions. Note
that the same experimental object’s temperature is reproduced under the operator’s

finger.
32 : : : ‘ : 600
500
.
400"
g g
= £
2 g
E %300
g 2
£ 5
ﬂ) (7]
= T
200
100
25
2 : : ’ : ‘ o i i i i i
0 10 20 80 40 50 €0 0 10 20 30 40 50 60
Time (s) Time (s)

Figure 4.24: Thermal heat flux (left) and temperature (right) exchanged during
contact with virtual materials.

However, Figure (4.24, left) shows that the flux profiles are slightly different in
amplitude in comparison to Figure (4.16). The reasons have two origins: (i) we did
not impose a 10N force to be maintained (which may influences the contact area in
the real experiment) and, (ii) the feed-forward controller at the master site is made
in a nearly unilateral way and based on temperature servoying. This results are
thus in accordance with remarks made in [Drif 2005].

In perceptual term, experiments show that the operator is more sensitive to
temperature drop and flux changes when the contact is established. Materials with
large thermal conductivity /effusivity (metals) are found to be easier to discriminate
compared to object having smaller one, especially in the case of consecutive contact
(small or no thermal adaptation of the finger). This demonstrates a satisfactory
accordance as in the case of consecutive contact with real object. Materials with
relatively similar heat conductivity /effusivity are difficult to be distinguished. The
fact that the thermal display reproduces the touched material behavior in contact
with the finger, improves the thermal interaction realism.

Results of this section perfectly apply to virtual MIS that make usage of thermal
feedback: bare-finger or tool interactions are both possible to simulate with our
proposed method.
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4.6 Conclusion

In this chapter, we addressed new fundamental approaches for thermal rendering in
order to improve the realism while interacting with virtual or remote environments.
The thermal display (master side) and the remote probe (slave side) are carried out
based on TEMs. So, first we began by a study of the static and dynamic behav-
ior of these devices. We proposed new mathematical models those describe these
behaviors. The proposed models have been identified using the LSM and RLSM al-
gorithms and assessed experimentally. They proved to be efficient for analyzing the
TEM flux and temperature behavior using linear and non-linear recursive ARMA.
Using the identified models of the TEMs, we proposed a new approach for thermal
feedback based on the material and finger temperature estimation with flux feed-
forward control. The candidates’ materials have been selected so that they have
dissimilar thermal properties. The rendering scheme used a bilateral coupling law
to reproduce, perfectly, the operator and the remote material thermal interaction
in order to ensure realistic thermal sensation. The experimental validation of this
control scheme has shown that it contributes to the improvement of the thermal
sensation in the aimed application. However, the temperature estimation procedure
was influenced by the thermal dynamic parameters of the finger and mechanical
properties of the contact surface such as the thermal contact resistance. So these
parameters had to be included in the estimation.

In order to reduce the difficulties in the determination of the thermal contact
resistance and to avoid the use of complex mathematical models, we proposed a
learning approach for the thermal bilateral coupling. This new approach is based
on a neural network learning technique that uses record-and-replay signals obtained
from real measurements of thermal flux exchanged during contact between operator’s
finger and several materials. To validate this approach, a set of experiments has been
performed. The results have shown the ability to discriminate between materials
at the user side that improves the thermal sensation. However, we have observed
the existence of a latency, which is due to delay needed to identify the material in
the remote site. One challenging issue we addressed is fast identification of objects’
material intrinsic thermal properties together with the thermal resistance from an
instant abrupt contact. This identification would then be used in either a classical
thermal bilateral coupling scheme or as a more generic preview model that could
interpolate intrinsic properties from few learned models and a brief instant thermal
exchange behavior.

We also presented an analytical method representing the temperature evolution
when contact occurs between a finger and a material taking into account the influ-
ence of the sensor thermal properties and thermal contact resistance. Experiments
have shown that the drop of the temperature of the finger depended on the ther-
mal properties of the materials and the initial conditions. The temperature profiles
were reproduced perfectly when touching a virtual material so that realistic thermal
sensation (from a signal viewpoint) is guaranteed by our developed model and a
feed-forward control scheme.
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The obtained results encourage the use of the thermal rendering in future works
in order to get more realistic sensations when manipulating virtual or remote object
via haptic interfaces. We expect that the proposed techniques for thermal feedback
would increase the operator’s feeling immersion and would assist the operator in
material identification. Alternatively, thermal feedback could be used as a sensory
substitute or adjunct for visual and/or tactile feedback for surgery applications.
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5.1 Introduction

Previous chapter presented motivation, the design and the control of haptic device
dedicated to MIS which role is to track the induced motion subsequent to the in-
teraction between a surgical instrument and the user’s hand and then to provide
realistic force feedback computed from simulation of MIS procedures. MIS instru-
ments with real handles can be inserted and removed freely, as it is common to use
different type of such tools during a real operation. Another important issue of our
work deals with the fundamentals of thermal feedback in telepresence and in virtual
environment simulations.

The aim of this chapter is to integrate our hardware and methods (including
force with thermal feedback) within interactive simulation software. We choose the
framework SOFA to achieve this integration. SOFA is an open software platform to
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benchmark wide research development in the domain of MIS interactive simulation
and which is being developed and maintained by a consortium of well know and
established researchers, it is also open for academia. Our contribution to SOFA is
in integrating the thermal feedback in the simulation hardware and software using
our established models in chapter 4.

In order to investigate the role that can play thermal sensation in surgery, we
pooled a simple questionnaire to a group of surgeons, namely: “would the adjunction
of a temperature sensor in the tip of the laparoscopic instrument and displaying
this temperature on their fingertip could help them take adequate decisions?” More
than 50% of them have welcomed the idea and have encouraged the development of
such an innovative instrumentation, some others were curious about the initiative.
Especially that the lack of haptics in robotic assisted surgery might benefit from this
idea. However, the use of thermal cues for organs discrimination is not possible since
most tissues and organs have the same temperature and very similar thermo-physical
properties. We suggest that the adjunction of a thermal display to the handle may
contribute to the creation of a full interaction, with real or simulated organs, when
tactile sensation is absent. The force/thermal sensation should help the surgeon in
taking appropriate decisions during real or simulated MIS operations. The content
of this chapter is rather technical and several issues are yet to be improved prior
to investigations on end-users’ performance evaluation from usability and teaching
quality assessments point-of-views.

5.2 Visual feedback

5.2.1 Visual feedback as a part of surgical simulator

Visual rendering and physically based simulation play an important role in any
interactive simulator [Castet 2008] and especially in surgery simulators. This is
particularly important in MIS, since by essence minimally invasive means a rel-
atively restrictive opening and access. Endoscopic cameras are generally used to
overcome the lack of direct vision of the operation location. Hence, an entire visual
feedback of the body using various rendering techniques such as blending and trans-
parency provides the user with a 3D virtual representation of the human organs
and anatomy; it is used as a teaching step so that a general view of the context
and of what’s happening is presented. A restricted virtual rendering similar to that
of an endoscopic camera is used to simulate read operation conditions. Physically
based simulation, including collision detection and contact force rendering repli-
cates the behavior of the tissues composing the organs of interest in a given MIS
simulation. Both representations must be as close as possible to the real situation
in order to enhance the simulation realism, yet this is still subject to discussion
since reduced representations could also be as efficient as fully ‘realistic’ ones. Or-
gans behavior is often modeled based on their biomechanical equations, deformation
of which is usually simulated using mass-spring models or finite element methods.
For the past few years, software toolkits have been designed for medical simula-
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tion with the aim of providing an open-source answer to the various challenges
of medical simulation research and developments. These toolkits include, for exam-
ple, the KISMET [Kuhn 1996], VRASS [Baraff 1998], SPRING [Montgomery 2002],
CHAI 3D |[Conti 2003], GiPSi [Goktekin 2004], SSTML [Bacon 2006], HYS-
TIM [Tuchschmid 2006], and recently SOFA [Allard 2007][Faure 2007].

5.2.2 The SOFA framework

Our force/thermal integrated haptic device prototype is interfaced with the SOFA
framework, which is an open-source C+- library designed for physical simulation,
primarily targeted to medical simulation and industry research. Our choice for
this platform has been dictated by its source code openness, the availability of the
support and the possibility of collaboration with its research and development team.

The main features of SOFA, compared with other toolkits, are its flexibility
and modularity. It allows the use of multiple interacting (and at different reso-
lution) models for the same object, typically, a mechanical model with mass and
constitutive laws, a collision model with simple geometry, and a visual model with
detailed geometry and rendering parameters, see Figure 5.1. Each model can be
designed independently from the others in terms of data structure and processing;
it is connected to other through data structure interfaces.

In addition, this open-source framework allows independently-developed algo-
rithms to interact within a common simulation. This flexibility allows one to focus
on his own domain of competence, while re-using the other’s contributions on other
topics that reduce the development time required for integration. More details con-
cerning the SOFA framework can be found in (www.sofa-framework.org).

5.2.3 Laparoscopic simulation

A laparoscopic graphics simulation system has been developed under SOFA, in
which the liver and intestines are modeled as deformable models that can be ma-
nipulated using a laparoscopic instrument and that can collide with the ribs, as
illustrated in Figure 5.2. The modularity of the SOFA architecture allows us to
experiment easily different constitutive models for the organs. For example, the
liver is modeled as a finite-element model (FEM) and the intestines as a spring-
based grid [Allard 2007|[Faure 2007]. The separation between Visual, Collision, and
Behavior models allows us to generate visually appealing simulations at interactive
rates. Tissue deformations and force feedback are computed at real-time rates and
are rendered both visually and haptically to the user. However, some usual phe-
nomenon, such as blood circulation, tissues cutting, welding or suturing, are still
under development by the SOFA team.
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Figure 5.1: SOFA example.
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Figure 5.2: Laparoscopic simulation under SOFA framework.

5.3 Force feedback integration

5.3.1 Force propagation model

The force propagation model describes the relationship between the applied torques
at the active joints of the haptic device as a function of the calculated force generated
through the graphical simulation as shown in Figure 5.3. In general, this relationship
can be written as follows:

M=PoxF (5.1)
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= T .
where Po = ( Dex Pey  Pez ) represents the location of the contact between the

surgical tool and the virtual organ and F= ( F, F, F, )T is the generated force
due to the pushing or pulling actions, for example. Or, in a general case, through
the Jacobian matrix.

Surgery tool

Generated torques (M)

Actuated joints

Calculated force (F)

Contact

Virtual organ

Figure 5.3: Force propagation in the MIS tool.

5.3.2 Haptic control loop

Figure 5.4 is a model of a 1DOF haptic loop system as proposed in [Colgate 1994]
and [Colgate 1997|. In this scheme, m represents the mass of the moving part
including the actuator rotor and the handle, which behave as a rigid body with
viscous friction b, while u is the controller torque. The feedback signal is sampled
at the rate Ty, and the control signal is passed through a zero-order hold. The
virtual environment is represented by a stable linear, shift-invariant transfer func-
tion H(z). According to [Colgate 1997]: “the necessary and sufficient condition for
passivity-based stability of the sampled data system in Fig. 5.4 (without the unilateral
constraint) is:”

b> L Re{(1—e*T) H(e*T)} 0<w <wy (5.2)

where wy = /T is the Nyquist frequency.

However, useful virtual environments cannot be composed strictly of linear op-
erators, especially in the case of soft human organs. At the least, it is necessary
to include the nonlinear element pictured in Figure 5.4. This nonlinear element,
i.e. the unilateral constraint, is omnipresent in the physical world and it need
to be accounted for collisions and complex contact models. Design of haptic sys-
tems that guarantee stable interaction with nonlinear environments is well discussed
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Figure 5.4: 1 DOF Haptic control loop according to [Colgate 1994].

in [Miller 2000].

The haptic device can simulate mechanical impedance, where position/velocity
is sent to the VE where eventual contact forces resulting on the manipulated tool
are computed and sent back as feedback to constraint the user’s motion. It can
also simulate mechanical admittance where we acting forces on the haptic device’s
handle are monitored and sent to the VE where resultant motion of the manipulated
tool is computed and sent back as position/velocity feedback to accompany the
user’s applied forces [Salisbury 2004]. In our application, we used the impedance
control scheme in which, position and quaternion rotation of the tool are sent to the
simulation where contact forces and moments are computed and forwarded to the
haptic device [Henry 2006]. The surgical tool is treated as a volumetric rigid object
exchanging forces/torques and positions/rotations with the user.

Several modules compose a typical haptic rendering algorithm, as illustrated in
Figure 5.5:

e low-level controller read the haptic device embedded sensors to replicate in
real-time desired feedback trajectories (position, velocity, force or any causal
combination of them) taking into account stability and transparency at best.

e simple monitoring processes collect user’s intention in terms of tool’s actions
to be transmitted to the virtual reality physically-based engine; these inten-
tions can be derived from the haptic device internal state (actual position,
velocity...) or external state (like external applied forces).

e collision or proximity detection algorithms are used detect eventual close con-
tacts or interferences between the virtual representations of the tool and the
objects of interest. Depending on the scheme that is used to compute the
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Figure 5.5: Haptic rendering architecture.

contact forces, collision/proximity detection yields information about where,
when, and ideally to what extent collisions have occurred.

e computer haptics algorithms compute interaction forces between the tool and
virtual objects involved when a collision/proximity is detected. Ideally, com-
puted force approximates as closely as possible the contact forces that would
normally arise during real contact. Force-response algorithms operate on the
tool position, the position of all objects in the virtual environment, and the col-
lision state between the tool and virtual objects. In our experiments, we used a
penalty-based scheme for force feedback computation (see Figures 5.6and 5.7).
However, constraint-based method using linear or non-linear complementarity
problem (NLCP, LCP) [Duriez 2006] can be also used by simply replacing one
component with another, without changing the mass distribution, the colli-
sion geometry, the time integration scheme, etc. This is possible thanks to the
modularity of SOFA. The returned values are force and torque vectors that are
either directly applied to the haptic device or update the virtual tool spatial
parameters state from which feedback is derived to the control algorithms.
The result is in any case a desired feedback trajectory applied implicitly to
the operator through the haptic device inner control loops while maintaining
a stable overall behavior.

e the simulation engine computes the effect of the interaction forces on objects
in the virtual environment and updates the state of the scene.
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Figure 5.7: Implemented closed-loop control scheme.

Hardware limitations prevent haptic devices from applying the exact force com-
puted by the force-response algorithms to the user when operating in open loop, (see
Figure 5.6). However, closed-loop control algorithm command the haptic device ac-
cording to desired force and torque vectors computed by force response algorithms
in such a way that the error between ideal and applicable forces is minimized, (see
Figure 5.7). PID controllers are used to command the device torques. The stability
of the PID-based control for haptic interface is well discussed in [Zhang 2007].

In our experiments, we only use basic haptic-rendering and force-response algo-
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rithms (i.e. those already available with SOFA). The haptic loop is updated every
0.002s (500Hz) while the graphics simulation is updated every 0.02s (50Hz). The
synchronization is guaranteed thanks to the use of multi-thread programming. These
rates seem to be a subjectively acceptable compromise permitting presentation of
complex objects, including multiple-point interaction to grasp and manipulate vir-
tual organs. Therefore, the instrument handle is equipped with an angular sensor
(potentiometer) that translates the grasping angle (see Fig. 5.8). Figure 5.9 shows

Figure 5.8: Handle sensorization for grasping angle sensing.

a sample representing the good and high force tracking capability of the assembled
prototype.

30 ‘
. —— Real force
= = =Virtual force ||

N
(=)
T

Force (N)
N
ul

Juny
o
T

0 5 10 15 20 25 30
Time (s)

Figure 5.9: Force control example.
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5.4 Thermal feedback

5.4.1 Temperature monitoring for therapeutic applications

Knowledge on heat transfer in living tissues has been widely used in medical ap-
plications. The applications of the heat transfer model include simulations of
hyperthermia [Liu 2000] and cryosurgery, thermal diagnostics [Ng 2004|, thermal
comfort analysis, thermal parameter estimation [Zhang 2000], burn injury evalua-
tion [Liu 2008] and thermal ablation of tumors.

The ablation is a corrective procedure that involves removal of faulty tissues,
can involve abrasion, surgery, or heating energy. Applications include cardiac, en-
dometrial, tumor, bone marrow and brain tissue ablation, as well as roto-ablation
to clean blood vessels. Recent developments in interventional imaging have opened
a wide range of promising medical applications. For example, several techniques
for minimally-invasive percutaneous tumor ablation have been developed; some re-
lying on heating (focused ultrasound, laser or radiofrequency) and some on freezing
(cryotherapy) the tissue to kill the cells. Exposure of both normal and cancer cells
to heat above 50°C causes the death of cells. With thermal ablation, cells are ex-
posed to temperatures up to 110°C for periods of up to 14 minutes, resulting in
cellular destruction [Liu 2008]. Therefore, heat energy must be controlled precisely
to prevent undesired healthy tissue damage when using heat to correct the damaged
tissue during ablation procedures. In addition, when using laser for tissue welding,
controlling the temperature of the target organ can be critical. Laser energy acti-
vates tissue bonds between the surgical surfaces, fusing them together. If there is
too much heat, the tissue is damaged and poor healing results; but, on the other
hand, if there is not enough heat, the bonds do not form.

5.4.2 Temperature sensing for diagnosis

Another possible use of thermal cues in surgery is in the area of diagnosis. The real-
time diagnosis of the tissue’s pathology would allow the surgeon to choose a suitable
therapy. Therefore, minimally invasive diagnosis of the tissue of interest can be
obtained by incorporating temperature, biochemical and tactile sensors into surgical
tools since it is well known that differences in energy consumption exist for normal
and cancerous tissue. So that, researchers are looking into ways to make catheters
more intelligent, while retaining their miniscule sizes |Carrozza 2003]|Zhao 2008].
Any abnormality in the tissue, such as the presence of a tumor, alters the nor-
mal temperature on the tissue surface due to increased metabolic activity of the
tumor [Paruch 2007|. Therefore, abnormal tissue temperature profiles are an indi-
cation of diseases such as mastitis, benign tumors, fibrocystic breast disease, and
cancer |Liu 2000||Ng 2004][Salhab 2005][Mital 2008|. Thermography and infrared
imaging has been used in the detection of different types of cancer since the lo-
cal temperatures of the tissue over a tumor is generally significantly higher (about
2 —3°C) than normal tissue temperatures. According to [Mital 2008], this tempera-
ture difference is due to convection effects associated with increased blood perfusion,
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and increased metabolism around the tumor. Clinical studies with steerable ther-
mography catheters also showed that the difference of the temperature between
normal tissue and a neoplastic area could be a useful criterion in the diagnosis of
the malignancy of urinary bladder tumors [Stefanadis 2001] gastric lesions and lung
lesions [Stefanadis 2003]. This also shows that embedding thermal sensing within
catheters is already possible. For example, a study performed in |[Stefanadis 2003]
investigated the existence of thermal heterogeneity in bronchial lesions, in vivo,
and tested the hypothesis whether there is any thermal distinction between be-
nign and malignant lung lesions. Their analysis showed that, in benign (chronic
inflammation) lesions, the mean temperature differences was 0.71 £0.6°C, while the
temperatures differences in malignant tumors was found to be 1.23 + 0.4°C. Very
similar results have been found in [Zhao 2008] where the authors used a thermocou-
ple needle which has been inserted into the tumor. These investigations show that
temperature difference can be a significant marker for the discrimination of the type
of malignant or benign tumor.

5.4.3 Modeling heat exchange for surgery simulation

Due to its simplicity and validity, most of the work published so far has
been based on the Pennes’ Bio Heat Transfer Equation (BHTE). This equa-
tion considers the different body tissues as a continuum model and takes
into account heat transport by blood perfusion and metabolic heat genera-
tion [Arkin 1994|[Zhong-Shan 2002|[Xu 2008] that makes the behavior of living tis-
sue complex and thermally active. Therefore, the calculations made in the present
study are mainly based on the Pennes equation as follows:

8J"org 82 Torg

porgcorg 8t - )\orgW + mbcb (Tar - Torg) + Qorg (53)

where o, Con, and A, are, respectively, the density, the specific heat, and the
thermal conductivity of the organ tissue; m; and ¢, denote the blood perfusion rate
and the specific heat of blood; in the organ; (), is the metabolic heat generation;
T,, is the arterial blood temperature, x is the positive space variable, ¢ is time and
T,.. is the organ temperature.

5.4.3.1 Model for thermal therapy

The thermal therapy is modeled as a heat source with constant heat flux ® imposed
to the surface of the organ. The following boundary conditions express the principle
of heat flux conservation on the surface of the semi-infinite heated organ:

—>\org 8Torg(0,t) - q)

ox
T, (z,0) =T (5.4)
T (00,t) =T;

Equation (5.3) is rewritten as follows:

8J"org 821"01‘g
= "
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— T, + aT,, + Qe (5.5)
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where ¢ = —%— and b = —L
PorgCorg PorgCorg

By replacing Torg =T, T; , then (5.5) becomes :

rg

aj:'or a2j:'or '
7 g _ aorgﬁ — Ty + a (T, — Ti) + bQore (5.6)

By introducing the Laplace transform, (5.6) can be written as follows:

8290rg (.’E, S) a (Tar - E) + bQorg

50prg (T, 8) = Qo 92 — by (z,8) + . (5.7)
where s represents the Laplace variable. This equation is rewritten as follows:
020, (2,5)
# — qfrgHOrg (z,s) = —d (5.8)

This expression represents a second-order differential equation with second member,

where: ¢ =a (Tar — TZ) +b6Qore, d = aofgs and qfrg = ;:rr‘;, O, Tepresents the thermal
diffusivity in the organ. The general solution of this equation is a combination of
the solution of homogonous equation and a particular solution.

The solution of the homogonous equation is expressed as follows:
eilrg (CC, 5) = Aorg exp (_qorgx) + Borg exXp (qorgx) (59)

where A, and B, are to be calculated. Since the temperature is finite when
x — +00, then B,,, = 0.
A trivial particular solution is to take:

d
Ooeg (2,8) = 5~ =B (5.10)
org
The general solution is then:
07, (x,s) = H(I}rg (x,s) + o (z,s) (5.11)

By replacing in (5.4), we get :
P
Apy = —— (5.12)

)\orgQOrgS

Therefore, the general solution in the Laplace domain is:

B + ®\/5 + aexp (— SJ’—“:):)

Qlorg
BorgS (s + a)

The temporal solution is calculated numerically using the simple-precision Ste-
hfest method (N = 10) presented in chapter 4, equation 4.56.

Oprg (z,5) =

(5.13)
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5.4.3.2 Model for temperature-based diagnosis

In this section, we consider a scenario where the surgeon’s fingertip with an ini-
tial temperature T;; palpates an organ that has an initial temperature T;,. The
temeprature of the organ is governed by (5.3) and the temperature of fingertip is
then governed as follows :

2
8j—vﬁnger _ )\ 8 Tﬁnger
pﬁngercﬁnger 815 — “Minger ax2

(5.14)

where pgugers Cangers aNd Agneer are, respectively, the density, the specific heat, and
the thermal conductivity of the fingertip; T4, is the fingertip temperature.

At the surface, the temperature is continuous and the effect of the heat source is
represented by the interface contact condition assuming the existence of a thermal
contact conductance h. The boundary conditions are expressed in the following

8T0rg (0 t) a,I'ﬁng(-‘:!r(ovt)
{ )\org O - )\ﬁnger

equations:

ow (5.15)
Aorg Lo O — (T, (0,8) — Thuger (0,1))

The general solution of (finger) can be expressed as follows:

HQngr (x,5) = Afnger €XD (inger®) + Blinger €XP (—qorg®) (5.16)

— S
where qﬁnger T~

Since the temperature of the finger is finite when & — —00, Bg,eer = 0.
By introducing the Laplace transform in (5.15), we get the following system of

and Qe represents the thermal diffusivity of the finger.

equations:

{ _)\orngrgqorg = )\ﬁngerAﬁngerqﬁnger (517)

_)‘orngrgqorg - h (Aorg + B — Aﬁnger + % (Ef - EO))

The solution of this system of equations gives:
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A

Finally A, and Ag,... are formulated as follows:

A = hBsinger ((Tif—Tio ) (s+a)+C)
e (s+a) {ﬁorgﬁﬁngers\/SJr_aJrh (5org V S(S+a)+/8ﬁngers) }
A, _ —hﬂorg\/s—Ta((Tif _Tio)(5+a)+c)
" s(s+0){ Borg Bangerv/5(5-H0)+h(Borg V5T At Bngery/5) }

(5.19)

where (3, and Bs.e.. represent the thermal effusivity of the organ and the finger,
respectively.
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The general solution is then expressed as follows:

_ _ >
{ Horg (1177 S) B + Aorg exp ( qorgx) = 0 (520)

Otnger (2, 8) = Agnger €XD (Ginger) = <0

The temporal solution is also calculated numerically using Stehfest-method.

5.4.4 Thermal display integration

In order to integrate the thermal display to our setup, two main solutions are pos-
sible. The first solution consists of placing the thermal display outside the laparo-
scopic instrument. However, this solution maus be rejected since the surgery tasks
are usually bimanual; the second solution is to include the thermal display on the
handle of the surgery instrument. In order to decide of the best placement of the
thermal display, four possibilities are to be studied (see Figure 5.10. The most er-
gonomic placement appears to be the one presented in ‘D’ where the thermal display
could be in contact with the index finger. We did not perform a thorough usability
or performance studies to assess this choice, this came from ad-hoc trials, but we
definitely need to investigate this issue more thoroughly.

Tool handle Thumb Thermal

display

K

Index Middle

(A) (B)

(©) (D)

Figure 5.10: Thermal display integration possibilities.

Temperature models developed in (5.13) and (5.20) are implemented in the SOFA
framework. When contact between the virtual tool and organs is detected, thermal
desired trajectories are generated to the inner thermal (temperature or flux) control
loop, (see Figure 5.11). The temperature control law is based on a PI controller with
heat flux feed-forward. Organ’s model with different initial temperatures and/or
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Table 5.1: Thermo-physical properties of living human organs

Thermal Mass Specific | Metabolism
conductivity density heat rate
(W/mK) | (Kg/m®) | (0/KgK) | (W/m?)
Liver 0.57 1050 3600 6150
Kidney 0.54 1050 3900 1290
Heart 0.59 1060 3700 6320
Fat 0.19-0.20 1010-1050 | 3600-3800 /

different metabolic rates simulating the presence on anomalies are also implemented.

®

Model based temperature

PI Controller

Heat flux

Temperature

Collision detection leermal
display
- - Surgical
Simulation instrument

Figure 5.11: Thermal display control scheme.

A picture of the integration in SOFA of the assembled haptic interface with
thermal display is shown in figure 5.12.

5.4.5 Experimental results and discussion

5.4.5.1 Experiments for diagnosis

The first set of experiments simulates the thermal behavior of a living organ (the
liver) using the thermo-physical properties presented in Table 5.1 and the model pre-
sented in (5.20). The presence of anomalies is simulated by considering higher initial
temperatures of the organ [Stefanadis 2001] [Stefanadis 2003]|Zhao 2008|, and/or
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Figure 5.12: An overview of the designed interface integrating visual, haptic and
themal feedbacks.

higher metabolism rates [Paruch 2007|[Mital 2008]. Figure 5.13 presents the evolu-
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Figure 5.13: Temperature variation of the fingertip (left) and heat flux (right) ex-
changed for different initial conditions.

tion of temperature rendered to the user fingertip during simulated palpation of the
liver with different initial temperatures (38, 40 and 42°C). On one hand, the results
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show the existence of a large difference in the rendered temperatures proportional
to the initial temperatures, and that, both during transient and steady-state phases.
However, the perceived temperature difference is approximately 50% from the ini-
tial difference (an initial temperature difference of 2°C is presented as 1°C). This is
affected by the thermal display dynamics (Peltier pump + temperature/flux sensor)
and the neglected thermal phenomenon such as convection and radiation. From
perception point-of-view, the ability to perceive variations in temperature depends
not only on their amplitudes but also on their rates of change. Since the differential
threshold for warming is 0.20°C at a rate of 2.1°C/s according to [Jones 2008], and
considering the transfer factor of 50%, 0.4°C is the minimum initial temperature
difference that can be perceived by the user.

On the other hand, the heat flux exchange gives a comprehensible image of the
heat perceived by the user. The picks presented in the beginning of the simulation
show that the largest quantities of heat is exchanged during the transient phase that
stimulates significantly the user thermal sense. This phase is very short since it does
not exceed 1 second.
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Figure 5.14: Temperature variation of the fingertip (left) and heat flux (right) ex-
changed for different metabolism rates.

Figure 5.13 presents the evolution of temperature rendered to the user fingertip
and the heat flux exchange during simulated palpation of the liver with different
metabolism rate that mimics the presence of superficial tumors with 10 times and
100 times the normal metabolism of healthy tissue, (see [Zhao 2008]). The results
show the existence of small differences between the temperature profiles in the steady
state phase. This difference is proportional to the metabolism rate and it is about
0.1°C and 0.4°C, respectively. However, in the transient phase, which characterizes
the thermal sensation, the three profiles are approximately close in spite of the
existence of a difference about 25W/m? and 30W /m?, respectively, in term of flux
profiles. Therefore, more psychophysical studies are required to conclude about the
perception of heat flux. In order to increase temperature differences perception,
we propose to use a scaling factor that emphasizes this difference. The calculation
of this factor has to be performed based on the differential thresholds presented
in [Jones 2008| depending on the aim of the simulation.
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Figure 5.15: Temperature variation of the fingertip (left) and heat flux (right) ex-
changed flux, for different initial conditions and different metabolism rates.

Figure 5.13 simulates a more realistic case in which we consider the presence of
an abnormal initial temperature and abnormal metabolism rate. The result shows a
transfer factor of about 56%, which reflects a combination of the two cases presented
previously.

5.4.5.2 Experiments for therapy simulation

The second set of experiments simulates the influence of the application of an ex-
ternal heat source on the surface of a living organ (the liver) according to (5.13).
The aim of these experiments is to allow a real-time monitoring of the temperature
and heat exchange during such procedures. The temperature evolution can be visu-
alized on a monitor or rendered to the user fingertip thanks to the thermal display.
However, the use of a scaling factor is to be considered since this temperature can
exceed 100°C during a few minutes while the application of a temperature of about
46 to 48°C will cause damage to the user fingertip.
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Figure 5.16: Temperature variation (left) and heat flux (right) evolution during the
application of a heat source of 1000W /m?.

Figures 5.16, 5.17 and 5.18 present the heat flux exchange and the temperature
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variation when rendering the temperature of the heated organ to the user finger-
tip for three different source’s power levels. In each experiment, the fingertip is
maintained in contact with the thermal display until an approximate temperature
46 — 48°C. The time required to achieve this temperature depends on the quantity
of heat provided by the thermal source (inversely proportional).
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Figure 5.17: Temperature variation (left) and heat flux (right) evolution during the
application of a heat source of 2000W /m?.
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Figure 5.18: Temperature variation (left) and heat flux (right) evolution during the
application of a heat source of 4000W /m?.

5.5 Conclusion

The assembled prototype of the 4-DOF device designed for MIS training has been
integrated successfully. The graphics component of the simulator is created based
on the SOFA framework, which offers a modular and flexible solution for haptic
algorithm implementation and hardware integration. Although simple haptic control
schemes have been implemented, the integration of the force-feedback enhanced the
interactivity of simulation in performing virtual MIS procedures. In addition to
haptics and graphics, we integrated the thermal sensation, which so far has not
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been considered in virtual MIS prior to this work, though it has a real significance
for medical application since the detection of abnormal temperatures informs about
the eventual existence of tumors in the living human organs. In order to achieve
a physically plausible replication of this sensation with the haptic and the graphic
interfaces, we have modeled the heat exchange inside the body, added a thermal
display on the surgical instrument’s handle and then implemented the developed
models in conjunction with the haptic and graphic’s rendering. Another model has
been developed and implemented in order to simulate the temperature evolution
of an organ under the application of external heat source usually used for tumor
ablation, therapy or welding. The performed experiments show that it is possible
to include thermal sensation in the conventional simulator without recalling into
question their functioning design. In fact, the adjunction of this sensation do not
disturb the interaction in practical use.

Nevertheless, these preliminary results must be rather seen as potential investi-
gations; we spent a lot of time dealing with technical aspects of integration of the
device with the software which are still to be improved. Only then, more thorough
studies on usability and performance of the overall set-up can be conducted.
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Conclusion

In this research, we devised a new haptic feedback device for MIS interactive simula-
tion which is able to combine force and thermal senses and rendering. This device is
coupled with the SOFA engine for visual rendering and physically-based simulation
of the interaction and the deformation of the organs.

Our particular novelty is in using of thermal stimulation from both a funda-
mental and an MIS applied perspectives. Interesting sensations have been recorded
which have a direct bearing on the ability to distinguish between objects in the
surrounding environment and particularly in the medical field where temperature
sensing correlates with anomalies in some know diseases. The incorporation of the
thermal sensory and its integration with the visual and haptics cues can likely open
doors for next generation of surgical simulators. But the first step of this research
was to develop our dedicated haptic device in order to gain experience and knowl-
edge and to have an open system for the control law implementation, computer
haptics research in MIS domain, and improvement of the system toward low cost
accessible devices for advanced teaching and training.

For the design of the device, we analysed surgical tasks in terms of required
dexterity, workspace, force and torque. The mechanical design constraints have been
considered with respect to the general requirements for haptic interface design from
what has been well established in the haptics literature. These requirements include
the minimization of friction, backlash, and apparent inertia while maximizing force
and position bandwidths, stiffness, motions and force/torque capability.

The proposed mechanism for the haptic device consists in a 4 DOF hybrid
parallel-serial structure to combine good stiffness properties with a relatively large
workspace while satisfying general design considerations of haptic devices. Its de-
sign is made so that it can hold different surgical tools (as a handle) which can
be added and removed easily. Hence, the handle of our haptic device is a real
surgical instrument that however is slightly adapted to be embedded with sensors
serving in user intentions/actions tracking and/or in inner close-loop feedbacks for
rendering. The dimensioning of the actuators and the assessment for the workspace
and the mechanical structure are performed using CAD software. The mechanical
pieces composing the device are assembled and the electronics interface including
the power stage and the current and force sensor’s conditioning circuits has been
also realized. Experiments for sensor calibration are also performed in order to de-
termine the relationship between measures and the sensor’s output. The confirmed
linearity characteristic of the used sensor offers an adequate low-cost solution for
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force monitoring.

The forward and inverse kinematics models are expressed analytically using the
DH convention and basic dynamic equations are also formulated for a good com-
pensation of gravitational effects. A set of experiments is completed in order to
evaluate the device characteristics. This evaluation included workspace, stiffness,
friction, maximum velocity and acceleration, force/torque, and bandwidths. The
main features of our device compared to the existed commercial ones lie in its larger
workspace and force capability. However we have noticed non-negligible friction (i.e.
superior to the acceptable thresholds) in some axes which is due to the assembling
process; therefore, exact friction estimation and compensation appears to be nec-
essary. Simple PID based control loops appear to be sufficient to well control the
device’s position and torques. For each axis, the desired position and torque are
achieved with very good precision and in a stable manner.

Before incorporating thermal cues into the force feedback interface, we investi-
gated fundamentals of thermal rendering in a general context, i.e. in telepresence
and in virtual reality schemes. Thermal display is carried out based on Peltier
pump (TEM) that convert electric current into heat. The dynamic of this device is
modeled based on the fundamental thermo-physical equations describing the rela-
tionship between the input current, temperature and heat flux. We also proposed
new representative models which describe this dynamic using linear and non-linear
recursive ARMA equations. The proposed models have been identified and as-
sessed experimentally and proved to be efficient for analyzing the TEM heat flux
and temperature behavior. A symmetric thermal telepresence system is carried out
using similar TEMs and incorporating heat flux sensors with integrated temper-
ature sensor (thermocouple).Then, using the proposed model, we implemented a
new approach for thermal feedback based on the material and finger temperature
estimation when they are in contact with the active sensor and the thermal dis-
play respectively. The coupling scheme is based on temperature command with
heat flux feed-forward control. In order to evaluate the proposed control scheme,
we selected some materials which compose object’s surfaces encountered in daily
activities. Direct contact test showed the possibility to distinguish between these
materials by thermal sensing especially when the thermal properties are very scat-
ter. The experimental implementation of the bilateral coupling law reproduces the
thermal exchange experienced in a remote interaction of the operator with a given
material. However, this experiment also revealed that thermal rendering was influ-
enced by the thermal dynamic (due to intrinsic thermal properties) of the finger and
the material composing the Peltier sensor/display. Therefore we proposed another
bilateral coupling scheme based on a learning approach. The learning algorithm
uses a Neural Network technique combined with the PCA method. In this case, the
remote thermal sensor role could be reduced to that of a probe (even a passive one)
which role is to identify which material composes the surface of the object that is
being contacted in the remote site. The training data are the real measurements of
thermal heat flux exchanged during direct contact situation. The results have shown
a higher ability to discriminate between materials in the user side that improves the
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thermal sensation. However, there exists latency due to that of the sensor time
response which sum-up with another latency due to the unavoidable delay needed
to identify the material in the remote site. This latency time would be reduced by
using faster sensors.

In order to take into account together the sensor’s dynamic, the finger thermal
properties, and the contact conditions, we developed an analytical model represent-
ing the evolution of the temperature when contact occurs between a fingertip and
a material. This model is implemented in virtual reality application where differ-
ent materials are modeled using their intrinsic thermo-physical properties. Based
on temperature command from the virtual environment, the thermal display reli-
ably produces temperature profiles when touching a virtual material that guarantees
realistic thermal sensation (from a signal viewpoint).

These results promote the application of thermal cue rendering in interactive
interfaces in order to enhance the quality (or realism) of the operator’s immersion
feeling and assist the operator in material identification when manipulating virtual
or remote object. Otherwise, thermal cues could also be used as a sensory sub-
stitution or as an adjunct to visual and/or haptic feedback. Thermal rendering
being investigated for general telepresence and virtual reality applications; we also
explored its role in medical applications and precisely in surgery. In view of these
technical developments, consideration is made as to whether thermal modality can
actually help surgeon to take adequate decision. In practice discrimination between
healthy and pathological tissues can potentially be perceived from thermal sensing in
conjunction with simultaneous information available from visual and tactile senses.
In addition the monitoring of the tissues temperature is particularly important when
they are heated during therapeutic procedures.

The device has been interfaced with an existing open source VR simulator
(SOFA). We added in SOFA the necessary software dealing with thermal mod-
eling and physically based simulation using built-in data structure and methods.
The integration was successful and a realistic simulation scenario with both visual
and thermal feedback was achieved. Representative data were obtained from bio-
logical tissues simulation demonstrating that the developed interface has potential
applications in virtual systems or robotic tele-medical care. However, in using sys-
tems capable of providing multisensory information, it is important to find out how
these multiple sensations can be perceived efficiently. In this way redundancy or
overload of information can be avoided. The psycho-physiological analysis should
give a response to this fundamental question. Incorporating thermal sensation in
surgery simulator is expected to find practical clinical application as well as an aid
for improving teaching of the surgical skills and a test-bed for evaluation of future
instrumentation.

Finally, there are still much efforts needed to implement this complex system
with a more effective realistic simulation of tissue properties and a combined ther-
mal/force feedback. At short-term developments, there are some additional issues
to be improved. Our suggestions for future work are:
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1. concerning the haptic interface and force rendering:

e optimizing the mechanical design for low-cost devices based on lessons
learned from the realization (from scratched) of our prototype;

e model based identification and compensation of device friction and inertia
in order to enhance the transparency of the interface;

e improvement of the computer haptics algorithms in order to improve the
realism of the perceived feedback forces

2. concerning the thermal rendering:

e we will develop closed-loop theories based on thermal impedance scheme:
thermal rendering can benefit from such an approach;

e investigating other possibilities for thermal rendering in medical applica-
tions and other fields in conjunction with force, tactile and visual feed-
backs;

e psychophysical studies in order to perform an efficient integration of the
thermal sensory information without distribution of the surgeon atten-
tion.

More generally, we hope to conduct assessment studies on user performance and
usability of this technology in MIS surgical operation and spread its usage.
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Thermal-model identified
parameters

A.1 Heating/Cooling identified model parameters

Table A.1: Heating/Cooling identified model parameters

Heating capacity model || Cooling capacity model
Or1 = 0.0020 6.1 = —0.0040
One = —0.0622 O.2 = —0.5872
Ons = 0.0047 0.3 = —0.0021
Onse = —0.0186 0.4 = —0.1311
Ons = 0.4186 0.5 = —0.3356

A.2 Identified TEM Heat flux model parameters

Table A.2: Identified TEM Heat flux model parameters

TEM pump 1 || TEM pump 2
c1 1.0138 1.0902
&) 0.2722 0.2734
c3 —0.2920 —0.3689
do —0.0078 —0.0065
dy —0.0037 —0.0035
da 0.0116 0.0100
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A.3 Identified TEM temperature model parameters

Table A.3: Identified TEM temperature model parameters

TEM pump 1 || TEM pump 2
aio 0.6951 0.7341
a0 0.3019 0.2921
aso 0.0018 —0.0276
ail —0.0024 0.0009
a1 0.0256 0.0364
asy —0.0009 0.0004
a2 0.0033 —0.0126
a” 0.0038 —0.0007
aso —0.0277 —0.0215
bio —0.1196 —0.1438
bao —0.0204 0.0386
bso 0.1835 0.1472
bi1 0.1581 0.2166
ba1 0.3164 0.4830
bs1 0.0168 —0.0598
bio 0.0446 —0.1497
bas —0.1613 —0.1497
bsa —0.3549 —0.1375
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CAD model and inertial
parameters of the designed
mechanical parts

B.1 CAD model of the designed mechanical parts

B.2 Masse and inertial parameters of the different parts

Part Number 1 2 3 4 5 6

L., (gmm?) || 1639440 | 240709 | 3650540 | 2959303 | 1360616 | 164536
) || 2652541 | 58381 | 3516277 | 2059748 | 1041127 | 198608
) || 1932954 | 285510 | 448371 | 1613624 | 790073 | 47717
gmm?) || -196192 | 85496 42475 173959 15628 1752
)
)

Iy (g.mm? 1078410 0 -18203 | 275883 | -38188 -222
I, (g.mm? 201304 0 19590 -01383 | -445955 | -16924
Masse (g) 200 149 957 600 299 66

Table B.1: Masse and inertial parameters of the different parts
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Figure B.1: CAD Model of Part 1 (Capstan 2 + Body 4).
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Figure B.2: CAD Model of Part 2 (Body 5).
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Figure B.3: CAD Model of Part 3 (Body 2 + Motor 3).
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Figure B.4: CAD Model of Part 4 (Capstan 1 + Body 1).
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Figure B.5: CAD Model of Part 5 (Capstan 3 + Body 3 + Motor 4).
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Figure B.6: CAD Model of Part 6 (Body 6 + Tool).






APPENDIX C
Sliding Mode Temperature
Control

We present in this appendix the synthesis of a robust controller based on the identi-
fied non-linear recursive ARMA equations governing the TEMs thermal dynamics.

C.1 Robust controller design

This paragraph presents the design of a sliding mode controller for the identified
TEC temperature model. Starting with temperature ARMA model, the equation
(4.10) can be rewritten as follow:

T(t) == ai T(t—i)+ Y bjo I(t—j)+&(,T,t) (C.1)

i=1 j=0

where £(I,T,t) is the non-linear dynamic of the model. The simplified linear ARMA
model is then derived as:

T(t) =~ aig T(t—i)+ > bjo I(t—j) (C.2)
i—1 5=0

From (C.2) we get a discrete-continuous transformation using the zero-order
holder method:

d®T(t) d*T(t) dT(t)
l I3 T(t) =
p7E + 0 a2 + l2 a + 13 T(t)

d?I(t) dI(t)
arz gy

mq + ms I(t)

From (C.3), the state space model writes:

yt) = Calt) = T() (C4)

where z(t) is the state vector, u(t) is the control input and y(t) is the output. The
matrices A, B and C are defined as follows:

{:'c(t) = Az(t) + Bu(t)
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1 0 0 mi i
B=1|1 1 0 mo = | a2
l3 l2 1 ms Qs
and!
C=1100

We define the sliding surface according to [Slotine 1991]:
s(t) = é(t) + X e(t) (C.5)

where A is a strict positive constant, and e(t) = y4(t) — y(t) the output error and
yq(t) the desired state. Substituting the state space expression in the sliding surface
equation we have:

s(t) = [9a(t) + Aya(t)] — [Az1(t) + z2(t) + aau(t)] (C.6)
differentiating the sliding variable yields:

$(t) = [§a(t) + Aga(t)] — (A1 (8) + @2(t) + ()] (C.7)
by substituting #;(¢) and @2(t) expressions in (C.7), we have:

$(t) = [§a(t) + Aga(t)]

) (C.8)
— [)\IQ (t) + CCg(t) + ()\Cll + Oég)u(t) + alu(t)]

the equivalent control law ueq(t) to achieve 5(¢) = 0 can be found as follows:

o let,
g1 =aq
g2 = Aoy +a
g3 = [Ha(t) + A 9a(t)] — [A 22(t) + 23()]
and

S U U
o) = L i) +u(t

Substituting the last expressions in (C.8), we find:

g3
Ueq(t) = g

Ueq(t) is interpreted as the augmented equivalent control to achieve $(t) = 0
with the identified model parameters go

!Experiments on the TEMs show that Qig1,2,3) 7 0.
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e as we do not know the exact model of the system, we introduce a correction
term so that the following inequality equation is reinforced:

1d

5 (s(t)?) = s(t) 5(t) < —n||s®)]| (C.9)

This inequality is the sliding condition. It ensures us that the distance to the
sliding surface decreases along all the trajectories, with a minimal speed given

by 7.

The augmented control law v, is chosen to be:
Va(t) = veq(t) — k sgn(s(t))
e now, we can write (C.8) as follows:

5(t) = g3—g2v(t)

= g3 [1 - 2} + g2 k sgn(s(t))
g2
since:

(0500 = 500 [aa [ 1= 2] + ko sn(o(0)]

< (g3 [1_%]%@) s

by choosing the sliding gain k, such as:
92
93 [1 - g—] +kga<-—n (C.10)
2

the sliding condition (C.9) is satisfied. the control input u expression is then
deduced by solving the differential equation <ﬂ u(t) + u(t)) —vg = 0, for
92

which a simplified solution is:

u(t) = ueq(t) + k sgn(s(t)) (C.11)
where .
_ 92 g3
Ueq(t) =0 exp (_Et> + % (C.12)

g1 is the estimated value of g;.

C.2 Experimental validation

The synthesized controller was first validated by computer simulation using the
temperature identified model described by (4.10) to track an amplitude varying
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Figure C.1: Reference temperature (dashed) and estimated temperature (solid) of
the Peltier pump.

reference. The controller parameters are initialized with £ = —0.9, A = 250 and
0 = 20. Fig. C.1 illustrates the simulation result.

The controller was then implemented in real experiments where the reference
signals was varying from 4+10°C. The states xo and x3 were computed using our
observer. The reference and the measured TEM temperatures are shown in fig. C.2.
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Figure C.2: Reference temperature (solid) and measured temperature (dashed) of
the Peltier pump.
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Design and Control of a Haptic Device for Minimally Invasive
Surgery Simulation



Abstract:

The main objective of this thesis focuses on the construction of a new interface
for Minimally Invasive Surgery training. This interface incorporates novel broad
band sensory modalities that include visual, haptic and thermal technology, into
the evolution of the next generation of surgical robotic and surgical simulator. Our
particular novelty in this research is in using of thermal stimulation in a MIS applied
perspectives. Several thermal exchange models have been designed, implemented
and evaluated for telepresence and virtual reality applications. Interesting sensations
have been recorded which have a direct bearing on the ability to distinguish between
objects in the surrounding environment and particularly in the medical field where
temperature sensing correlates with anomalies in some know diseases. A new haptic
device is designed and realized by analyzing surgical tasks in terms of required
dexterity, workspace, force and torque. The mechanical design constraints have
been considered with respect to the general requirements for haptic interface design
from what has been well established in the haptics literature. The overall device
has been interfaced with an open source VR simulator (SOFA). We added in SOFA
the necessary software dealing with thermal simulation using built-in data structure
and methods. The integration was successful and a realistic simulation scenario
with both visual and thermal feedback was achieved. Preliminary results using the
overall simulation are presented.

Résumé:

L’objectif principal de cette thése est de développer une nouvelle interface pour
la simulation des procédures de chirurgie mini-invasive. L’interface développée in-
troduit les modalités visuelle, haptique et thermique pour les futures générations
de simulateurs et de robots chirurgicaux. La particularité de cette recherche réside
dans l'utilisation de la stimulation thermique dans une perspective d’application
pour la chirurgie. Dans ce cadre, plusieurs modeéles de transfert de chaleur ont
été développés, implémentés et évalués pour des applications de téléprésence et de
réalité virtuelle. Des sensations intéressantes ont été enregistrées, ce qui a une con-
séquence directe sur la capacité de distinguer entre des objets dans ’environnement
et particulierement dans le domaine médical ol la sensation thermique est en cor-
rélation avec la présence d’anomalies dans certaines maladies. Un nouveau dispositif
haptique est concu et réalisé en analysant les taches chirurgicales en termes de dex-
térité, d’espace de travail, de force et de couple exigés. Nous avons tenu compte des
exigences générales de conception mécaniques des interfaces haptiques & partir de ce
qui a été établi dans la littérature de I’haptique. Le dispositif complet a été inter-
facé avec un logiciel de simulation en réalité virtuelle (SOFA). Nous avons intégré
dans SOFA le module nécessaire pour la simulation thermique. L’intégration était
réussie et un scénario de simulation réaliste avec le retour d’information visuel que
thermique a été réalisé. Des résultats préliminaires utilisant la simulation compléte
sont présenteés.

Keywords: Minimally Invasive Surgery, Haptic Device, Thermal Rendering,
Mechatronics, Heat flux, Thermoelectric Module, Surgery simulation, Virtual Real-
ity, SOFA framework, Sensor calibration, Mechanical design.






