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Abstract

Cardiovascular diseases are the first cause of mortality in the world. More
than 17 million people die every year, representing 29% of all global
deaths. Among these, coronary heart diseases are the most critical
ones, reaching up to 7.2 million deaths. To reduce the risk of death the
coronary artery bypass grafting (CABG) is the most common surgical
intervention. Currently, the procedure involves a median sternotomy,
an incision in the thorax allowing a direct access to the heart, and a
cardiopulmonary bypass (CPB), where heart and lung functionalities
are performed by an extracorporeal machine. Unfortunately the heart-
lung machine is the greatest source of complications and post-operatory
mortality for patients. Problems involved have motivated beating heart
surgery that circumvent CPB procedure. Heartbeats and respiration
represent the two main sources of disturbances during off-pump surgery.
Mechanical stabilizers have been conceived for locally decreasing the
heart motion. Placed around a region of interest (e.g., coronary artery),
these stabilizers constrain the motion by suction or pressure. Despite
many improvements done over the years, considerable residual motions
still remain and the surgeon has to manually compensate them. Robotic
assistance has the potential to offer significant improvements to the
medical practice in terms of precision, safety and comfort. The da Vinci
surgical system is the most popular and sophisticated. Although it has
considerably improved dexterity, precision and safety, no solution for
restoring tactile feedback to the surgeon exists and physiological motions
still need to be manually canceled by the surgeon.

The work presented in this thesis focus on robotic assistance for
beating heart surgery. Based on force feedback, we designed new control
architectures providing an autonomous physiological motion compen-
sation functionality. Experimental assessments have been performed
through a realistic scenario. A Heartbox robot equipped with an ex vivo
heart reproduces the heart motion and a robot arm generates desired
surgical forces on the moving heart. Interaction forces provide the haptic
feedback for the surgeon. Merging autonomous motion compensation
techniques with force control and haptic feedback is a major scientific
challenge that we tackle in this work.
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Resumo

Doencas cardiovasculares sao a primeira causa de morte no mundo.
Todos os anos mais de 17 milhoes de pessoas morrem, representando 29%
do nimero total de mortes. As doencas coronarias sao as mais criticas,
atingindo mais de 7.2 milhdes de mortes. Para reduzir o risco de morte,
o "bypass" corondrio é a intervengao cirurgica mais comum. Atualmente
este procedimento envolve uma esternotomia mediana e um "bypass'
cardiopulmonar, permitindo que uma maquina externa implemente as
funcdes de oxigenacao e bombeamento de sangue. Contudo, esta méquina
externa é fonte de muitas complica¢oes pos-operatoérias, incluindo a morte
de pacientes. Estes problemas motivam o estudo e desenvolvimento de
técnicas cirurgicas sem parar o funcionamento do coracao. Nestes casos,
os batimentos cardiacos e a respiragao representam as principais fontes
de perturbacao. Foram desenvolvidos estabilizadores mecanicos para
diminuir localmente o movimento cardiaco. Colocado numa regiao
de especifica (por exemplo, na artéria coronaria), estes estabilizadores
limitam o movimento por pressao e suc¢ao. Apesar dos melhoramentos
feitos ao longo dos anos, ainda existe um movimento residual consideravel,
e o cirurgiao tem que os compensar manualmente. Torna-se entao natural
incluir dispositivos robdticos para ajudar na pratica médica, melhorando
a precisao, segurancae conforto de tarefas cirirgicas. O sistema cirdrgico
da Vinci é atualmente o sistema robotico mais avangado para a pratica
médica, com elevado desempenho em tarefas de destreza, precisao e
seguranca, apesar de nao fornecer solucgoes de realimentacao tactil, nem
de compensagao automatica de movimentos fisiolégicos. O trabalho
desta tese é na area da robodtica para cirurgias cardiacas com o coragao
a bater. Baseada na realimentacdo da forga, esta tese explora novas
arquiteturas de controlo com compensacgao automatica dos movimentos
cardiacos. Sao feitos testes experimentais em cenarios muito realistas,
sem utilizar seres vivos. Um robd denominado "Heartbox" equipado com
um coragao real reproduz movimentos cardiacos, enquanto que outro
robd manipulador aplica forgas cirtrgicas nesse coragao com batimento
artificial. As forcas de interacdo fornecem realimentacao de contacto
ao cirurgiao. O principal desafio cientifico deste trabalho é a ligacao
de técnicas de compensacao autéonoma de movimentos fisioldgicos com
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controlo de forca e realimentacao haptica.
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Now this is not the end. It is not
even the beginning of the end. But it
is, perhaps, the end of the beginning.

Winston Churchill

Cardiovascular diseases (CVD) are the first cause of mortality in the
world. More than 17 million people die every year, representing 30% of
all global deaths. Among these, coronary heart diseases (CHD) are the
most critical ones, reaching up to 7.4 million deaths. In European Union
CVD causes over 1.9 million deaths each year, representing 40% of all
deaths and CHD is the single most common cause of death, accounting
for over 681,000 deaths each year [WHO, 2009]. Coronary artery bypass
grafting (CABG) is the most common surgical intervention on the heart
to reduce the risk of death.

This chapter will give a brief overview of the classical surgical pro-
cedure and recent developments are briefly exposed. Potential benefits
of robotic assistance for providing surgeons with superior visualization,
enhanced dexterity, precise movements and ergonomic comfort are dis-
cussed. Finally, an overview of the current technical challenges in the
field of robotized cardiac surgery is presented.



1.1 Motivation

In European Union, the coronary artery bypass grafting is one of the
most common type of heart surgical intervention for adult patients. It is
a mature technique, with a considerable number of related studies and
statistics [Eagle and Guyton, 2004]. Basically, the procedure consists in
bypassing an occlusion point on the coronary artery for reestablishing
irrigation (see Fig. 1.1). Grafts may be taken from the saphenous vein or
the internal mammary artery [Naik et al., 2003]. Currently, the reference
CABG procedure involves a median sternotomy, a 16 — 20 [cm] incision
in the thorax allowing a direct access to the heart (see Fig. 1.2(a)), and
a cardiopulmonary bypass (CPB), where heart and lung functionalities
are performed by an extracorporeal machine.

Decreased blood flow MNormalized blood flow

Figure 1.1: Coronary artery bypass grafting. Two grafts have been
used for bypassing occluded arteries and reestablishing blood irrigation
(source: www.images.com).

Although a direct access to the heart through a sternotomy privileges
the surgeon’s dexterity and quick access to the target intervention area,
open-chest surgery presents serious downsides to the patient: significant
trauma and infection risks due to the long duration of the procedure
[Newman et al., 1991], [Klesius et al., 2004]. Whenever possible, less
invasive solutions such as a mini-thoracotomy (8 — 10 [cm]| incision
between the ribs) are adopted (see Fig. 1.2(b)), but they are limited to
procedures on the frontal side of the heart.



CPB is performed due mostly to the difficulty or impossibility of
operating on the beating heart. Blood circulation and oxygenation are
maintained by means of an extracorporeal circulation machine (also
known as the heart-lung machine). This procedure is the greatest source
of complications and post-operatory mortality for patients. Problems
such as inflammatory blood response to the heart-lung machine, the
risk of microemboli, kidney dysfunctions and neurological complica-
tions such as stroke during the clamping of the aorta have motivated
new solutions that circumvent the use of extracorporeal circulation

[Eagle and Guyton, 2004].
Figure 1.2: Median sternotomy and mini-thoracotomy. The dashed line

(a) (b)
indicates the incision performed for a median sternotomy (a) and a
mini-thoracotomy (b) (source: http://my.clevelandclinic.org/).
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1.2 Problem definition

Even though open-chest on-pump cardiac surgery is the standard for
CABG procedures and high success rates are observed nowadays, the
downsides of the extracorporeal circulation are not negligible. Since the
CPB is performed mostly due to the difficulty of operating on a moving
organ, passive mechanical stabilizers have been conceived for locally
decreasing the heart motion, allowing direct surgical procedures on the
beating heart (see Fig. 1.3). Placed around a region of interest (e.g.,
coronary artery, see Fig.1.3(c)), these stabilizers constrain the motion
by suction or pressure. Statistical studies reveal a slighter decrease in
the complications rate with respect to the on-pump scenario, suggesting
fewer neurological complications [Patel et al., 2002], smaller risk of my-
ocardial infarction [Berdat et al., 2004], less convalescence time and less
costs [Boyd et al., 1999]. For instance, off-pump CABG procedures have
a death and/or complication risk of about 1% to 2% in a low-risk patient
[Shekar, 2006]. Although many improvements have been done over the
years, performance studies of such stabilizers reveal a considerable resid-
ual heart motion due to insufficient immobilization, which ranges from
1 — 1.5 [mm] approximately [Lemma et al., 2005]. This is due specially
to the greater flexibility of the narrow tools and the greater distance
between mounting point and worksite [Riviere et al., 2006]. Another
fact that must be taken into consideration is the physical impact of
mechanical stabilizers. The intense pressure or vacuum pressure neces-
sary to cancel out the heart motion may inflict severe tissue damage.
Finally, interventions on the posterior part of the heart remain prob-
lematic, since the heart in these cases is considerably constrained while
stabilized, reducing blood pressure which may cause epicardial damage
[Dzwonczyk et al., 2005].



Figure 1.3: Passive mechanical heart stabilizers. The Octopus heart
stabilizer based on suction (a) (source: www.medtronic.com). Solutions
proposed by Guidant based on suction (b) and pressure (c) (source:
www.bostonscientific.com).



1.3 Objectives

In the abdomen and thorax the respiration yields large cyclic displace-
ments of several organs. At the same time the heartbeat motion involves
high acceleration displacements. The sum of these two motions involves
important disturbances for a surgeon performing a surgical task on the
heart. Especially for surgical procedures requiring good precision (e.g.,
needle insertion, suturing). Indeed, the gesture accuracy strongly de-
pends on his/her ability to compensate these motions. Manual tracking
of the complex heartbeat motion cannot be achieved by a human without
phase and amplitude errors [Falk, 2002] and [Jacobs et al., 2003].

Figure 1.4: The da Vinci surgical platform from Intuitive Surgical
Inc.. A master console transmits the surgeon’s gestures to the slave
platform composed of robotic surgical tools and endoscope arms (source:
www.intuitivesurgical.com).

Robotic assistance has the potential to offer significant improvements
to the medical practice in terms of precision, safety and comfort. The
da Vinci surgical system, from Intuitive Surgical Inc., is nowadays the
most popular and sophisticated teleoperated surgical platform. A master
console transmits the surgeon’s gestures to the slave platform, which is
the robot that holds the surgical tools and endoscope. Such platforms
provide surgeons with superior visualization, enhanced dexterity, pre-
cise movements and ergonomic comfort, making it possible for complex
surgical procedures to be performed in a minimally invasive fashion
(Fig. 1.4). Although the da Vinci surgical platform has considerably

7



improved the ergonomics and mobility issues related to the minimally in-
vasive procedure, no solution for restoring tactile feedback to the surgeon
exists and physiological motions still need to be manually compensate
by the surgeon. Miniature versions of mechanical stabilizers are avail-
able for performing off-pump interventions but the residual motion due
to insufficient immobilization is still important. Statistics presented in
[Kappert et al., 2001] show that 3% of surgeries using the da Vinci robot
and mechanical stabilization are converted in a median sternotomy and
33% are converted in a mini-thoracotomy. This is due specially to the
difficulty of performing delicate tasks such as suturing in the presence of
physiological motions.

Through sensory data (e.g., vision and/or force), providing tactile
feedback and active motion compensation should enhance surgical dex-
terity and precision leading to make the surgical act more intuitive
for surgeons. The work presented in this thesis focuses on these im-
provements to strengthen robotic assistance in beating heart surgeries.
The main goal is to develop a force control architecture which is able
to compensate 3D disturbances due to cardiac and breathing motions,
while tracking time varying surgical force references. The challenge is
to use no a priori information about these disturbances, relying the
control actions on measured forces and on a generic/ simple contact
model. To accomplish this, four control architectures based on model
predictive control (MPC) and active observer (AOB) techniques are in-
vestigated. An experimental platform is used to assess each controller. It
is composed of two robots. An Heartbox robot equipped with an ez vivo
heart reproducing the heart motion and a WAM robot arm (tool holder)
generating desired surgical forces on the moving heart. The Heartbox
robot motion generates force disturbances on the tool holder robot,
which should be compensated by the control architecture. Therefore,
the goal is to achieve high quality beating heart motion compensation
based on force feedback, without knowing in advance the cardiac motion,
guaranteeing also surgical force tracking with high performance.



1.4 Contributions

The major contributions of this work are:

e Two new control architectures, based on MPC and AOB techniques,
have been developed to cope with 3D heart motion compensation
without a priori information on heart motion data.

e High quality 3D surgical force tracking in the presence of heart
motion.

e High quality 3D heart motion compensation without knowing in
advance heart motion and contact stiffness.

e Controllers are robust to stiffness mismatches and performances
are similar for a stiffness range within the surgical environment.

e Experimental results outperform what has been done in this area,
even in the presence of stiffness mismatches.



1.5 Thesis structure
This thesis is organized as follows:

e the next chapter analyzes robotic approaches which propose a
solution for motion compensations. Solutions proposed in the
literature and grouped according to the data feedback used (vision
based architecture, force information and other sensor system) are
presented and discussed.

e the third chapter firstly presents several classical force control archi-
tectures. Then a comparative study of two advanced force control
architectures based on computed torque techniques, stochastic
design and predictive approach is done. In the context of beating
heart surgery, simulations are performed to assess controller per-
formances in terms of precision, stability, robustness and rejection
capacity. Results are regrouped and presented along a discussion
to highlight strong and weak points of these advanced control
architectures.

e the fourth chapter presents our two cascade control architectures.
The first one is based on active observer techniques and the second
merges MPC and AOB techniques. The overall architectures are
detailed and realistic experimental results are presented.

e the last part concludes the thesis by summarizing the contribution
done. Work perspectives and additional possibilities for further
research are discussed.
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Le hasard ne favorise que les esprits
PTEPATES.

Louis Pasteur

1.6 Publications / Award

This work was published in major robotic conferences and also in a
reference journal in the area of applied control. Additionally, an award
has been given for force control achievements in the area of heart motion
compensation.

International conferences

e M. Dominici, P. Poignet and E. Dombre, Compensation of Physi-
ological Motion using Linear Predictive Force Control, Proc. of
the IEEFE Int. Conf. on Intelligent Robots and Systems (IROS’08),
Nice, France, September 2008.

[Dominici et al., 2008]

e M. Dominici, P. Poignet, R. Cortesao, E. Dombre and O. Tempier,
Compensation for 3D Physiological Motion in Robotic-Assisted
Surgery Using a Predictive Force Controller: Experimental Results,
Proc. of the IEEE Int. Conf. on Intelligent Robots and Systems
(IROS’09), St Louis, MO, USA, October 2009.

[Dominici et al., 2009]
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Tell me and I will forget; show me
and I may remember; involve me
and I will understand.

Confucius

The first use of a robotic system dedicated to surgery was in 1985 for
brain biopsy [Kwoh et al., 1988]. The PUMA 560 robotic system was
a tool holder allowing a precise orientation of the needle during neuro-
surgical biopsies under computed tomography guidance. In 1992, the
ROBODOC was designed to assist surgeons (to mill out precise fittings
in the femur) during total hip replacement surgeries. It became the first
robotic system approved by the food and drug administration FDA!. The
late 1990s saw a great deal of work in the area of telesurgery with the in-
troduction of the da Vinci surgical system. This platform provides to the
surgeon a superior workspace visualization, an enhanced dexterity, move-
ments more precise and an ergonomic comfort. But physiological motions
due to heartbeats and respiration still need to be manually compensated
by the surgeon. In this chapter we give an overview of different methods
proposed in the literature to deal with physiological motions. Since
few groups work on the same subject[Bowthorpe and Tavakoli, 2016],
solutions presented are not especially focus on beating heart surgery.

!The food and drug administration is a federal agency of the united states
department of health and human services of the United States of America.
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2.1 Vision and data fusion

[Nakamura et al., 2001] were the first to develop the concept of heartbeat
synchronization. The solution consists in canceling the relative motion
between the robot end-effector and a point of interest on the beating
heart. Manipulating a master device the surgeon controls the relative
position between the robot and the point of interest. To track the heart
motion a vision system is set up. It is composed of two cameras, a
color camera giving an overview of the workspace and a monochrome
high-speed camera (955 [Hz|) tracking the heart surface (see Fig. 2.1).
Displacement information is used to stabilize images from the camera
color, giving to the surgeon a stable visual feedback of the surgical
task and for the control architecture to synchronize the robot with the
organ. Experimental assessments have been conducted with an artificial
environment. A laser point projected on a paper is oscillating along 2
dimensions with two sinusoidal motions at 1.5 [Hz]. The vision system
uses the laser as a point of interest for the tracking algorithm. No details
about the master-slave controller are mentioned. The results are quite
good, the maximal error is 0.5 [mm] for both dimensions. However a
spectral analysis of a pig’s heart motion (see Fig 4.4(a)) shows it is
composed of seven frequency components: two due to respiration and
five due to heartbeat motions. Even if only heartbeat frequencies are in
consideration, four of them are beyond 1.5 [Hz]. To simulate the heart
motion the laser should have been composed of these missing terms and
not only with the main component of the heartbeat motions.

jv'wimr |9r\:1(d>‘.\-:i-i—:‘i-.’vfl)1i(!‘l.l dcl&ﬂonﬁ}'—
‘ 1"(icnlnriri-dcn T [High speed |

camera {NTSC) viden gamera |

[

Figure 2.1: Heartbeat synchronization. Experimental setup composed of
two camera and artificial markers. Images from the high-speed camera
are used to cancel the relative motion between the surgical instrument
and the beating heart. (source: [Nakamura et al., 2001]).
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[Ginhoux et al., 2005] propose a motion canceling algorithm based
on a high-speed vision system, a disturbance predictor and a generalized
predictive control (GPC). Since heart motions are the combination of
heartbeats and the respiration motion they used an adaptive frequency
cancellation filter to separate both signals from the measured pertur-
bation. Then assuming the periodic characteristic of both signals the
disturbance predictor computes the future sample disturbance. These
predicted signals feed a regular GPC which controls the end effector
robot. In vivo experiments have been conducted along the three di-
mensions. Optical markers (four LEDs) attached to the pig’s heart and
the laser attached to the robot is tracked by the vision system. The
relative position between markers and the laser dot is extracted to feed
both control and prediction algorithms. A picture of the experimental
setup is presented on Fig. 2.2. Experimental results present a maximal
error of 2.7 [mm] for both dimensions. Results for the third dimension
were not relevant because the robot used was not able to move fast
enough along this axis. Since the prediction algorithm requires a cardiac
rhythm constant, the cardiac frequency needs to be controlled. For these
experiments this was done by drug injections.
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Figure 2.2: Experimental setup for motion canceling algorithm. Experi-
mental visual servoing setup using artificial landmarks and high-speed
vision system. (source: [Ginhoux et al., 2005]).
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The approach proposed in [Bebek and Cavugoglu, 2007] is based on
the fusion of the heart motion and the electrocardiogram (ECG) signal.
A prediction algorithm coupled with a predictive controller is used. Phys-
iological motions are measured by sonometric sensors: piezo-electrical
crystals are sewn to the heart surface or fixed inside the pericardium.
The reconstruction of the heart motion is realized off-line. Simultane-
ously ECG signal are recorded and an analysis is performed to found
correspondences between heart motion and its electric activity. Based on
the periodicity of the heart motion, previous heart cycles are used as feed-
forward signal to predict the future heartbeat motion. Correspondences
between ECG and heart motion are used to synchronize the heartbeat
cycles. A polynomial term is used to correct the offset between heart-
beat motion and prediction due to the respiration [Cuvillon et al., 2005].
Experimental results have shown a maximal error larger than 4 [mm)].
This method is not clinically viable as it needs an off-line analysis of the
motion data and as the crystals must be sutured onto the surgical site.
Fig. 2.3 is a schematic architecture representing the system: prediction,
data fusion and control.
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Figure 2.3: Intelligent control architecture for active relative motion
canceling. Based on the periodicity of the heart motion, the control algo-
rithm uses previous heart cycles to predict the future heartbeat motion.
Correspondences between ECG and heart motion are used to synchronize
the heartbeat cycles. Predictions are used by a predictive controller to
compensate the heart motion. (source: [Bebek and Cavusoglu, 2007]).
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Bachta and co-authors propose in [Bachta et al., 2011] to improve
classical stabilizer solutions. These devices are mounted at the tip of
a long shaft introducing a significant flexibility into the mechanical
structure. Because of that, heart motions can not be totally constrained
and residual motions still remain. The idea is to cancel these residual
motions by controlling the position of the stabilizer along one direction.
The Cardiolock prototype is illustrated in the figure 2.4. A high-speed
camera system is used to track the device displacement. Position data
are used by a prediction algorithm to estimate the future heart motion.
Then both position data and the heart motion estimation are send
to an H,, controller which one maintains the stabilizer position. In
vivo experiments have been performed. The Cardiolock is a 1 DoF
active stabilizer with suction capability to grip on the heart surface. It
constrains the heart motion along the vertical axis. The maximal residual
motion of the stabilizer is under 0.2 [mm] (on the vertical direction),
what is impressive. However the residual heart motion, what is the
most interesting, is not mentioned. The Cardiolock device uses vacuum
pressure to grip the heart surface which may inflict tissue damages to
the heart.
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Figure 2.4: Cardiolock active heart stabilizer. The CAD model of the
stabilizer and a detail of the actuation mechanism on the top. A finite
element analysis of the compensation, with magnified displacements on
the bottom. (source: [Bachta et al., 2011]).
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Recently, in [Khoshnam and Patel, 2014] authors proposed a tech-
nique to reduce contact force variations between a catheter tip and
the cardiac tissue during cardiac ablation surgical task. From camera
images, the control system estimates the moving target frequency and
synchronizes the catheter tip with the target motion. A small piece
of artificial tissue is fixed to the top plate of a force sensor and used
as target (see Fig. 2.5). Experimental evaluations have shown a real
improvement of the contact force quality. Nevertheless, due to actuation
mechanism, the compensation frequency has to be above 0.65 [Hz].
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Figure 2.5: Robotic assisted catheter for cardiac ablation. (source:
[Khoshnam and Patel, 2014]).
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2.2 Force information feedback

As mentioned in [Richa et al., 2010] solutions only based on visual ser-
voing present several drawbacks. Surgeries are performed in a cluttered
environment where medical instruments can occlude artificial and nat-
ural landmarks. This situation entails tracking problems, disturbing
motion compensation. Moreover, contact tasks (e.g., suturing, incision
and ablation) locally deform soft tissues, affecting landmark calibration.
Another important point is that during contact tasks, physiological mo-
tions induce disturbance forces which can hardly be compensated by
vision information.

Control architectures based on force feedback do not suffer from these
drawbacks. They allow to manage interaction forces between the robot
end-effector and its environment. Additionally force information may be
used to give an haptic feedback to the surgeon. [Kitagawa et al., 2002]
have quantified the effect of force feedback on suture performances.
Hand, robot and instrument ties have been analyzed, showing that force
feedback would improve robot-assisted performance during knot tying.
Hand ties still provide the best results due to distributed tactile sensing
of human hands. Fine suturing of soft tissues, not reachable directly
by hands or involving high quality and delicate forces, demand hap-
tic augmented reality functionalities to hold knots without damaging
tissues. [Okamura, 2004] has analyzed force feedback through visual
and audio signals for knot tying tasks, having shown that visual infor-
mation was more effective (although with less performance than hand
ties). The degradation in telemanipulation performance without haptic
feedback was evaluated, as well as sensory substitution, motivating the
need for true force feedback. [Mayer et al., 2007] conducted experiments
involving 25 heart surgeons, to examine claims of force-feedback for
robot-assisted surgical procedures. Haptic feedback contributed to bet-
ter performance, by preventing force-induced damage. Increasing the
amplification of force feedback during knot-tying reduced applied forces
significantly, not affecting time performance. With regard to fatigue,
operating with haptic feedback led to a significant decrease. These results
stress the importance of haptic feedback as an indispensable feature
for surgical telemanipulators, in particular for operations with delicate
suture material.
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Cagneau and co-authors [Cagneau et al., 2007] have proposed a force
feedback control scheme to compensate the periodic motion of organs.
Iterative learning control (ILC) was implemented as an outer-loop to
reject periodic disturbances, reducing bad transients during the learning
phase (Fig 2.6). The ILC is based on the periodicity of the perturbation.
Error induced by the contact motion is considered equal for each cycle.
The idea is to anticipate the perturbation taking it into account to
compute the command. A proportional term is applied on the previous
error to modify the error decay rate. Re-introducing error signal in the
system may be disturbing [Longman, 2000], a solution is to apply a low
pass filter on the error signal. The solution proposed here is to filter
error with a varying cut-off frequency. The algorithm requires a periodic
perturbation with a known period. Since the respiration is controlled by
an external ventilator device, the breathing motion may be considered as
periodic. This hypothesis may however be too restrictive for the random
and chaotic nature of cardiac motion [Nakamura et al., 2001]. Tests
performed on an artificial moving target with a very simple periodic
movement showed large errors.
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Figure 2.6: Iterative learning control architecture. The control algorithm
integrates the ILC as an outer-loop to reject periodic disturbances.
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In [Yuen et al., 2010] Yuen and co-authors proposed a hand-held
robotic instrument developed for mitral valve repair interventions (see
Fig. 2.7). They developed a feedforward force controller to compensate
force disturbances induced by the mitral valve motion. Using a 3D
ultrasound device, the mitral valve motion is estimated and sent to the
controller. In vivo experiments have shown good capability to maintain
in one direction a constant force on the mitral valve. The force errors
were around 0.4 [N].

Figure 2.7: The hand-held robotic device for mitral valve repair surgery
developed at the Harvard Biorobotics lab. (source: [Yuen et al., 2009]).
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More recently, Kesner and Howe [Kesner and Howe, 2014] presented
a catheter robotic system dedicated to beating heart surgery (see Fig. 2.8).
A home made 1 DoF distal force sensor provides force feedback informa-
tion. Additionally, a force-modulated position controller with friction
and dead zone compensation was developed to apply a constant force
on the mitral valve. Based on observations of previous cardiac motion
cycles, a predictive auto-regressive filter estimates the desired catheter
acceleration, which is added to the control loop as a feedforward term.
The results showed good capability to maintain in one direction a con-
stant force on a fast moving target, although catheter-based solutions
have a limited force range.
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Figure 2.8: Robotic catheter system for beating heart surgery. The con-
trol system uses a 3D ultrasound visual servoing (3DUS), a force sensor
and a tissue motion predictor to control a catheter and compensates the
heart motion. (source: [Kesner and Howe, 2014]).
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2.3 Force and vision feedback

For the treatment of a common ear disease, otitis media with effusion
(OME), authors in [Liang et al., 2014] developed an office-based surgi-
cal device involving head motion compensation. This device provide
automatic, precise and quick surgical treatment for OME. Its control
architecture is based on force feedback and vision for head motion
compensation (see Fig. 2.9. Experimental results show this controller
provides better performances than a pure force feedback (see Fig. 2.10).
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Figure 2.9: Control architecture scheme for the ear disease office-based
surgical device. (source: [Liang et al., 2014]).

Figure 2.10: Experimental setup for the ear disease office-based surgical
device. (source: [Liang et al., 2014]).
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2.4 Other sensing information

In [Gagne et al., 2012], they developed a 1 DoF mechanical system cou-
pled with a classical stabilizer based on gyroscopic actuation, accelerom-
eter and optical sensing (see Fig. 2.11). They used an adaptive control
which requires knowledge of the fundamental cardiac frequency. In wvivo
experiments have been conducted. Vertical motions of the stabilizer are
compensated up to 92%. However the residual heart motion, what is the
most interesting, is not mentioned. And moreover the solution does not
provide a compensation for the breathing motion.

accelerometer

GyroLock

Figure 2.11: GyroLock. The experimental setup is composed of a
gyroscopic system coupled with an accelerometer and an optical sensing
mounted on a passive cardiac stabilizer. (source: [Gagne et al., 2012]).
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In [Ruszkowski et al., 2015], they experimented heart motion com-
pensation capabilities of a da Vinci patient side manipulator (PSM
arm). For the experimental evaluation (see Fig. 2.12 the experimental
setup) they developed an open loop controller based on spectral line
decomposition of the heart motion. It was assumed for this work that
the disturbance is periodic and known in advance. The heart motion
perturbation signal was based on 35 samples of one period of the left
ventricular midwall motion. Results demonstrated that the PSM arm is
mechanically capable of achieving the dynamics required to compensate
heart motions.

Figure 2.12: Heart motion compensation for the da Vinci surgical system.
(source: [Ruszkowski et al., 2015]).
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2.5 Workaround

A prototype robotic tools have been developed for assisting surgeons
on specific interventions on the heart with reduced invasiveness. The
HeartLander device, presented in [Patronik et al., 2012] consists of a
miniature mobile robot designed to be introduced into the pericardial sac
and adhere to the epicardial surface by suction, moving to any desired
location in an inchworm-like fashion (see Fig. 2.13). The device can be
used in procedures such as atrial ablation, epicardial electrode placement
and myocardial injection of drugs.
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Figure 2.13: The HeartLander robot. (source: [Patronik, 2008] and
www.nytimes.com).
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2.6 Discussion

The related work presented in this chapter shows that two major tech-
niques tackle heart motion compensation, relying either on vision or
force data to do the job. Due to the complexity of the problem at hand,
most of the techniques only present results for 1 DOF, which is clearly
not enough for real heart surgeries. Additionally, force control has been
little explored so far as compared to position control architectures to
control robot motion. Therefore, in this thesis we have the ambition to
tackle the heart motion compensation problem for a 3-DOF' scenario,
using explicit force control architectures, providing new research insights.
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Theory is when you know all and
nothing works. Practice is when all
works and nobody knows why. In
this case we have put together theory
and practice: nothing works... and
nobody knows why!

Albert Einstein

Designing a controller is based on a priori knowledge of the physical
system. A controller is chosen and its transfer function is adjusted to
obtain a desired closed-loop behavior. If stability is the main constraint,
other performances are expected such as: small rise-time, high precision
for reference tracking, global system robustness, etc. Conception is based
on an ideal model of the real physical system. In our case, the robot
model is based on identification processes and it is composed of a set
of physical equations. This model is an approximate representation of
the real system, several deficiencies can be identified: dynamic behaviors
simplified, non linearities neglected, parameters poorly identified, etc.
In addition a drift of internal parts of the robot (electrical component,
mechanical device, etc) can appear with time. All of these imperfections
affect the global behavior of the controller, reducing performances for
best cases and at worst introducing instabilities. The robustness is the
capacity of a system to guarantee stability and other performances face to
system drifts and model approximations. For basic or classic controller
this notion is most of the time a posteriori observation. Advanced
controllers take into account robustness study directly during their
design phase.

We propose in this chapter an experimental comparative study of
two advanced control architectures whose robustness properties have
been already presented through several publications or books: model
predictive control [Camacho and Bordons, 2004] and an approach by
pole placement using an active observer [Cortesao, 2007]. The context
of this study is cardiac surgery, especially compensation for external
perturbations due to physiological motions (breathing and heartbeat).
We focus our work on force control, to ensure that all efforts, due to the
interaction between robot end-effector and its environment, are under
control.
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First an overview of classical force controller is presented in the
first section. Second section is focused on techniques to identify the
experimental platform and to compute its model. Next sections present
investigation realized on the different control laws through two parts: first
an analytic presentation followed by a performance evaluation through
experimental tests.

This chapter is based on these books: [Khalil and Dombre, 1999],
[Sciavicco and Siciliano, 2002], [Maciejowski, 2002] and
[Camacho and Bordons, 2004]. They cover these topics: identification,
characterization, control and robustness of systems.
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3.1 Classical force control architectures

Proprioceptive sensors (encoders, tacho generators, etc) coupled to a
position controller are most of the time sufficient for simple or repetitive
tasks. The environment is known and motionless, the system evolves
'blindly’. With a moving or misidentified environment, exteroceptive sen-
sors are added to the position control loop. Contact sensors, proximity
sensors, force sensors, etc, allow to manage basic interactions between
the robot and its environment. However managing environment interac-
tions with purely position-based systems requires a precise model of the
physical system and a good knowledge of the environment (location and
stiffness). Undesired contact may cause a deviation of the end-effector
from the desired position, the position controller reacts to reduce it. This
ultimately leads to a build-up of the contact force until the joint actuator
saturation is reached or a breakage of parts in contact occurs. The
higher the environment stiffness and position control accuracy are, the
easier this situation can occur. A force controller allow to manage and
to keep under control interactions between robot and its environment.
First works developed by [Whitney, 1985] define bases and propose a
classification of robot force control algorithms grouped in two parts:
the implicit force control and the explicit force control. The first one
achieves a force control via a position loop without either an explicit
force reference or a force feedback. Second one allows to control force
interactions through a desired force reference.

3.1.1 Implicit force control
Passive compliance control

The first approach proposed by [Whitney and Nevins, 1979 is a simple
mechanical solution to reduce contact forces between the robot and its
environment. It is based on a deformable mechanical interface, called
remote center compliance (RCC) interposed between the manipulated
part and the robot. The physical configuration of the mechanical device
changes under the effect of contact forces, adding to the structure an
elastic behavior that compensates positioning errors (Fig. 3.1). The
passive compliance through a RCC device offers some advantages such
as fast and accurate insertions of parts without requiring a complex
strategy. The limitation is that each compliant device is for a specific
task and workpiece.
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Figure 3.1: Conceptual sketch of remote center compliance (source:
www.ati-ia.com).

Active stiffness control

This method actively controls the apparent stiffness of the robot end-
effector and allows simultaneous a position and a force control. The
user can specify the three translational and three rotational stiffnesses
of a desired compliance frame. The system reacts such as a spring
with a variable stiffness, reducing contact forces between the system
and its environment during the interaction phase [Salisbury, 1980]. The
relation between a differential displacement dX in Cartesian space and
the resultant force f is given by

f=KdX (3.1)

with K, the desired stiffness matrix. Assuming the friction and dynamic
forces are compensated or are small enough to be neglected, the relation
between a force f in Cartesian space and a torque I' in joint space is
given by

r=Jrf. (3.2)

A displacement in Cartesian space gives in joint space
dX = Jdgq. (3.3)
Combining (3.1), (3.2) and (3.3), gives
I'=J'K,Jdg = K,dq. (3.4)

K, is computed from K, where a high gain is assigned to directions
that have to be position controlled, while a low gain is assigned to
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force controlled directions. K, called joint stiffness matrix, determines
proportional gains of the control loop in the joint space. The figure 3.2
is a representation of this control architecture. K, can be interpreted
as a damping matrix. () represents the gravity torque compensation.
The active stiffness control schema is simple to implement and stiffness

dd

Robot g

Figure 3.2: Active stiffness control architecture.

matrix can be changed on-line to adapt the robot behavior to various
task constraints.

Impedance control

According to [Hogan, 1985], the basic idea of the impedance control is
to consider the robot like a mechanical impedance Z (s) and assign a
dynamic behavior while its effector is interacting with the environment.
The desired performance is specified by a dynamic impedance represent-
ing a mass-spring-damper system. This controller specifies the relation
between contact forces and end-effector displacements

F(s)=7(s)AX (s), (3.5)

F(s)Z(s)"" =AX (s), (3.6)

where AX (s) is a displacement in Cartesian space and F (s) represents
the induced force. The robot should behave like a mechanical system
whose impedance Z (s) is variable according to different phases of the
task. In general, we suppose that the robot is equivalent to a mass-
spring-damper second order system, whose transfer function is

Z(s)=As*+Bs+ K (3.7)
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where A, B and K are respectively desired inertia, damping and stiff-
ness matrices. Values of these matrices are chosen to obtain desired
performances:

e high values are given to A in directions where a contact is expected,
in order to limit robot dynamics;

e high values are given to B in directions where it is necessary to
damp the system and dissipate the kinetic energy;

e the stiffness K affects precision of the position controller: along
force controlled directions, the stiffness should be small enough to
limit the contact forces; conversely, along the position controlled
directions, the user should set a high stiffness to obtain an accurate
positioning of the end-effector.

Two families of control architecture can be implemented depending on
whether or not a force sensor is available [Lawrence, 1988]:

e first one uses the measured position to compute force ’applied’
using relation (3.5) (Fig. 3.3);

e second uses a force sensor to measure interaction forces which are
translate in a position feedback through relation (3.6) (Fig. 3.4).

2 3 Z (s) 2 Robot H

X = f(q)

Figure 3.3: Impedance control architecture without force feedback.

X

X3 PCLHES Robot H»

X

Z71(s) e——

Figure 3.4: Impedance control architecture with force feedback - PCL:
position control law.
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Conclusion

Significant improvements of different solutions presented can be found in
the literature. [Choi et al., 2001] propose to modify the remote center
compliance device. The system proposed has an adjustable interface
to accept workpieces with different sizes and to be efficient for several
tasks. [Volpe and Khosla, 1995] proved that a second order impedance
controller gives equivalent results than a simple proportional controller
with explicit force feedback.

Implicit force controllers allow to adapt the robot dynamic behavior
during the contact phase, but not to control the force applied on the
environment. The reference used by the controller cannot be a force.
In our case we need to manage all contact forces and to specify a force
reference. Next section presents classical force controllers using an
explicit force feedback.

3.1.2 Explicit force control
Parallel hybrid position/force control architectures

The idea developed by [Raibert and Craig, 1981] comes from this ob-
servation: same directions cannot be controlled simultaneously in force
and in position. These controllers are antagonists and exclude them-
selves mutually. The idea is to divide the workspace in two subspaces:
one for directions controlled in position and another one for directions
controlled in force, satisfying simultaneously the desired position and
force constraints of the task. Directions constrained in position are force
controlled and those constrained in force are position controlled. Two
parallel control loops, one for position and one for force, are used. Each
is based on own sensory system and control law. To avoid actuator
conflicts between control commands issued from each loop, a compliance
selection matrix S is used. Controller outputs are added and sent to
the robot control input as a global command signal G. Each joint may
contribute simultaneously to the position control and to the force control.
The hybrid position/force controller architecture is presented on the
figure 3.5. The type of the control signal GG, issued from sum of both
control loops, can be

e equivalent to joint torques and it is directly the input I' of robot
actuators;

e equivalent to velocities or displacements in Cartesian space and it
has to be multiplied by the robot inverse Jacobian to obtain veloc-
ities positions which are references for a joint position controller;
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Figure 3.5: Hybrid position/force control architecture - PCL: position
control law - FCL: force control law.

e cqual to efforts in the operational space and it has to be multiplied
by Jacobian transposed matrix.

[Fisher and Mujtaba, 1992] show that controllers using inverse Jacobian
J™1 (G equivalent to joint torques or to velocities or displacements
in Cartesian space) have an unstable behavior in several non singular
configurations. This instability comes from the formulation of the inverse
Jacobian J~! in the position loop of the hybrid position-force schema.
They propose a new stable hybrid position-force architecture (Fig. 3.6).

X =f(q)

1 X
X
a (SI)TH—— PCLJ
+
+ r qk
Robot >
+ f
+
i (I —S)J)" | FCL
Figure 3.6: Hybrid position/force control architecture from

[Fisher and Mujtaba, 1992] - PCLJ: position control law in the joint
space - FCL: force control law.

Even if these position/force control architectures allow to manage po-
sitions and forces with an explicit feedback, they require an environment
well known to avoid undesired contacts along directions controlled in
position or free space displacement along directions controlled in force.
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External hybrid control architectures

In opposition with the parallel hybrid position/force control architecture,
the external hybrid controller allows to control simultaneously along a
direction, end-effector positions and forces applied on the environment.
Two embedded control loops are used, one external for contact forces
and one internal for positions [de Schutter and van Brussel, 1988] and
[Perdereau, 1991] (Fig. 3.7). The main idea of this controller is to

X = f(q)

A

\ 4

PLC Robot >

v

fa +

i
)l

Figure 3.7: External hybrid control schema - PCL: Position Control Law
- FCL: Force Control Law.

transform a desired force into a position variation AX which is added to
the desired position. The new position reference is sent to the position
controller. Resulting displacement allows to the system to apply a force
on the environment. An integral term in the force control loop cancels
a steady state error whatever the position desired. With this term,
the force control loop is hierarchically superior to the position loop
[Pujas, 1995]. Thanks to architecture and force control loop superiority,
the position control law does not require any selection matrix. In a
not well known environment, keeping a force reference along directions
controlled in position prevents contact forces in case of undesired contact:
displacements are 'watched’ by the force consign. In opposite, selection
matrix may be useful and necessary when task directions have to not
be affected by the force measured or during a free space motion. Two
other effects are introduced by the integral term. First one, a constant
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force reference is transformed in a position ramp which is followed by
the end-effector. After the force measured reaches the desired force,
the system maintains the position. This is particularly interesting to
generate straight trajectory along a direction, it needs simply to apply
a force to the end-effector of the robot. Second effect, it is impossible
along a direction to have a position consign creating a contact with a
force consign equal to zero. The contact necessary introduces a measured
force which will be transformed in an inverse displacement until the
measured force equals zero. Whereupon the system will reach position
consign, generating a force on the environment. Instabilities occur with
a force consign closed to zero. A solution is to introduce a limit below
which integral term will not affect the force control loop.

3.1.3 Conclusion for classical force controllers

Implicit force control architectures are based on a position feedback to
limit contact forces. A desired force cannot be specified. Our context
(assistance for beating heart surgery) requires a full control of forces
applied by the robot on the environment and especially it requires to
use a force as reference signal.

Parallel hybrid position/force controllers propose to merge a position
and a force controller. A selection matrix is used to establish exclusively
along which directions the force or the position controller is used. A
perfect knowledge of the environment is needed to avoid unexpected
contacts along a direction controlled in position or to prevent a contact
loss along a direction controlled in force. In our context, the environment
is approximately known.

The external hybrid controller proposes a control architecture using
two nested loops, one in position and another in force. Thanks to integral
term and a selection matrix in force control loop, directions controlled
in position may be 'watched’ by the force loop. This approach has
a drawback: instability may occur with force consign closed to zero.
Surgical tasks on the heart surface requiring high precision, such as
suture and knot tying, are perform with a force consign of few Newton.

More details on developed improvements for these control architec-
tures can be found in these books: [Sciavicco and Siciliano, 2002] and
[Khalil and Dombre, 1999].
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3.2 Modeling system

The work context is focused on robotic assistance for beating heart
surgery and especially autonomous compensation for physiological mo-
tions. If respiration involves simple perturbations (large cyclic dis-
placements with low dynamics), heartbeats with high acceleration dis-
placements generate important disturbances. Compensation for these
motions, during high precision surgical procedures, requires a robotic
system (robot and controller) with high rejection capacities and able to
do fast motion with high dynamic accuracy of interaction torques. The
task requiring fast motion with high dynamic accuracy, it is necessary
to improve control performances by taking into account the dynamic in-
teraction torques: the computed torque control ensures it [Khalil, 1978].
Our experimental setup is composed of a two lightweight robots, one
performing surgical gestures (WAM robot) and one simulating the sur-
gical environment (Heartbox). WAM robot dynamic parameters have
been identified and estimated, through the methodology proposed in
[Sousa and Cortesao, 2014], to establish a mathematical model which
will be used for computed torque techniques.

3.2.1 Computed torque techniques

The computed torque method uses inverse dynamic model to canceling
the non linearities in the robot dynamics. It ensures a linearized and
decoupled system with an uniform behavior whatever the configuration
of the robot [Khalil, 1978]. Consequence: a non linear system coupled
to the inverse dynamic control form a linearized system which one can
be controlled by common linear controllers. Next sections describe this
method through joint space and Cartesian space formulations.

Computed torque technique - Joint space Dynamic model is
composed of a set of equations establishing relations between joint
accelerations ¢ and joint positions ¢, velocities ¢ and torques I'. Called
direct dynamic model (DDM), its expression is given by

G=A(q) " [ = H(q.q) (3.8)

with A (q) the inertia matrix and H (g, q) the vector of Coriolis, cen-
trifugal and gravity torques. The DDM is usually used to perform
performance assessments or to design a well adapted control architecture.
It is a coupled and a non-linear system model. In opposition inverse
dynamic model (IDM) is used to linearize and to decouple the system

L= A(qw(t)+H(q.4) (3.9)
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with w (¢) the command vector (computes by an external controller),
A (q) the estimated inertia matrix and H (¢, §) the estimated vector of
Coriolis, centrifugal and gravity torques. Dynamic parameters of a real
system, necessary to compute A (q) and H (q, ¢) matrices, are never fully
known. Combining (3.9) and (3.8) which are respectively the IDM (used
for linearization) and the DDM (system model) gives

G=A"(Aw(t)+ 0 - H). (3.10)

In the perfect case where estimated dynamic parameters and physical
system parameters are equal, fl, A are equal and H , H are equal too.
Then the new system is described by a set of equations (one by joint)
given by

Gg=wi(t). (3.11)

Then w (t) is equivalent to joint acceleration. The linearized system can
be represented by n sub-systems (one per joint). Each sub-system is
a double integrator with as input the command vector w, (t) and as
output joint positions q,, the figure 3.8 represents the linearized and
decoupled system.

w = wo (¢ 0
A Robot 1> “of1/sH
l Hig = /s

Figure 3.8: Computed torque techniques in the joint space applied to a
robotic system. Each sub-system is represented by a double integrator
with as input w, () and as output g,.

Computed torque technique - Cartesian space This formulation
allows to describe system behavior in the workspace [Khatib, 1987]. Re-
lation between robot joint positions ¢ (¢) and robot end-effector positions
X is given by the direct geometric model

X=yg(q). (3.12)

The kinematic model gives Cartesian velocities X in terms of joint
velocities ¢ (t) '
X=J(a)q (3.13)

where J (¢) is the Jacobian matrix. Differentiating the kinematic model
(3.13) with respect to time gives relation between Cartesian acceleration
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o Robﬁ» Direct Geometric Model [
q,q

Y (q,9)

Figure 3.9: Computed torque techniques in the Cartesian space applied
to a robotic system. The system command input f* is equivalent to an
Cartesian acceleration.

X and joint acceleration § (t)
X=Jit)+Jq(t) — qt)=J"(X-Jq(). (3.14)

The torque vector I' corresponds to the force vector F' in the Cartesian
space, the relation is given by

r=J'F (3.15)

Combining (3.11), (3.14) and (3.15) with the IDM (3.9), gives the inverse
dynamic model in Cartesian space

. A

F=Aq)X+7T(q9) (3.16)
where
Ag)=J"A(q)J and T(q,4)=J "H(q.4)—AJg. (3.17)

A (q) represents the estimated inertia matrix and T (q, q) represents the
estimated vector of Coriolis, centrifugal and gravity torques. (3.16) is
now used to decouple and to linearize the system in Cartesian space. The
system is a set of double integrators (one per Cartesian direction). The
figure 3.9 gives a representation of the decoupled and linearized system.
f* is the command input equivalent to a Cartesian acceleration X. X is
the system output representing a Cartesian position or orientation.

3.2.2 Interaction with environment - Global model

Thanks to computed torque techniques the robotic system is linearized
and decoupled. It is composed of a set of individual and identical
sub-systems. FEach sub-system represents a direction or an orientation
in the robot workspace (Cartesian space). The figure 3.9 is a schema
representation of the decoupled and linearized system with as input f*
a command vector equivalent to a Cartesian acceleration and as output
X a Cartesian position or orientation. To control interaction with the
environment a force sensor is added to the robotic system. It allows to
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Figure 3.10: Global model of a one direction robot arm with the damping
gain K, and the estimation of the environment stiffness K.

measure, along each axis, interactions between the tool (manipulated
by the robot) and its environment. The force sensor model is taken
unitary: the measured force is equal to the force applied. Assuming then
next hypothesis: no saturation effect, no drift effect due to temperature,
infinite bandwidth, infinite range, etc.

Environment model The work context is focused on robotic assis-
tance for beating heart surgery and especially autonomous compensation
for physiological motions. To simulate a surgical environment, a simple
interaction model is chosen: spring with a stiffness K. Environment
model is integrated to the sub-system model to represent interaction
force along one axis.

Global model The estimation K of the environment model repre-
sented by a stiffness K is included in the one axis robot arm model
(sub-system model). A damping feedback loop is added to the system
with K5 the damping gain. This damping loop assures a damped Carte-
sian position response. The figure 3.10 represents one axis robot arm
model G, (s) composed of a sub-system with a damping loop and the
environment model. The command input u (¢) is equivalent to a force or
a Cartesian acceleration and the output F,, (¢) is the force applied by
the sub-system on the environment along one axis. The transfer function
of a sub-system interacting with its environment is given by

K, e—sTa
Gy = . : 3.18
: s(s + Ky e=sTa) ( )

For small T},

K, e T
Go ™~ ———— . 3.19
' s(s+ Ky (3:.19)

Its equivalent temporal representation is

(1) + Kog(t) = Kou(t = Ty), (3.20)
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where the system output y (¢) is the force applied F,, by the system on
its environment along one axis and v (t) the delayed command vector.
Defining two state variables z; (t) = y (t) and x5 (t) = ¥ (¢), the state
space representation of 3.20 is give by

) = N —Ty). 21
This dynamic system is a second order single input/output, with x; ()
and x5 (t) as state variables representing respectively applied force and

its derivative. Discretizing with sampling time 7T}, the equivalent discrete
time system is of form !

{ Trp = (I)rxr,kfl + Lug—q (3 22)

Y = Crx'r,k

The states , , has dimension three. The first two states of the discretized
system represent respectively the end-effector force and its derivative
(only the force is measured). The other state is due to system delay
T, =T, and equal to up_1. 3.22 represent the discrete open-loop state
space model of the WAM robotic system.

See [Astrom and Wittenmark, 1997] for further details on discrete matrices.
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3.3 Evaluation protocol

Force control architectures presented in this chapter are evaluated in
the context of robotic assistance for beating heart surgery. The robotic
platform used in the experiments is presented in Fig. 3.11. It is composed
of a lightweight 7 DoF WAM robot used as a tool holder. The robot
environment is simulated and it represents a virtual wall all around
the robot end-effector. The virtual wall is a spring with a stiffness
K. Force controllers described in the next sections are implemented
on a 2.1 GHz Intel Core 2 processor running Xenomai-Linux. The
communication to the WAM robot is performed by CAN bus. Integrity
of the system is checked through real-time protection functions, such
as maximum velocity, workspace limitation. The control sampling time
T is set to 1 [ms]. The study is organized as follows. First, force
control architectures are presented and analyzed. Then, command law
assessments are performed based on physiological motion compensation
capabilities and environment stiffness mismatches. Finally, a result
synthesis and a conclusion are performed.

Figure 3.11: Two views of the WAM robot arm. A lightweight 7 DoF
robot arm from Barrett Technology.
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Mathematical analysis A mathematical description of the control
design is performed, giving an overview of implementation and setup
procedures.

Rejection evaluation The environment stiffness K set to its nominal
value, the rejection capability of the controller is evaluated. Respiration
and heartbeats involve organ motions, introducing external system dis-
turbances. To evaluate compensation capabilities, external perturbations
representing physiological motions are added to the system. Physiologi-
cal motion data have been recorded during in vivo experiments on a pig’s
heart [Sauvée et al., 2007], representing cardiac and breathing motions
along three axes (shown in Fig. 3.12). During the first two seconds the
system reaches the force references. Then, physiological motions are
introduced along three directions. The control compensation is enabled
only after 15.2 [s].

g i E%z%ggg
it A
9 5 Time [ 10 15

Figure 3.12: Physiological motion data recorded during in vivo experi-

ments on a pig’s heart along three directions: blue, green and red curves
for X, Y and Z axis.
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Robustness evaluation Robustness to stiffness mismatches of the
control architecture is evaluated. The heart surface is composed of differ-
ent tissues, such as fat, muscle, and arteries. During surgery the surgeon
may interact not only with these tissues but also with surgical tools.
Typical stiffness values for fat tissues are 300 [N/m]. The cardiac muscle
(myocardium) ranges from 600 [N/m] to 1200 [N/m], and surgical tools
(e.g., needle, stabilizer) have more than 1600 [N/m]. To assess robustness
capabilities of each control architecture, the environment stiffness K is
deviated from its nominal? value. Three step response simulations are
realized alternatively: with a nominal environment stiffness correspond-
ing to the myocardium K = 900 [N/m], with a environment stiffness
set to 200 [N/m] and set to 2000 [N/m]. Time responses are merged to
a graphic, highlighting internal disturbance effects on system behavior.

Synthesis FExperimental results with virtual environment are analyzed
highlighting advantages and drawbacks of the evaluated controller.

2In this context, "nominal" means the value used in control design (ffg)
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3.4 Active observer

The active observer approach reformulates the Kalman filter to achieve
model reference adaptive control where an extra state is introduced to
compensate system disturbances referred to the system input.

3.4.1 AOB architecture

Based on the state space representation of the open-loop system plant
G, state feedback control by Ackermann’s method is used to imposed a
desired dynamic and system behavior in closed-loop [Ogata, 2002]. We
defined the desired closed-loop model G,; by

1
Gy = ———eT4, (3.23)
(1 + TCIS)

which corresponds to a critically damped system with time constant T,,.
Assuming the system (3.22) is completely state controllable, the control
command is given by

Up—1 = Th—1 — LyTp 1 (3.24)

with 7, the control reference and L, the state feedback gain. The
closed-loop system is given by

(3.25)

Trk = (CI)T - FTLT) Lrk—1 + I"rrk—l
Y = Crxr,k

The state feedback gain L, obtained by Ackermann’s formula achieves a
desired closed-loop behavior

Le=[Li Ly -+ Ly |=]0 - 0 1|W'P(®,) (326
where W, is the controllability matrix
We=[T, &I, - ®T, | (3.27)
and P (®,) the characteristic polynomial to ®,
P(®) = (O 4+ +a,1®) +an) . (3.28)

To obtain a unitary static gain of the closed-loop, the reference Fy (force
desired) is multiplied by the first element of the L, vector

ry = L1 Fy. (3.29)
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The state feedback control strategy requires a completely observable
system state. A Kalman filter is added into the architecture to estimate
the system state. Based on the open-loop system (3.22), the system
state estimation is given by

Zrg = PpZ g1 + Doy + E (Y — U1 (3.30)

with
gk =C, ((I)r:%r,k—l + Fruk—l) (331)

and E the estimation gain. Introducing modeling errors e, , and using
the state estimation ,, the control command (3.24) becomes

Up—1 =Tk-1 — LpZrp—1+ Lrerp1. (3.32)

The space state representation of the closed-loop system becomes

(3.33)

T = (P =TV Ly) @yt + Doty + T Lpe—
Ye = Crxr,kfl

The control architecture schema is represented in the figure 3.13.

»| State observer

i.r,k = Trk — Crk
I Trk = (I)rwr,krfl + Frukfl Yk

Y = C’rwr,k

Lr*%r,k = err,k - Lrer,k m Ty k
r

Figure 3.13: State feedback control coupled with a Kalman filter. ry is
the reference, x, the system state vector, y; the system output, u; the
command system input, £, the estimated system state vector and L,
the state feedback gain.

The Kalman filter is reformulated to introduce an extra state py,
called active state, which describes system disturbances due to modeling
errors referred to the system input. Its estimate p is reinjected to
the control command to perform a compensation action. The control
architecture schema is represented in the figure 3.14. The active state
Pk is describe by

N .
o= S (3.34)
jzl JUN = "
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The stochastic equation (3.34) says that the N*®'-order derivative of py is
randomly distributed. V~1¢,, is a Gaussian variable with zero-mean. If

N=le, =0, (3.35)

(3.34) is a deterministic model for any disturbance p;, that has its N
derivative equal to zero. Its state space representation is given by

Npe = @20 Vpro1 + vy, (3.36)
with .
ok =| Deo(v-1) Pe-(n-2) * D1 D } : (3.37)
0 1 0 0 ]
0 0 1 0
oo = : : : (3.38)
0 0 0 1
aN an-1 anN-—2 ap |
N
= (=1)"! =01 ... N 3.39
= (D = (3.39)
and
ngk = |: 0 0 P O N—lé‘pk i| . (340)

Eliminating the influence of py in z, through its perfect estimation and
compensation, the closed-loop becomes

Lf:rk (I)r - F'rLr 0 ﬁjr k—1 Fr ~
F| = o I 1+ K (g —
l N pi ] l 0 Dy 5 1 [ Npr—1 ] [ 1 Tk (v = G

0
(3.41)
with
~ (I)r - FT‘L’I‘ 0 j:r,kfl Fr
i o | el B3 A S B
L.=[Ly Ly --- Ly |, (3.43)
the measurement matrix C'
c=[c o], (3.44)

and 7 the control reference. The Kalman gain K, reflects uncertainties
T
associated to the system state { 2, (k) Np(k) ]

1

K, =P, CT[C P CT+ Ry, (3.45)
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» State observer

fi'r,k = Trk — Erk
I Trk = (I)rmr,kfl + F,-’U/k,1 Yk T

Yk = C’rxr,k

L’r"i’r',k = L,-l’,-,k - Lre’r,k

Figure 3.14: Active observer control architecture. The active observer
introduces an extra state py describing internal disturbances. Re-injecting
this extra state p to the control loop, attempts to compensate theses
disturbances.

with
Py, = ®, P, L + Q, (3.46)
and
P, = P, — K. C Py (3.47)
®,, is the augmented open-loop matrix used in the design
b,
®, = l 0 cb;i ] : (3.48)
with
0 --- 0
Pio= |1 . i, (3.49)
0 --- 1

and where @, , is the nominal system matrix of ®, (i.e., it represents
the values of @, used in the control design). K} depends on the noise
matrices on the system state (Qx) and measurement (Ry). Qy is of form

_ | Qa0
Qk—[ 0 QNpJ' (3.50)

Merging modeling errors into the active state makes it more uncertain
than the other states, which is reflected in the @), stochastic parame-
ters. The absolute values of Ry and @); are not important. Only the
relative relation between ) and Ry is relevant for the Kalman gain
[Cortesao, 2007].

3.4.2 AOB design
State feedback gain

State feedback control by Ackermann’s method allows to imposed a
desired dynamic and system behavior in closed-loop through its state
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feedback gain L,. Equation 3.26 gives the relation between the feed-
back gain and the characteristic polynomial which describes the desired
dynamic behavior

P(2) = 2"+ b1z + by (3.51)

with
by = —2e5 TS cos (\/ 1-— CanTs> (3.52)

and
ag = esvrts, (3.53)

¢, w, and T's are respectively the damping factor, cut-off frequency
(system bandwidth) and the sampling time.

Kalman gain

Noise matrices () and Ry, respectively on the system state and on the
measurement, influence the Kalman gain K. Their absolute values are
not important, only their relative relation is relevant for the Kalman
gain [Cortesao, 2007]. Ry is set to 1. Decreasing () makes the system
more sensor-based and more sensitive to noise. Increasing it makes the
system more model-based.

Extra state

The AOB order N is directly related to the controller ability to track
non-linear disturbances. It defined for the force loop the number of
state used to describe pg. A first order AOB (N = 1) has shown good
performance for force control [Cortesdo et al., 2006]. Vpy, is equal to

"ok = e +0 6, (3.54)

and

(I)Q?Q = 1 (355)

The space state representation of the system is

z, &, —T,L, 0] 2 T, X
][ ] 2[5

Pr—1
(3.56)

b= C (l @, —OFTLT (1) ] [ ?((:_—11)) 1 N [ FO ] rH) @)
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3.4.3 Experimental evaluation

This section assesses experimental results based on heart motion com-
pensation capabilities and environment stiffness mismatches. The AOB
control architecture and the virtual environment are implemented on our
experimental platform, the lightweight 7 DOF WAM arm. Parameter
settings of the control architecture are given. Then experimental tests
are presented and discussed. A conclusion highlights strong and weak
points of the control architecture.

Parameter settings

The state feedback gain and stochastic parameters of the AOB approach
are tuned according to the AOB design section.

State feedback control Critically damped behaviors are appropriate
for force-based tasks, since they represent the fastest response without
overshoot. Desired closed-loop dynamics for the force assigns the state
feedback gain L,,

L, =265 0,09816 0,08759 |. (3.58)

Force control The stochastic parameters reflect the model reference
adaptive control strategy. Ry is set to 1 and @)y is given by

1070 0 0
Qu,o=| 0 1072 0 (3.59)
0 0 10712

and
Q1p, = 1. (3.60)
The AOB Kalman gain K},  is equal to

T
Kiyp=1[09999 353 09832 09832 | . (3.61)

3D Physiological motion compensation

Environment stiffness is set to its nominal value (Ky = 900 [N/m]),
the rejection capability of the controller is evaluated. Respiration and
heartbeat signals along three axes are added to the system. 3D motion
compensation results are shown in Fig. 3.15 for AOB approach. System
force responses along three directions are represented separately. Blue,
green and red curves represent compensation along X, Y and Z axis,
respectively. During the first two seconds the system reaches the force
references. Then, physiological motions are introduced along three
directions. The control compensation is enabled only after 15.2 [s].
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Figure 3.15: Experimental results for 3D heart motion compensation.
AOB approach. Forces applied (along X, Y and Z directions) on an
moving target for constant desired forces (—3 [N] for X axis, 0 [N] for Y
axis and —5 [N] for Z axis).
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Figure 3.16: Experimental results for stiffness mismatches. AOB con-
troller. System responses for a reference equal to —2 [N] with different
environment stiffnesses K.

Robustness

To assess robustness capabilities of each control architecture, the envi-
ronment stiffness K, is deviated from its nominal® value. The figure
3.16 represents robustness experiments for the AOB approach. Kj is
alternatively set to 200 [N/m] for soft contact, 900 [N /m] for myocardium
contact and 2000 [N/m)] for stiff contact, while the nominal stiffness
remains constant and equal to 900 [N/m]. The force reference (black
curves) is set to —2 [N]. Blue curves represent force responses for the
matching case (i.e., K; = 900 [N/m]). Green curves represent force
responses for a soft environment (i.e., K = 200 [N/m]). Red curves
represent force response for a stiff environment (i.e., Ky = 2000 [N/m]).

Synthesis

Force responses under physiological motions (Fig. 3.15) show good mo-
tion compensation performances. Disturbance maximal amplitudes are
reduced by 65% for X axis, 25% for Y axis and 55% for Z axis. Y
axis low compensation ratio is explained by the physiological motion
peak to peak amplitude which is less than 2 [N]. Corresponding position
errors can be easily compute from these results. The environment model
is a spring with a stiffness equal to K. Dividing forces responses by
the stiffness Ky = 900 [N/m]| gives position errors equivalence. Force

3In this context, "nominal" means the value used in control design (ffg)
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responses for stiffness mismatch cases (Fig. 3.16) show high frequency
components, in the AOB force response. It indicates a system behavior
close to instability.

3.4.4 AOB Conclusion

The AOB approach has shown good performances for force control under
external disturbances. However residual force amplitudes, around 2 [N],
1.5 [N] and 3 [N] for X, Y and Z axis respectively, are too high to
consider these control architectures without further improvements. The
robustness analysis has been performed for soft and hard environment
stiffness mismatch scenarios. Experimental results highlight robustness
capabilities of the AOB approach. High frequency components, in the
AOB force response, indicate a system behavior close to instability with
220% environment stiffness mismatch, corresponding to a contact with a
bone or a surgical tool.
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3.5 Model predictive control

Model predictive control is a model based control architecture developed
around a finite receding horizon strategy. It uses an explicit model of the
system to predict its outputs along an horizon. The future control signal
is computed by minimizing an objective function. The first element
of the control sequence is applied to the system. Then the prediction
horizon is displaced toward the future and the algorithm is repeated.

3.5.1 MPC architecture

Based on the state space representation of the open-loop system plant
G, which can be represented by

{ r = Az + Bugy (3.62)

yp = Cay,

where the small system delay T); can be neglected for the MPC approach
[Maciejowski, 2002]. Therefore, x; has dimension two representing the
end-effector force and its derivative. y, is the applied force and wuy is
the input command. From (3.62), the z; prediction i samples ahead,
Tk+i, 18 based on ug_1, Yk, Ugs; and Tx, where Iy is a state estimation
of (3.62). At each sampling time k and along the prediction horizon
H,, the future control sequence 1., is computed by minimizing a cost
function Wy to keep the predicted output 7.; as close as possible to
the predicted desired force Fd,k. Only the first element of the computed
control sequence, 11, is sent to the system plant. As the prediction
horizon is displaced towards the future, new output predictions g; and
new control sequences Uy ; are computed at each sampling time.

Strategy
The methodology of the MPC is characterized by the following strategy:

e The finite time horizon H,, defines the slot where predicted outputs
Ur+i should follow ﬁd7k. H, is bigger than the G; rise time, and its
length greatly influences control tracking capabilities. Extending
H, improves performance, but increases computational time.

e At each time k, based on (3.62), the future outputs g, are
predicted along H,, where i € [1, H,|. @j4+; depends on &y, wj_1,
Y and g

e The command vector u; (¢ € [0, H,—1]) is computed to minimize
the cost function Wy, which is a quadratic function of the predicted
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errors between g; and de. W also includes predicted control
efforts. Two diagonal matrices A and ¢ are associated to control
efforts and tracking errors, respectively. Increasing A w.r.t. ¢ has
the effect of reducing control activity, entailing slow response to
disturbances. Decreasing A w.r.t. 0 increases control dynamics
and tracking performance. Therefore, the relation between A and
0 defines the aggressiveness of the controller in recovering from
disturbances [Maciejowski, 2002].

e A control horizon H, < H, is introduced to reduce computation
time. H, defines the time slot along which the control command
Up4; 1s active (for H, < i < H,, g is kept constant). Although
H, = 1 has acceptable performance for stable plants, increasing
H,, makes the control more active up to a limit where any further
increase in H, has little effect. For high-performance a larger
value of H, is desirable. When H, and H, approach infinity,
the prediction controller becomes the well-known linear quadratic
regulator (LQR) problem [Camacho and Bordons, 2004].

e Once @4 has been computed, only the first element i —o is
applied to system. The whole cycle of output measurement yy,
output predictions g, ;, and control sequence 1y, ; computation is
repeated and updated at each sampling time.

The overall MPC strategy is depicted in Fig. 3.17. Since the desired
force is not known in advance, Fd,k is constant during the entire time
horizon H, and equal to the desired force known at instant k. The MPC
control signals g, ; are computed based on the system model and cost
function Wj,. A good control performance can be achieved with H,, < H,,
entailing good tracking capabilities between F,; and yy.
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Figure 3.17: Model predictive control strategy. Based on G,;, predicted
outputs gx4; (blue dash-dot-dotted curve) are computed along H,. The
reference F’d,kﬂ is the desired force (red curve). Optimal control com-
mands wyy; (green dash-dotted curve) are computed to minimize the
cost function Wy. y,; only changes along H,,.

Formulation

From (3.62) and defining
the following state predictions are obtained,

Tpy1 = Axy, + By
Tpyo = ATy + By

= A%z, + AB1u, + Bi
k . k k+1 (3.64)

Then, = ATpim,—1 + Bligyn,—1
= AHpZL’k + AprleLk + -4 Bak-{—Hp—l .

We define a control horizon H, as H, < H, Assuming the input
command 1, changes only along the control horizon H, and is kept
constant for H, < i < H,, 1 can be represented by (3.65), where
Adgy; = 0 for ¢ > H, and Ugy; = Ugsp,—1 for i > H,,.

U, = Ay + up—
Upy1 = Alpyr + Aty + up—y (3.65)
U =1 = AUy, —1 + -+ Al + up— .
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Merging (3.64) and (3.65) we obtain

ijrl = A%k -+ B [Afbk + uk,l]
{i‘k+2 = AQZL‘k + B [Aﬂk—f—l + Aﬂk + uk_l] + AB [Aﬂk + Uk—l]
= A%y + (A+1) BAUy + (A+ 1) Bug_y + BAty 44

Ty, = AMa, 4 (A" 4 4 A4 T) BAw,
+ (AT A T) Bug
+ BAG(k+ H, — 1)
Framn = ATt g, 4 (AHu bt At I) BA,
+ (A" 4o+ A+ 1) Bugy
+ (A+1)BAG(k+ H, —1)

Ty, = Aoy + (AT 44 A4 T) BAG,
+ (ATt A4 1) BAG(k + H, — 1)
4 (AHP‘1+---+A+I) Buj,_; .

(3.66)
Finally (3.66) is written in matrix-vector form
Xp = Uiy 4+ Yup_y + O AU, (3.67)
—_—
past future
with
- . N . T
Xk = [ Tyl - Tgyq - xk—i—HP } y (368)
N B . T
AUk = { Auk L AukJrHu,l } s (369)
T
=] A - A AL A (3.70)
_ B -
| T AB
Sty A'B |




and

B ce 0
AB+B .- 0
0= XHtap ... B . (3.72)
SHeA'B ... AB+B
| Sl A e gl A

Equation (3.67) is composed of three terms. ¥, T and © only depend on
A and B matrices, and can be computed off-line. Along the prediction
horizon, the first two terms represent the free response and the last term
is the forced one. The control increment vector AUy is computed by
minimizing the cost function

Wi = (Y, — Fu)T6 (Ve — Fup) + AU AAT,, (3.73)
with

- 5 5 5 T

Vi=[Cin - Ciiys - Cien, | (3.74)
and

. T

Far = [ Foprr o Fagvi - Faren, } : (3.75)

Defining the prediction error Ek as the difference between Fﬂd,k and the
free response of the system,

E, = de — diag(C) [V2g + Tug_1] , (3.76)
the cost function (3.73) can be written as
W, = (OAT, — Ep)T5(0AT, — Ey) + AT, AAT, . (3.77)
From (3.77),
Wy, = ELSEy — 20U, ©T6E;, + AU, (0760 + NAT,.  (3.78)
Computing the gradient of (3.78) and setting it to zero entails

oWy,
AT,

= —2070E; +2 (0760 + \) ATy = 0. (3.79)
The optimal and unique solution AUy is therefore equal to
AU, = (0760 + \)'eT6E), . (3.80)
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To guarantee that (3.80) gives the minimum of the cost function (3.77),
the Hessian of (3.77) is compute

O*W,

5 =2(0700 4+ 1) . (3.81)

OAU

Assuming that § > 0 ensure that ©760 > 0. Imposing A > 0 assures
an Hessian positive-definite, which is enough to guarantee that (3.80)
is the minimum of (3.77). According to the MPC strategy previously
described and represented in Fig. 3.18, the first element Adij;,—o of the
optimal increment sequence (3.80) is added to the previous command
ug_1 and sent to the plant as ug. Then all the computation is repeated
at each sampling time.

Uk—1
Yk '
vv ] +
Model | (ki Sk+ilig Uk
Gal +
Predicted »| Optimizer
errors

t Cost function Wy,

Figure 3.18: Model predictive control architecture. Based on the inner-
loop model G,; and on the system data u;_; and yy, the predictions g,
are computed for the time horizon H,. Optimal control commands y;
are computed minimizing the cost function Wy, which is a quadratic
function of predicted errors between ¢; and ﬁng.

Dimensions of matrices and vectors involved in computing the optimal
control command vector follow theses rules (see Tab. 3.5.1):

e O has as many rows as there are elements in X, (deducted from
from (3.67) ). There are m controlled outputs and prediction are
computed for H, steps, then © rows equal m(H, + 1). Its columns
number is the same as the number of elements in AUy, which is
[(H,) where [ is the number of plant inputs.

e Knowing © dimensions 0 has m(H,+1) rows and columns (deducted
from (3.80)).

e Since ©7§O is square with [(H,) rows and columns, then A is
square too with same dimensions (deducted from (3.80).

62



Dimensions

Matrix
Row Column
J m(H,+1) m(H,+1)
A [(Hu) [(H.,)
v m(H,+ 1) n
T m(H, + 1) l
) m(H, + 1)
Ey  m(H,+1) 1

Table 3.1: Dimensions of MPC algorithm matrices and vectors. The
system plant has [ inputs, n states and m controlled outputs.

3.5.2 MPC tuning

The length of the prediction horizon H, greatly influences reference
tracking capability. Extending the horizon, a more accurate system
is achieved but the computational time increases. Only the relative
difference between § and A is significant. An accurate system with § > A
implies a high control effort.

3.5.3 MPC computational problems

A long prediction horizon H, involves large values of i. Computing
the prediction equation (3.67) requires to calculate A°. This can lead
to numerical problems. With an unstable plant some elements of the
matrices ¥, T and © may become extremely large relative to others,
especially for high values of 7. Similar problems can occur with a stable
plant, some elements of A® may become extremely small relative to
others. A solution is to compute predictions from an iteration algorithm,
one step at the time.

The optimal solution (3.80) requires the computation of the inverse
of (0760 + ) matrix. Since the © matrix is often ill-conditioned, it is
relatively important to pay attention to the numerical algorithm involved
in finding the optimal solution. A solution is to compute the optimal
solution matrix by solving it as a "least-squares" problem.
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3.5.4 Experimental evaluation

This section assesses experimental results based on heart motion com-
pensation capabilities and environment stiffness mismatches. The MPC
control architecture and the virtual environment are implemented on our
experimental platform, the lightweight 7 DOF WAM arm. Parameter
settings of the control architecture are given. Then experimental tests
are presented and discussed. A conclusion highlights strong and weak
points of the control architecture.

Parameter settings

According to the MPC tuning section, MPC parameters are tuned.
Depending on the control loop sampling period (Ty = 1 [ms]), a good
trade-off for the prediction horizon value appears to be H, = 307;. To
impose a null steady-state error, ¢" has to be closed to zero for i = H,,
T,ey = 6T5. Since the free response is based on the unstable system
plant G,; and the previous control command wu;_y # 0, the increment
sequence AUy, has to be defined all over H,, to maintain the system free
response under "control'. Therefore H, is set equal to H,. A large control
horizon implies high dynamic control actions and increases computation
time. As a consequence, H, has to be decreased which affects tracking
performance.

3D Physiological motion compensation

Environment stiffness is set to its nominal value (Ky = 900 [N/m)]),
the rejection capability of the controller is evaluated. Respiration and
heartbeat signals along three axes are added to the system. 3D motion
compensation results are shown in Fig. 3.19 for MPC approach. System
force responses along three directions are represented separately. Blue,
green and red curves represent compensation along X, Y and Z axis,
respectively. During the first two seconds the system reaches the force
references. Then, physiological motions are introduced along three
directions. The control compensation is enabled only after 15.2 [s].

Robustness

To assess robustness of the control architecture, the environment stiffness
K, is deviated from its nominal* value.

To simulate the contact with different environment (fat tissues, bones
or tools), the contact stiffness value represented by K is deviated from
its nominal value 900 [N/m]. The figure 3.20 represents time responses

4In this context, "nominal" means the value used in control design ([A(g)
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Figure 3.19: Experimental results for 3D heart motion compensation.
MPC approach. Forces applied (along X, Y and Z directions) on an
moving target for constant desired forces (—3 [N] for X axis, 0 [N] for Y
axis and —5 [N] for Z axis).
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Figure 3.20: Experimental results for stiffness mismatches. MPC con-
troller. System responses for a reference equal to —2 [N] with different
environment stiffnesses K.

of the regulated system under internal disturbances. Black curve is the
reference ry, blue curve corresponds to the nominal system response
(environment stiffness K equal to 900 [N/m]). Red and green curves
are the system response with respectively an environment stiffness set
alternatively to = 2000 [N/m] and to 200 [N/m].

Synthesis

Force responses under physiological motions (Fig. 3.19) show good mo-
tion compensation performances. Disturbance maximal amplitudes are
reduced by 60% for X axis, 25% for Y axis and 72% for Z axis. Y axis
low compensation ratio is explained by the physiological motion peak to
peak amplitude which is less than 2 [N]. Corresponding position errors
can be easily compute from these results. The environment model is
a spring with a stiffness equal to K. Dividing forces responses by the
stiffness K5 = 900 [N/m] gives position errors equivalence. The MPC
approach deals perfectly with internal disturbances (Fig. 3.20). Force
responses for stiffness mismatch cases (green and red curves) are closed
to the nominal response (blue curve). Therefore, the control performance
is slightly affected by environment interactions with different stiffnesses.
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3.5.5 MPC conclusion

MPC approach has shown good complex motion compensation capabili-
ties. However residual force amplitudes, around 4 [N], 1.5 [N] and 2 [N]
for X, Y and Z axis respectively, are too high to consider this control
architecture without further improvements. The robustness analysis has
been performed for soft and hard environment stiffness mismatch scenar-
ios. Experimental results highlight robustness capabilities of the MPC
approach. The system is still stable with 220% environment stiffness
mismatch, corresponding to a contact with a bone or a surgical tool.
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3.6 Conclusion for AOB and MPC archi-
tectures

This chapter has presented a comparative study of two force control
architectures for physiological motion compensation. According to the
application domain (beating-heart surgery), physiological motion com-
pensation capabilities and robustness of both controllers have been
evaluated. The AOB and MPC approaches have shown good robustness
and complex motion compensation capabilities. However, residual force
amplitudes are too high to consider these control architectures without
further improvements. All numerical results are summarized in the table
(3.2).

The predictive control formulation is based on pulse response model.
This approach requires an asymptotically stable plant. An internal
loop will be included to stabilize the system. For the AOB approach,
changing the stochastic design or increasing the AOB order, would im-
prove compensation ratios. However, this introduces undesired behavior
in the state estimate making it more sensor-based and more sensitive
to noise. Introducing a second AOB to deal exclusively with external
disturbances will allow to decouple motion compensation and control
design [Cortesdao and Poignet, 2009).

AOB (F4 constant) MPC (F4 constant)

X mazximal [N] ]. . ].5 1 . 89
RMS [N] 0.47 0.45
v mazimal [N] 079 075
RMS [N] 0.31 0.38
7 mazimal [N] 212 114
RMS [N] 0.77 0.31

Table 3.2: Residual forces for AOB and MPC control architectures under
physiological motions.
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The whole is more than the sum of
its parts.

Aristotle

Experimental results presented in the previous chapter have shown
AOB and MPC architecture limits as independent controllers. For
both approaches residual force amplitudes are too high and motion
compensation capabilities can not be improve without affecting system
stability or introducing undesired system behavior. Adding an extra loop
to cope with external disturbances while the main loop deal with internal
perturbations will allow to decouple motion compensation tuning from
system robustness. From this idea we developed two cascade control
architectures based on model predictive control and active observer
techniques. Both dAOB (double AOB) and MPC-AOB controllers are
built around an AOB main loop to deal with system disturbances due
to modeling errors. A second loop is added to cope exclusively with
heart motion perturbations. This extra loop is based on AOB design for
dAOB approach and based on MPC method for MPC-AOB architecture.

We propose in this chapter an experimental comparative study of two
cascade control architectures. The context of this study is cardiac surgery,
especially compensation for external perturbations due to physiological
motions (breathing and heartbeat). We focus our work on force control,
to ensure that all efforts, due to the interaction between robot end-effector
and its environment, are under control and needed.

Both dAOB and MPC-AOB cascade control approaches are presented.
Their architectures detailed and designs explained. Then experimental
evaluation results are presented. Experimental assessments of both
cascade controllers are done with real environmental interactions.
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4.1 Evaluation protocol

Force control architectures presented in this chapter are evaluated in
the context of robotic assistance for beating heart surgery. The robotic
platform used in the experiments is presented in Fig. 4.1. It is composed
of a lightweight 4 DoF WAM robot used as a tool holder, a Heartbox
and a 6 DoF JR3 force sensor (only the 3D Cartesian force is measured
and filtered by a Kalman filter). The Heartbox is a 3 DoF robot used
to reproduce 3D heart motion, where objects can be attached and used
as targets. Cascade force controllers described in next sections are
implemented on a 2.1 GHz Intel Core 2 processor running Xenomai-
Linux. The communication to the WAM robot is performed by CAN bus.
Integrity of the system is checked through real-time protection functions,
such as maximum velocity, workspace limitation and maximum applied
forces. The control sampling time T} is set to 1 [ms]. The study is
organized as follows. First, the force control architecture is presented
and analyzed. Then, command law assessments are performed based on
physiological motion compensation capabilities and environment stiffness
mismatches. Finally, a result synthesis and a conclusion are performed.

COOeP

Figure 4.1: Two views of the experimental setup. A lightweight 4 DoF
WAM robot from Barrett Technology equipped with a 6 DoF JR3 force
sensor interacts with a 3 DoF robot (called Heartbox) that generates 3D
beating heart motion. An ez vivo heart is attached to the Heartbox and
used as target for the WAM robot.
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Mathematical analysis A mathematical description of the control
design is performed, giving an overview of implementation and setup
procedures.

Rejection evaluation Respiration and heartbeats involve organ mo-
tions, introducing external system disturbances. To evaluate compen-
sation capabilities, external perturbations representing physiological
motions along three axes are generated by the Heartbox. Since pig and
human cardiovascular systems are remarkably similar, including anatomic
and physiologic characteristics [Swindle and Smith, 2008], Heartbox sig-
nals are based on physiological motion data recorded during in vivo
experiments on a pig’s heart [Sauvée et al., 2007] (shown in Fig. 3.12).
The WAM robot applies surgical forces (desired forces) on the moving
heart attached to the Heartbox, and the goal is to track them. The
force references are constant and equal to 0 [N] for X and Y. For Z it
is composed of positive and negative ramps followed by a sinusoid with
increasing frequency from 0.2 [Hz| to 1 [Hz].

Robustness evaluation Robustness to stiffness mismatches of the
control architecture is evaluated. The heart surface is composed of
different tissues, such as fat, muscle, and arteries. During surgery the
surgeon may interact not only with these tissues but also with surgical
tools. Typical stiffness values for fat tissues are 300 [N/m]. The cardiac
muscle (myocardium) ranges from 600 [N/m| to 1200 [N/m], and surgical
tools (e.g., needle, stabilizer) have more than 1600 [N/m]. To assess
robustness of the controller, the heart attached to the Heartbox is
replaced by other objects, such as pillow and sponge. Off-line analysis
have shown that pillow, heart and sponge stiffnesses are 375 [N/m],
810 [N/m] and 1900 [N/m], respectively.

Synthesis FExperimental results with ez vivo environment are analyzed
highlighting advantages and drawbacks of the evaluated controller.
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4.2 Double active observer

Based on [Cortesao, 2003], [Cortesao et al., 2006] and [Cortesao, 2007]
the active observer approach reformulates the Kalman filter to achieve
a model reference adaptive control. An extra state is introduced to
compensate system disturbances referred to the system input. A second
AOB is added to the loop to exclusively deal with external disturbances.
This dAOB architecture allows to decouple motion compensation and
force control design. The first AOB guarantees desired closed-loop
dynamics for the force, and the second AOB performs control actions to
compensate physiological motions.

4.2.1 dAOB architecture

The AOB control architecture described in the previous chapter (see 3.4)
has poor rejection capabilities under persistent physiological motions.
Changing the stochastic design or increasing the AOB order, would im-
prove rejection ratios, having however undesired implications in the state
estimate, making it more sensor-based and more sensitive to noise. This
fact motivated the insertion of an extra AOB to cope with physiological
motions. The whole control architecture is shown in the figure 4.2.

N —7» Active Observer
[@rk P ]
Fo———---—————-— [ L, 1 |l¢-----==22-=2--1 TForce Control
- A
Fy Tk U Tk = Pryp o1 + Dpug—1 .
Yr = Crp g
+ + : ]
L DR B
"""""""""""""" Active Observer

»{ Motion Compensation

Figure 4.2: Double AOB control architecture. The estimated active
states pr. and p2 enter as additional inputs to compensate respectively
system disturbances and environment motions.

AOB for force control

As presented in section 3.4, from the open-loop system plant 3.19 and the
desired closed-loop model 3.23; a state feedback control by Ackermann’s
method is used to imposed a desired dynamic and system behavior. The
state feedback control strategy requires a completely observable system
state. A Kalman filter is added into the architecture to estimate the
system state. The Kalman filter is reformulated to introduce an extra
state, called active state, which describes system disturbances due to
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modeling errors referred to the system input. Its estimate is reinjected
to the control command to perform a compensation action.

AOB for motion compensation

A second AOB is introduced into the loop to deal with external distur-
bances. Adding an AOB to exclusively deal with external disturbances
allows to decouple motion compensation and control design. The AOB
for motion compensation has no control actions besides the active state
feedback p;. The desired closed and open-loop dynamics are the same.
Therefore, the control gains L, for this AOB are zero. Physiological
motions are often of periodic nature, being well described by second-order
functions. A second-order AOB has been used (N = 2), entailing two
states for the p dynamics.

4.2.2 dAOB Design

A two-step procedure is used to tune both AOB parameters. In the first
step, the AOB for force control loop is designed to guarantee a robust
stable plant, assuring good force tracking performance. Then, the second
AOB for motion compensation is tuned to compensate external force
disturbances due to heart motion.

State feedback gain

State feedback control by Ackermann’s method allows to imposed a
desired dynamic and system behavior in closed-loop through its state
feedback gain L,. Equation 3.26 gives the relation between the feed-
back gain and the characteristic polynomial which describes the desired
dynamic behavior

P(2) = 2%+ b1z + by (4.1)

with
by = —2e5 TS cos (\/ 1-— CanTs> (4.2)

and
by = esonTs, (4.3)

¢, w, and T's are respectively the damping factor, cut-off frequency
(system bandwidth) and the sampling time.

AOB for force control

Noise matrices @}, and R}, respectively on the system state and on the
measurement, influence the Kalman Gain K. Their absolute values are
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not important, only their relative relation is relevant for the Kalman
gain. R} is set to 1. Decreasing @} makes the system more sensor-
based and more sensitive to noise. Increasing it makes the system more
model-based.

Increasing the AOB order N allows the system to track non-linear
disturbances but it decreases robustness to stiffness mismatches. A first
order AOB (N = 1) gives good results for force control. pj. is equal to

P = pia 06 (4.4)

and
(I)Q?Q = 1 (45)

The space state representation of the system is
jr,k q)r - FTLT 0 jf’r,k— Fr ~
][ 2] ] [ st
(4.6)

with

o ®, —T,L, 0
e ([ |

AOB for motion compensation

Same rules are used to tune noise matrices Q% and R} of the second AOB.
Physiological motions are often of periodic nature, being well described
by second-order functions. A second-order AOB has been used (N = 2),
entailing two states for the p? dynamics

D = 2hoy — Pia + &2 (4.8)
and
0 1
@272 = l _1 1 ] . (49)
The space state representation of the whole system is
5 CI)T - F'I‘LT’ 0 0 j:r,k—l F'r
[ 2;5 ] = 0 0 1 Prs |+| O 7“1H+K13 (Y — D)
k 0 -1 1 Pr_y 0
(4.10)
with
. —-I.L, 0 0 . (k—1) I,
g =C 0 0 1 Pk=2)+1] 0 |rk-1)
0 -1 1 p?(k—1) 0
(4.11)



4.2.3 Experimental evaluation

This section assesses experimental results based on heart motion com-
pensation capabilities and environment stiffness mismatches. The dAOB
control architecture is implemented on our experimental platform which
is composed of the Heartbox robot equipped with an ex vivo heart repro-
ducing heart motion and the WAM robot arm (tool holder) generating
desired surgical forces on the moving heart. Parameter settings of the
control architecture are given. Then experimental tests are presented
and discussed. A conclusion highlights strong and weak points of the
control architecture.

Parameter settings

The state feedback gain and stochastic parameters of the dAOB approach
are tuned according to the dAOB design section.

State feedback control Critically damped behaviors are appropriate
for force-based tasks, since they represent the fastest response without
overshoot. Desired closed-loop dynamics for the force assigns the state

feedback gain L,
L,=[1615 1.189 0557 |, (4.12)

Force control The stochastic parameters reflect the model reference
adaptive control strategy. R} is set to 1 and Q}, (see (3.50)) is equal to

1071 0 0
1 _
. 0 1072 0 (4.13)
0 0 10712
and
Q1,, = 0.5. (4.14)
This design entails the AOB Kalman gain

T
Kiy=[01236 8145 0.662 0.662 | . (4.15)

2

2
2, and Ry are equal to

Motion compensation Noise matrices @)

1
T,k

and R}, Q3 is equal to

9 00
Q72 = [ 05| (4.16)
This stochastic design entails the following Kalman gain

Kim =] 03738 87.08 2625 26.25 28.02 L (4.17)
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3D Physiological motion compensation

To evaluate compensation capabilities of the dAOB architecture, res-
piration and heartbeat signals along three axes are generated by the
Heartbox. The WAM robot applies forces on the moving heart attached
to the Heartbox, and the goal is to track desired forces. 3D motion
compensation results are shown in Fig. 4.3 for X, Y and Z. Blue, green
and red curves in Fig 4.3(a) represent Heartbox motion seen by the WAM
robot. The heart signals start at 5 [s] and are repeated around 20 [s]
after a one second pause. Fig 4.3(b) shows desired (black curve) and
applied forces (blue, green and red curves). The desired force is constant
and equal to 0 [N] for X and Y, and for Z it is composed of positive and
negative ramps followed by a sinusoid with increasing frequency from
0.2 [Hz] to 1 [Hz]. Residual forces are presented in Figs. 4.3(c), 4.3(d)
and 4.3(e). Black curves in Figs. 4.3(c), 4.3(d) and 4.3(e) represent
residual forces with the Heartbox turned off. A spectral analysis through
the power spectral density (PSD) of both disturbance and residual force
is presented in Fig 4.4. From the disturbance PSD Fig 4.4(a) the two
main sources of perturbation can be identified: breathing and heartbeat.
The first two peaks represent respiration and its harmonic (0.34 [Hz] and
0.72 [Hz]), corresponding to 20 breathing cycles per minute. The last
five peaks are due to heartbeats (1.25 [Hz], 2.53 [Hz], 3.78 [Hz], 5.08 [Hz]
and 6.32 [Hz]), which correspond to 75 heartbeats per minute.

Robustness

Our dAOB control architecture requires an approximate knowledge of
the environment stiffness. We chose to set K, = 900 [N/m], which
is the typical value of the myocardium stiffness.To assess robustness
of the controller, the heart attached to the Heartbox is replaced by
other objects, such as pillow and sponge. Off-line analysis have shown
that pillow, heart and sponge stiffnesses are 290 [N/m|, 980 [N/m] and
1900 [N/m)], respectively. Fig 4.5 shows experimental results for stiffness
mismatches under physiological motions for 3D constant reference forces.
After reaching the references 0 [N] for X and Y, and —5.0 [N] for Z
(around 1 [s]), the Heartbox is turned on. Blue, green and red curves
represent force responses along X, Y and Z, respectively.
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Figure 4.3: Experimental results for 3D heart motion compensation.
dAOB approach. Blue, green and red curves represent, respectively X,

motion.

Y and Z directions. (a) represents force disturbances induced by heart
(b) shows desired (black curves) and applied forces (colored
curves). (c), (d) and (e) depict residual forces with the Heartbox turned
on and off.
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Synthesis

Force responses under physiological motions (Fig. 4.3) show excellent
motion compensation performances. Disturbance maximal amplitudes
are reduced by 87% for X axis, 80% for Y axis and 91% for Z axis.
Maximal amplitudes of residual forces are around 0.30 [N] and the
RMS values are around 0.09 [N] for all axis, which correspond to a
maximal residual motion in the order of 0.35 [mm)], considering a heart
stiffness of 860 [N/m]. Comparing PSD signals of the cardiac disturbance
(Fig. 4.4(a)) and the residual force (Fig. 4.4(b)), the compensation effect
is obvious. Breathing and heartbeat spectral peaks are heavily reduced.
Breathing and cardiac fundamental components are decreased by a factor
of 140 and 14, respectively.

Stiffness mismatches degrade system performance, as expected, even
though maximal and RMS amplitudes of the residual forces (pillow and
sponge) are close to the nominal case (heart). Stronger high-frequency
terms can be identified in force responses. Interacting with a stiffer
environment (more than 1900 [N/m]|) leads to instability. Decreasing the
value of Qpi improves system robustness and stability, but it degrades
motion compensation capabilities.

1.4

1

Disturbance PSD
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1k
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Figure 4.4: Power spectral density analysis of cardiac disturbance and
residual force. Experimental results for dAOB approach. X, Y and Z
directions are represented by blue, green and red curves, respectively.
(a) represents PSD of the force disturbance seen by the WAM robot and
induced by beating heart motion. (b) represents PSD of the residual
force (i.e., force error). Two zoom views are shown highlighting major
spectral peaks of the residual force.
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Figure 4.5: Experimental results for stiffness mismatches under physi-
ological motions. dAOB controller. Force references are constant and
equal to 0 [N] for X and Y, and —5.0 [N] for Z. Physiological motions
are introduced at 1 [s] along the three Cartesian directions. Three ex-
periments with environment stiffness equal to 290 [N/m], 980 [N/m] and
1900 [N/m] depending on the object fixed to the Heartbox: pillow, heart
and sponge, respectively. In all experiments, the stiffness model of the
control designed K, = 900 [N /m].
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4.2.4 Conclusion

The single AOB approach presented in the chapter 3.4 has shown good
performances for force control and good robustness capacities for mod-
eling errors. But this approach is not able to compensate external
perturbations [Dominici et al., 2011], residual force amplitudes are too
high. Increasing AOB order or modifying the noise matrix Q%pk may
improved the rejection at the expense of system stability. The dAOB
approach adds a second AOB in the loop to exclusively deal with exter-
nal disturbances. The motion compensation capabilities of the system
are significantly increased. Maximal amplitudes of residual forces are
0.29 [N], 0.24 [N] and 0.36 [N] for X, Y and Z axis respectively. Con-
sidering a heart stiffness of 860 [N/m], corresponding residual motions
are equal to 0.34 [mm]|, 0.28 [mm| and 0.42 [mm]| for X, Y and Z axis
respectively. Robustness analysis has been performed for under and
over stiffness mismatches in the presence of heart motions. Results have
shown good robustness capabilities, with stable behaviors up to 210%
stiffness mismatches. But high frequency components in the force data
indicate system behavior close to instability. Decreasing noise matrix
Q%m may improved the system stability at the expense of compensation

capabilities. Therefore, an online stiffness adaptation of the K value is
needed to have enough robustness to interact with hard contact.
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4.3 Model predictive control - Active ob-
server

Based on [Cortesao, 2007] the AOB approach reformulates the Kalman
filter to achieve a model reference adaptive control. An extra state
is introduced to compensate system disturbances referred to the sys-
tem input. Applied to the robot system plant, the AOB loop guaran-
tees desired closed-loop dynamics. The MPC structure described in
[Dominici et al., 2009] is applied as a upper loop to this stable system
loop. This MPC-AOB architecture allows to decouple motion compensa-
tion and robustness.

4.3.1 MPC-AOB architecture

The open-loop system plant G, is an unstable system. Even if the
MPC can deal with such plant, a stable plant is more robust to handle
external disturbances (such as heart motion). Therefore the classical
MPC approach is merged with the AOB design, described in the previous
chapter (see section 3.4), into two cascade loops as shown in Fig. 4.6.
An AOB inner-loop is designed to guarantee a well-defined stable plant.
The MPC external loop, based on a model of this well-defined stable
plant, predicts system behaviors and computes the control reference for
the inner-loop. This cascade control architecture is called MPC-AOB.

| X

vs

—p{ MPC —» Robot —» K,

Figure 4.6: Cascade MPC-AOB force control architecture. Computed
torque techniques linked with the robot inverse dynamics model (IDM)
generate a decoupled and linearized system. The open-loop transfer
function G,; also takes into account a damping factor K, and the envi-
ronment stiffness K. The desired closed-loop transfer function G is
obtained by the AOB architecture using the state-feedback gain L, and
the extra state py. L is the first element of L,. The MPC generates a
processed reference force vy, for AOB control, based on the desired force
Fy, the measured force y;, and G;. The external torque 7, is mainly due
to beating heart disturbances.
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AOB for stable plant

As presented in section 3.4, from the open-loop system plant G, (3.19)
and the desired closed-loop model G (3.23), a state feedback control by
Ackermann’s method is used to imposed a desired dynamic and system
behavior. The state feedback control strategy requires a completely
observable system state. A Kalman filter is added into the architecture
to estimate the system state. The Kalman filter is reformulated to
introduce an extra state, called active state, which describes system
disturbances due to modeling errors referred to the system input. Its
estimate is reinjected to the control command to perform a compensation
action.

MPC for motion compensation

The MPC control loop described in section 3.5 is a applied to the Gl
loop as a master loop. Based on the model of this well-defined stable
plant G, MPC controller predicts system behaviors and computes the
control reference for the AOB inner-loop.

4.3.2 Tuning

A two-step procedure is used to tune AOB and MPC parameters. In the
first step, the AOB controller is designed to guarantee a robust stable
plant, assuring good force tracking performance. Then, the MPC based
on the model of this stable plant, is tuned to compensate external force
disturbances due to heart motion.

4.3.3 Experimental evaluation

This section assesses experimental results based on heart motion compen-
sation capabilities and environment stiffness mismatches. The MPC-AOB
control architecture is implemented on our experimental platform which
is composed of the Heartbox robot equipped with an ez vivo heart repro-
ducing heart motion and the WAM robot arm (tool holder) generating
desired surgical forces on the moving heart. Parameter settings of the
control architecture are given. Then experimental tests are presented
and discussed. A conclusion highlights strong and weak points of the
control architecture.

Parameter settings

According to the MPC-AOB design section parameter tuning is a two-
step procedure. First the state feedback gain and stochastic parameters
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of the AOB loop. Then MPC parameters.

AOB Design Critically damped behaviors are appropriate for force-
based tasks, since they represent the fastest response without overshoot.
For a desired contact model K, = 900 [N/m], a damping K, = 10, and
a desired G' given by (3.23) with T,; = 3 [ms], the following state
feedback gain

L,=[1615 1.189 0.557 | (4.18)

is obtained. This T, entails a control bandwidth of about 34 [Hz|,
which is more than enough to track cardiac disturbance. The stochastic
parameters reflect the model reference adaptive control strategy, where
the uncertainties are lumped in pg. Ry is set to 1 and @)y is given by

10712 0 0
Qu=] 0 1072 0 (4.19)
0 0 10712

and
Qp, =05 . (4.20)

This stochastic design entails the AOB Kalman gain

T
Kiy=[01236 8145 0.662 0.662 | . (4.21)

MPC Design The length of the prediction horizon H, greatly in-
fluences control tracking capabilities. Extending H,, a more accurate
system is achieved but the computational time increases. Since our
control sampling time is Ty = 1 [ms], a good trade-off is achieved with
H, =30 and H, = 5. The optimal command A, is computed by
minimizing the cost function W, with

A=0.11, (4.22)

and
§ =091, (4.23)

where I, and I, are identity matrices of size H, and H,, respectively.

3D Physiological motion compensation

To evaluate compensation capabilities of the MPC-AOB architecture,
respiration and heartbeat signals along three axes are generated by the
Heartbox. The WAM robot applies forces on the moving heart attached

!Time delay has been neglected
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to the Heartbox, and the goal is to track desired forces. 3D motion
compensation results are shown in Fig. 4.7 for X, Y and Z. Blue, green
and red curves in Fig 4.7(a) represent Heartbox motion seen by the WAM
robot. The heart signals start at 5 [s] and are repeated for around 20 [s]
after a one second pause. Fig 4.7(b) shows desired (black curve) and
applied forces (blue, green and red curves). The desired force is constant
and equal to 0 [N] for X and Y, and for Z it is composed of positive
and negative ramps followed by a sinusoid with increasing frequency
from 0.2 [Hz] to 1 [Hz]. Residual forces are presented in Figs. 4.7(c),
4.7(d) and 4.7(e).Black curves in Figs. 4.7(c), 4.7(d) and 4.7(e) represent
residual forces with the Heartbox turned off. A spectral analysis through
the power spectral density (PSD) of both disturbance and residual force
is presented in Fig 4.8. From the disturbance PSD Fig 4.8(a) the two
main sources of perturbation can be identified: breathing and heartbeat.
The first two peaks represent respiration and its harmonic (0.34 [Hz] and
0.72 [Hz]), corresponding to 20 breathing cycles per minute. The last
five peaks are due to heartbeats (1.25 [Hz], 2.53 [Hz], 3.78 [Hz], 5.08 [Hz]
and 6.32 [Hz]), which correspond to 75 heartbeats per minute.

Robustness

Our cascade MPC-AOB control architecture requires an approximate
knowledge of the myocardium stiffness (see K, in (3.19)), which is set
to K, = 900 [N/m]. To assess robustness of the controller, the heart
attached to the Heartbox is replaced by other objects, such as pillow
and sponge. Off-line analysis have shown that pillow, heart and sponge
stiffnesses are 375 [N/m], 900 [N/m] and 1800 [N/m], respectively. Fig 4.9
shows experimental results for stiffness mismatches under physiological
motions for 3D constant force references. After reaching the references
0 [N] for X and Y, and —5.0 [N] for Z (around 1 [s]), the Heartbox is
turned on. Blue, green and red curves represent force responses along
X, Y and Z, respectively.
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Figure 4.7: Experimental results for 3D heart motion compensation.
MPC-AOB approach. Blue, green and red curves represent, respectively
X, Y and Z directions. (a) represents force disturbances induced by heart

motion. (b) shows desired (black curves)
curves). (c), (d) and (e) depict residual forc
on and off.

86

and applied forces (colored
es with the Heartbox turned



Synthesis

Force responses under physiological motions (Fig. 4.7) show excellent mo-
tion compensation performances. Disturbance maximal amplitudes are
reduced by 90% for X axis, 84% for Y axis and 93% for Z axis. Maximal
amplitudes of residual forces are around 0.22 [N] and the RMS values
are around 0.06 [N] for all axis, which correspond to residual motions
in the order of 0.27 [mm)], considering a heart stiffness of 810 [N/m)].
Comparing PSD signals of the cardiac disturbance (Fig. 4.8(a)) and the
residual force (Fig. 4.8(b)), the compensation effect is obvious. Breath-
ing and heartbeat spectral peaks are heavily reduced. Breathing and
cardiac fundamental components are decreased by a factor of 200 and
20, respectively.

Maximal amplitudes of the residual forces and corresponding RMS
values are not really affected by stiffness mismatches, but the increase
of high frequency terms for the stiffer case can be clearly seen at the
beginning (see Fig 4.9 during the first second, before turning on the
Heartbox). Stiffer environments get unstable. Decreasing the value
of ¢ improves system robustness and stability, but it degrades motion
compensation capabilities.
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Figure 4.8: Power spectral density analysis of cardiac disturbance and
residual force. Experimental results for MPC-AOB approach. X, Y and
7 directions are represented by blue, green and red curves, respectively.
(a) represents PSD of the force disturbance seen by the WAM robot and
induced by beating heart motion. (b) represents PSD of the residual
force (i.e., force error). Two zoom views are shown highlighting major
spectral peaks of the residual force.
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Figure 4.9: [Experimental results for stiffness mismatches under physio-
logical motions. MPC-AOB controller]. Force references are constant
and equal to 0 [N] for X and Y, and —5.0 [N] for Z. Physiological mo-
tions are introduced at 1 [s] along the three Cartesian directions. Three
experiments with environment stiffness equal to 375 [N/m], 900 [N/m]
and 1800 [N/m] depending on the object fixed to the Heartbox: pillow,
heart and sponge, respectively. In all experiments, the control design
assumes a stiffness of K, = 900 [N/m].
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4.3.4 Conclusion

The MPC approach presented in the chapter 3.5 has shown good per-
formances for motion compensation and good robustness capacities
for modeling errors. But residual force amplitudes are too high this
approach to consider this control architecture without improvements
[Dominici et al., 2011]. Since the system plant is asymptotically unstable
an AOB loop is introduced as inner-loop to imposes stable closed-loop
dynamics. Then the MPC controller drives the AOB loop by generating
force references. The motion compensation capabilities of the system
are significantly increased. Maximal amplitudes of residual forces are
0.20 [N], 0.18 [N] and 0.27 [N] for X, Y and Z axis respectively. Con-
sidering a heart stiffness of 810 [N/m], corresponding residual motions
are equal to 0.25 [mm]|, 0.22 [mm| and 0.33 [mm]| for X, Y and Z axis
respectively. Robustness analysis has been performed for under and
over stiffness mismatches in the presence of heart motions. Results
have shown excellent robustness capabilities, with stable behaviors up to
200% stiffness mismatches. But high frequency components in the force
data indicate system behavior closed to instability. Decreasing the value
of 4 improves system robustness and stability, but it degrades motion
compensation capabilities. Therefore, an online stiffness adaptation of
the K, value is needed to have enough robustness to interact with hard
contact.
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4.4 Conclusion for cascade controllers

This chapter has presented a comparative study of two cascade force
control architectures for physiological motion compensation. According
to the application domain (beating heart surgery), physiological motion
compensation capabilities and robustness of both controllers have been
evaluated. Decoupling system robustness from the compensation func-
tionality greatly increase overall performances. All numerical results are
summarized in tables (4.1), (4.2) and (4.3). Both cascade dAOB and
MPC-AOB control architectures have shown excellent complex motion
compensation capabilities even under high stiffness mismatches. How-
ever high frequency components in the force response of both controllers
indicate a system behavior close to instability. Stability can be increased
at the expense of motion compensation performances. Therefore, an
online stiffness adaptation of the K, value is needed to have enough
robustness to interact with hard contact.

dAOB (F, variable) MPC-AOB (F, variable)

X mazimal [N] 029 020
RMS [N] 0.10 0.07
v mazimal [N] 024 0 18
RMS [N] 0.05 0.04
7 mazimal [N] 036 027
RMS [N] 0.11 0.08

Table 4.1: Residual forces for dAOB and MPC-AOB control architectures
under physiological motions.

90



dAOB (F, constant) | Pillow (200 [N/m])  Heart (930 [N/m]) Foam (1900 [N/m])

% maximal [N] 028 027 040
RMS [N] 0.11 0.10 0.14
v mazimal [N] 025 031 032
RMS [N] 0.07 0.07 0.07
” mazimal [N] 033 029 037
RMS [N] 0.12 0.10 0.09

Table 4.2: Residual forces for dAOB control architecture under physio-
logical motions and stiffness mismatches.

MPC-AOB (F, constant) | Pillow (375 [N/m])  Heart (900 [N/m]) Foam (1800 [N/m])

X mazimal [N] 020 020 020
RMS [N] 0.08 0.08 0.07
v maximal [N] 020 020 023
RMS [N] 0.06 0.056 0.05
7 mazimal [N] 026 024 022
RMS [N] 0.09 0.08 0.08

Table 4.3: Residual forces for MPC-AOB control architecture under
physiological motions and stiffness mismatches.
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Un homme sage ne croit que la
moitié de ce qu’il lit. Plus sage
encore, il sait laquelle

Unkown

Cardiovascular diseases are the first cause of mortality in the world.
To reduce patient’s risk of death, heart surgeries are common proce-
dures. Most of surgical interventions require a cardiopulmonary bypass,
where heart and lung functionalities are performed by an extracorporeal
machine. Complications and post-operatory mortality involved by the
use of heart-lung machine have motivated the beating heart surgery.
Heartbeats and respiration are the two main sources of disturbances
during off-pump surgeries. Respiration yields large cyclic displacements
and heartbeat motions involve high acceleration displacements. The sum
of both is very disturbing for the surgeon and manual tracking cannot
be achieved. Robotic assistance has the potential to offer significant
improvements to the medical practice in terms of precision, safety and
comfort. The da Vinci surgical system, the most popular and sophisti-
cated surgical platform, has considerably improved dexterity, precision
and safety. But this robotic system does not provide solutions for restor-
ing tactile feedback to the surgeon and physiological motions still need
to be manually compensated by the surgeon.

The work presented in this thesis was focused on autonomous motion
compensation. New control architectures have been designed based
on force feedback and evaluated through ez vivo experiments. This
chapter is divided in two sections. First an overall conclusion highlights
performances and capabilities of our cascade control architectures. Then
in second time, future works is presented.
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5.1 General conclusion

The work presented was focused on the problem of autonomous motion
compensation for robotic assistance in beating heart surgery. Two ad-
vanced control designs based on AOB and MPC techniques have been
presented and analyzed. Heart motion compensation capabilities and
robustness to stiffness mismatches have been evaluated through exper-
imental assessments. Both controllers have shown good performances
for force control under external perturbations. However residual force
amplitudes were too high to consider these control architectures without
improvements. The robustness analysis performed for soft and hard
environment stiffness mismatch scenarios has highlighted robustness ca-
pabilities of both approaches. Nevertheless high frequency components,
in AOB controller force responses, has indicated a system behavior close
to instability for a contact with a bone or a surgical tool.

Since motion compensation performances of both controllers could
not be improved without introducing system instability, we developed
two new cascade control architectures: the dAOB and the MPC-AOB.
The idea was to decouple robustness to internal disturbances due to mod-
eling errors from compensation of external perturbations. The dAOB
and MPC-AOB controllers have been built around an AOB main loop
to deal with system disturbances. A second loop has been added to cope
exclusively with heart motion perturbations. This extra loop is based
on AOB design for the dAOB approach and based on MPC method
for the MPC-AOB architecture. Both cascade control approaches have
been presented, their architectures detailed and their designs explained.
Experimental assessments have been performed through a realistic sce-
nario. A Heartbox robot equipped with an ex vivo heart reproduces
heart motion and a robot arm generates desired surgical forces on the
moving heart. Additionally, robustness analysis has been performed for
several stiffness mismatches, by using sponge and pillow as targets, in
the presence of heart motions.

High quality results have been achieved. Both cascade dAOB and
MPC-AOB control architectures have shown excellent complex motion
compensation capabilities even under high stiffness mismatches. Residual
forces are smaller than any results in the scientific literature and have
been attained without a priori knowledge of heart motion.
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5.2 Perspectives

The main goal of this work was to develop a force control architecture
which have autonomous 3D compensation capabilities of disturbances due
to cardiac and breathing motions, while tracking time varying surgical
force references. The challenge was to use no a priori information about
these disturbances, relying the control actions on measured forces and
on a generic/ simple contact model. Two force control architectures have
been developed and experimentally evaluated through realistic scenarios.
Physiological motion compensation performances of both controllers are
far away better than any results in the literature.

Assessments to stiffness mismatches have shown a high quality ro-
bustness to internal disturbances. However high frequency components
in the force response for both controllers indicate a system behavior
closed to instability for a contact with a bone or a surgical tool. This is a
first improvement which can be done in a future work, an online stiffness
adaptation of the K, value to allow interaction with hard target.

Both control architectures are based on force feedback and they
require a permanent contact with the target. Such an assumption is
problematic and can not be respected during the whole surgical act:
during free-space phase, for example, the system can not achieve motion
compensation. Adding to the experimental platform a vision system
could feedback the control system with another source of data and allow
motion compensation without contact. This is a second improvement
which could be done.

Desired forces used for experimental tests, realized in this work, were
generated by some mathematical functions. A third improvement could
be to complete the experimental setup with a phantom device which
is a manipulation interface for the surgeon. From surgeon’s gestures
force trajectory references can be generated and interaction forces could
provide the haptic feedback for him.

Merging autonomous motion compensation techniques with a hybrid
force/vision controller, an haptic feedback and an online stiffness estima-
tion could provide a fully operational teleoperated surgical platform.
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