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CONCEPTION ET VALIDATION D’UN SYSTEME DE COMMANDE D’UN
ROBOT D’ECHOGRAPHIE 3D DESTINE AU BALAYAGE DES MEMBRES
INFERIEURS

Longfei ZHAO

RESUME

La maladie artérielle périphérique (MAP) est un probléme circulatoire commun qui se
manifeste habituellement par un rétrécissement artériel dans les membres inférieures. Sans
approvisionnement sanguin suffisant, le patient peut souffrir de la claudication intermittente
et peut méme subir une amputation. Plusieurs personnes atteintes de la MAP ne le réalisent
pas au premier stade. Par conséquent, le diagnostic devient trés important.

Parmi les techniques d'imagerie médicale les plus courantes pour le diagnostic de la MAP, on
retrouve 1’échographie qui est une approche peu dispendieuse qui ne fait intervenir aucun
rayonnement nocif pour la santé. Par contre, les radiologues et les techniciens qui utilisent
réguliérement les échographes peuvent développer des troubles musculo-squelettiques a
cause des mouvements qui doivent étre appliqués a la sonde échographique. Qui plus est, les
données obtenues a partir d’une échographie manuelle ne sont pas suffisantes pour
reconstruire une image tridimensionnelle de l'artére, ce qui est nécessaire pour un diagnostic
approfondi.

Les robots médicaux dédiés a 1’automatisation de la prise d’échographies permettent de
libérer le radiologue en plus de fournir des données précises pour la reconstruction d’une
image tridimensionnelle de 1’artére. Cependant, la plupart des robots d'échographie médicale
existants ne sont pas adaptés au diagnostic de la MAP des membres inférieurs puisqu’ils sont
congus a d'autres fins.

Dans cette ¢tude, nous présentons un robot d’échographie médical congu spécifiquement
pour le diagnostic de la MAP des membres inférieurs. La plate-forme robotique est d'abord
présentée en détail. Les modeles cinématiques (directe et inverse) sont résolus grace a la
décomposition du robot paralleéle en plusieurs sous-mécanismes simples. Les singularités et
I’espace de travail sont également discutés.

Pour assurer la précision du systéme, le robot proposé est étalonné par des mesures directes
des coordonnées de la sonde en utilisant un laser de poursuite. La méthode d'étalonnage
utilisé est facile a mettre en ceuvre sans nécessiter une connaissance avancée de I'étalonnage
ni de calculs laborieux. Les résultats de cet étalonnage montrent que certaines erreurs sont
occasionnées par la fabrication et 1'assemblage de ce prototype. Néanmoins, 1'étalonnage
réalisé permet une amélioration significative de la précision du robot.

Un systeme de commande par admittance est ensuite proposé pour adapter la rigidité variable
rencontrée lors de I’interaction humain-robot. Une utilisation intuitive de la théorie de la
passivité est propos€e pour garantir que le modele d'admittance demeure toujours passif
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malgré les variations des paramétres de masse et d’amortissement. Enfin, des analyses
expérimentales impliquant une interaction avec un humain démontrent I'efficacité du systéme
de commande proposé.

Mots-clés: robot médical, robot parallele, maladie artérielle périphérique, diagnostic par
¢chographie, étalonnage de robots, contréle d’admittance, théorie de la passivité.



DESIGN AND VALIDATION OF A SYSTEM FOR CONTROLLING A ROBOT FOR
3D ULTRASOUND SCANNING OF THE LOWER LIMBS

Longfei ZHAO

ABSTRACT

Peripheral arterial disease (PAD) is a common circulatory problem featured by arterial
narrowing or stenosis, usually in the lower limbs (i.e. legs). Without sufficient blood supply,
in the case of PAD, the patient may suffer from intermittent claudication, or even require an
amputation. Due to the PAD’s high prevalence yet low public awareness in the early stages,
its diagnosis becomes very important.

Among the most common medical imaging technologies in PAD diagnosis, the ultrasound
probe has the advantages of lower cost and non-radiation. Traditional ultrasound scanning is
conducted by sonographers and it causes musculoskeletal disorders in the operators. In
addition, the data obtained from the manual operation are unable for the three-dimensional
reconstruction of the artery needed for further study.

Medical ultrasound robots release sonographers from routine lifting strain and provide
accurate data for three-dimensional reconstruction. However, most existing medical
ultrasound robots are designed for other purposes, and are unsuited to PAD diagnosis in the
lower limbs.

In this study, we present a novel medical ultrasound robot designed for PAD diagnosis in the
lower limbs. The robot platform and the system setup are illustrated. Its forward and inverse
kinematic models are solved by decomposing a complex parallel robot into several simple
assemblies. Singularity issues and workspace are also discussed.

Robots need to meet certain accuracy requirements to perform dedicated tasks. Our robot is
calibrated by direct measurement with a laser tracker. The calibration method used is easy to
implement without requiring knowledge of advanced calibration or heavy computation. The
calibration result shows that, as an early prototype, the robot has noticeable errors in
manufacturing and assembling. The implemented calibration method greatly improves the
robot's accuracy.

A force control design is essential when the robot needs to interact with an
object/environment. Variable admittance controllers are implemented to adapt the variable
stiffness encountered in human-robot interaction. An intuitive implementation of the
passivity theory is proposed to ensure that the admittance model possesses a passivity
property. Finally, experiments involving human interaction demonstrate the effectiveness of
the proposed control design.

Keywords: medical robot, parallel robot manipulator, peripheral arterial disease, ultrasound
diagnosis, robot calibration, variable admittance control, passivity theory.
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INTRODUCTION

Peripheral Arterial Disease — A serious condition of the arteries

Peripheral arterial disease (PAD) is a common vascular problem characterized by the
obstruction of the blood flow in the arteries in limbs (Mohler, 2003; Ouriel, 2001). PAD
usually develops in patient’s legs, and the patient may suffer intermittent claudication (IC),
or even amputation (Dormandy and Rutherford, 2000). Moreover, PAD can effectively
predict cerebrovascular and cardiovascular problems (Criqui, Langer and Fronek, 1992;
Hirsch, Criqui and Creager, 2001). Consequently, PAD is considered to be a manifestation of
generalized arterial thrombotic disease, and its early diagnosis and treatment is very
important. According to a non-invasive test on a population with average age 66, more than
10% of them had large-vessel PAD (Criqui et al., 1985). Another report revealed that 8% of
men from 60 to 64 years old had a peripheral arterial occlusion (Widmer, Greensher and
Kannel, 1964). Yet another study found a 14.3% prevalence for the disease in 666 men and
women aged 60 (Schrolland Munck, 1981).

Request for a medical robot for peripheral arterial disease diagnosis

Preventive PAD examinations are quite important to protect patients from the serious
consequences of the disease. There are already several ways to detect PAD, such as physical
examination, the ankle-brachial index, segmental pressure and pulse volume recordings
(Mohler, 2003). However, when it is necessary to pin-point occlusions more precisely or to
fully characterize the morphologic features of occlusions, medical imaging techniques
usually provide better results. Among the most common medical imaging techniques like
angiography, ultrasound (US) scanning, computed tomography and magnetic resonance
angiography, ultrasound outweighs the others due to the lower cost of its being a non-
radiation technique (Norgren et al., 2007). Currently, most US examinations are manually
operated by a sonographer. A survey has revealed that the repetitive strain of daily US

examinations over many hours causes musculoskeletal disorders in sonographers (British



Columbia Ultrasonographer's Society, Healthcare Benefit Trust and Health Sciences

Association, 1996; Vanderpool et al., 1993).

A medical US robot, however, can bear the load of the probe, and assist the sonographer in
performing the PAD examination. Moreover, a medical US robot has the advantage of
collecting the position data during the US scanning operation. Firstly, the robot obtains its
joint position in real time from position sensors fixed on the actuator motors. Secondly, the
position of the probe is calculated by the kinematic model of the robot. The US probe once
calibrated, coordinates of the features of the US imagery are mapped onto the robot’s
workspace. This essential information can then be used for a three-dimensional (3D)
reconstruction and further diagnosis. Much work has been undertaken in designing medical
robots to perform US scanning, and they will be explored in the literature review in Chapter
2. However, most of them are designed to perform US scanning in the carotid or abdominal
area. They are inadequate for PAD examination in the lower limbs due to the complexity of

the arterial features in that area.

Project objective

The objective of this thesis is to provide a medical robot solution for a system to assist
sonographers in performing PAD diagnosis in the lower limbs. A new medical robot
prototype — the Medical Robot for vascular Ultrasound Examination (MedRUE) — is
introduced to perform ultrasound scanning for PAD examinations of the lower limbs. The
MedRUE is a parallel medical robot with six degrees of freedom (DOF). In this project,
MedRUE will place an ultrasound U.S. probe to the desired location by providing reference
coordinates, or under the guidance of the sonographer. The project objective can be
demonstrated as three subtasks:
e Solve MedRUE's kinematic model, inverse kinematic model, and analyze the
singularity issues and workspace
e Assess the repeatability and accuracy of MedRUE, and calibrate the kinematic
parameters of MedRUE



e Design a motion and force controller to assist the sonographer in performing the

PAD examination

Innovation & contribution

Based on our review of existing medical robots for ultrasound scanning, no sophisticated
robot system has been designed for PAD diagnosis in the lower limbs. Consequently this
thesis studies MedRUE, a prototype expressly designed for ultrasound scanning in the lower
limbs. We demonstrate the distinctive kinematic model of MedRUE. Its complex parallel
structure is deconstructed into four parts. With detailed study of each part, the kinematic

solution is achieved in an easily-understood way.

A direct measurement method is used in the calibration of MedRUE. It requires no advanced
calibration knowledge and is very practical and easy to implement. This approach identifies
the parameters individually, and therefore reduces the nonlinear interference among

parameters found in conventional calibration methods based on an optimization approach.

In MedRUE's force controller, a novel approach for integrating passivity theory and variable
admittance control is demonstrated. On one hand, variable admittance control is a new
approach in force control, but its stability issues remain uncertain for different parameter
variation laws. On the other hand, passivity theory has been commonly used to ensure system
stability in a conservative manner. We propose employing the passivity theory to ensure that

the variable admittance controller possesses a passivity feature in a general way.

Organization

This thesis contains an introduction, four chapters, a conclusion and an appendix. The
introduction briefly demonstrates the significance of this project and its contribution. Chapter
1 provides a comprehensive review of the project's three essential subject areas: the robot

platform, calibration, and force control. Three articles, from Chapter 2 to Chapter 4



respectively, are presented to discuss the methods applied in these three areas. The
conclusion summarizes the thesis, and introduces potential subjects for further development.

The content of each Chapter and appendix is briefly outlined as follows:

Chapter 1. Literature Review: Background knowledge of PAD is first introduced, and then
existing medical ultrasound robots are explored. We conclude that MedRUE is the unique
medical robot expressly designed for PAD diagnosis in the lower limbs. We then discuss
current knowledge and methods of robot calibration, as robots need the calibration process to
meet certain accuracy criteria. Finally, the force control for the human-robot interaction in

PAD diagnosis is reviewed at the end of the chapter.

Chapter 2. The kinematic analysis of a new medical robot for 3D vascular ultrasound
examination: MedRUE —a robot dedicated to PAD diagnosis in the lower limbs—is
presented in this chapter. The forward kinematic and inverse kinematic solutions are
provided, together with the methods based on its intuitive geometric design. Its singularity

issues and workspace are discussed at the end.

Chapter 3. Metrical evaluation of a novel medical robot and its kinematic calibration: A
kinematic model for the calibration of MedRUE is provided with parameter errors. Its
repeatability and accuracy are assessed before calibration. Then, the calibration method,
which is based on direct measurement with a laser tracker, is presented. The calibrated

parameters are provided, and the validation results show the improvement after calibration.

Chapter 4. A new passivity-based approach to the stability design of a variable admittance
control: An admittance control with variable parameters is developed for human robot
interaction, as the stiffness of humans varies according to muscle stimulation. The passivity
theory is integrated into the variable admittance control to restrain the admittance model into
remaining passive. The accompanying experiment shows that the proposed control can

successfully retrieve the passivity property when the system attempts to be active.



Appendix I. Motion controller design of MedRUE: The dynamics of MedRUE is briefly
introduced. Then , the design of motion controller is demonstrated. The motion controller of
MedRUE consists of three parts: PID controller, friction compensator and gravity
compensator. The appendix complements additional information which is not included in the

Chapters.






CHAPTER 1

LITERATURE REVIEW
1.1 Introduction to peripheral arterial disease and its diagnosis
1.1.1 Definition of peripheral arterial disease and its prevalence

The circulatory system, also named the cardiovascular system, allows blood to circulate and
transport nutrients, hormones, oxygen, et cetera. Humans have a closed network
cardiovascular system consisting of arteries, which supply blood to the organs and
extremities, and veins, which return blood to heart to be replenished with oxygen. Inside a
healthy artery, the lining is smooth to promote a steady flow of blood. For certain reasons,
the vessel walls may become sticky and substances in the blood start to accumulate on it,
including fatty deposits, proteins, calcium, et cetera. A stenosis or thrombus forms in the
artery after certain time. Then the artery is narrowed or progressively blocked, and nutritious
are not able to arrive the organs and tissues. Peripheral arterial disease occurs and consequent
symptom appears. Figure 1.1 illustrates the comparison between healthy artery and narrowed

artery in PAD in lower limbs.
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Figure 1.1 Comparison between healthy artery (left) and narrowed
artery in PAD (right)
(Taken from https://www.nhlbi.nih.gov/health/health-topics/topics/pad)

PAD is a very common disease worldwide, and it has caught increasing public attention in
recent years. Early research shows that the prevalence of PAD significantly increases with
ages (Criqui et al., 1985), from less than 3% in under 60 years old to over 20% in over 75
years old. Numerous studies demonstrate the high prevalence of PAD (Criqui, Langer and
Fronek, 1992; Gandhi et al., 2011; Gornik and Beckman, 2005; Hirsch, Criqui and Creager,
2001; Sharma and Aronow, 2012), and the result of one of them is illustrated in Figure 1.2.
Moreover, a review based on 34 studies and 112 027 participants shows that the global
prevalence of PAD increased by 24% between the year 2000 (164 million) and 2010 (202
million) (Fowkes et al., 2013).
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Figure 1.2 Prevalence of PAD by age and sex in 6880 patients
(Diehm et al., 2004)
1.1.2 Symptoms and diagnosis of peripheral arterial disease

In terms of the high prevalence yet low public awareness of peripheral arterial disease, the
condition is generally agreed to be the most underdiagnosed and least managed of the
atherosclerotic diseases (Mohler, 2003). Approximately 40% of patients with PAD are
asymptomatic, while 50% of patients have only atypical symptoms. Only 10% of patients
have symptoms of intermittent claudication (Schirmang et al., 2009). As PAD develops more
severely, arterial stenosis and occlusion may lead to critical limb ischemia or even gangrene

(Minar, 2009). Table 1.1 shows the severity of PAD defined by Fontaine and Rutherford.

Early diagnosis is recommended to stop the development of PAD before intermittent
claudication symptoms appear. Furthermore, the diagnosis of PAD predicates the presence of
other arterial disease, such as coronary artery disease and cerebral artery disease (Hirsch,
Criqui and Creager, 2001). PAD can be easily diagnosed by current technology, such as

physical examination, the ankle-brachial index (ABI), segmental pressure and pulse volume
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recording (Mohler, 2003). However, when it is necessary to locate occlusions precisely or to
fully characterize the severity and morphologic features of occlusions, medical imaging

techniques usually provide good results.

Table 1.1 The severity of PAD defined by Fontaine and Rutherford (Norgren et al., 2007)

Fontaine Rutherford
Stage Clinical Grade | Category Clinical
I Asymptomatic 0 0 Asymptomatic
ITa Mild claudication I 1 Mild claudication
Moderate to severe o
IIb o I 2 Moderate claudication
claudication
I 3 Severe claudication
I Ischemic rest pain II 4 Ischemic rest pain
I 5 Minor tissue loss
v Ulceration or gangrene
11 6 Major tissue loss

Table 1.2 provides a comprehensive list of medical imaging technologies that have been used
or proposed for evaluating vulnerable plaque—the major cause of PAD and many other
vascular diseases. The invasive methods used have become the traditional standard for
vascular medical imaging. However, non-invasive technologies have the advantage of being
painless and offering greater comfort during the examination. Among the non-invasive
methods shown, computed tomography (CT) and nuclear scintigraphy produce medical
images by radiation, which potentially raises the risk of complications. Magnetic resonance
angiography (MRA) is free of radiation and, like computed tomography, is able to provide
high-resolution 3D imaging (Chan, Anderson and Dolmatch, 2010). However, MRA
equipment is very expensive and it consequently raises the cost per patient. In the case of
PAD, patients are encouraged to undergo examination on a regular basis. To that end,
ultrasound scanning scores over other non-invasive technologies in being low cost and free

of radiation.
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Table 1.2 Imaging modalities to evaluate vulnerable plaque (Lau et al., 2004)

Features Detected

_E E E |_=| 2| ¢ |g o
. S 2 = = - - =
Imagll.lg =K = g E o Lw) 5 g E 'g Comments
Modality &5 |22E|¥3| 2| 5 |E=| 2| §
s |S$5T|EE E|R|E |5 E
2|77 T E|R|E|YF
Invasive Methods
Angiography NA v \ v Reference standard for stenotic lesions
Intravascular Characterizes vessel wall and morphology; good
Ultrasound 40~100 10 v v v v v for calcified plaque, poor for lipids

Affords direct visualization of the lumen surface,
Angioscopy Visual Poor v N v v using colour and surface appearance to identify
vulnerable plaques

Optical Provides cross-sectional images of the vessel wall
Coherence 2~30 1~2 \/ v v \/ \' | and quantifies fibrous cap thickness and the extent
Tomography of lipid collections

Images temperature heterogeneity due to rises in

Thermography 500 Poor temperature in macrophage-rich areas in plaque

Raman 1~15
Spect‘roscopy NA N N N N Analyzes the Raman spectrum for the chemical
Near infrared 2 composition of atherosclerotic plaque
Spectroscopy
Intravascular Measures cap thickness and characterizes
MRI 160 Good v v v v v atherosclerotic lesions
Non-invasive Methods
Surface Characterizes vessel wall and morphology;
Ultrasound L oot v v v v v good for calcified plaque, poor for lipids
Computed NA N N More useful for the detection of calcified
Tomography plaques
Nuclear NA N N Based on the specific binding of radioactive-
Scintigraphy labeled molecules to the target tissue
Standard MRI 300 Good N N N N N Measures cap Athlckness and characterizes
atherosclerotic lesions
1.2 Medical ultrasound robots for diagnosis of peripheral arterial disease

Traditional ultrasound scanning, such as B-mode scanning, does not map stenosis in the 3D
required for further treatment such as an intervention. Some enhanced 3D/4D ultrasound
probes can obtain 3D images in a localized area, but operators are still needed to perform the
scan through over the lower limbs. The medical image and the corresponding position of the
probe are essential for 3D reconstruction of interested artery. However, the position data of
the probe is lost when sonographers manually perform the US scanning. Furthermore,
sonographers suffer from musculoskeletal disorders due to constantly repeating the procedure

over time, and the strain of holding the equipment (Craig, 1985; Vanderpool et al., 1993).
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According to a survey of 232 sonographers, work-related musculoskeletal symptoms are
high, and two thirds have to seek medical help for their symptoms (Evans, Roll and Baker,
2009). Those sonographers who examine PAD in the lower limbs are even more at risk of

suffering from musculoskeletal disorders as the procedure takes longer than others.

Medical robots have therefore been developed to assist human beings in various health issues
(Speich and Rosen, 2004). Performing ultrasound scanning with robots has the following
advantages:

i.  Robots offer high degrees of precision, dexterity and repeatability. Furthermore the
US images can be easily paired with the pose (position and orientation) data. This
information is essential to carry out the 3D reconstruction required for further
intervention.

ii.  The robot releases sonographers from the physical strain of a lengthy operation
procedure, and therefore protects them from potential risk of musculoskeletal
disorders.

iii.  The medical US robot system can be controlled remotely. This provides a solution in

long-distance medical assistance where no medical experts are present.

Many US scanning robots have been designed for various implementations (Priester,
Natarajan and Culjat, 2013). Some representative projects are reviewed in the following
subsections. Grouped by the area scanned, most medical US robots are designed to perform
examinations in the abdomen, neck and lower limbs. General information on these robots is

introduced as follows, and their capabilities for PAD scanning are summarized.

1.2.1 Medical ultrasound robots designed for chest and abdomen area diagnosis

Portable ultrasound robots are easily placed on the scanning area, but their workspace of the
robot itself is quite limited. TERESA is tele-echography project, which allows experts on a
master site to control a medical US robot on a slave site (Arbeille et al., 2003; Gourdon et al.,

1999; Vieyres et al., 2003). Later, OTELO, a European project based on the TERESA system
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was proposed. In the OTELO system, the master site and the slave site communicate via
satellite or 3G network. In addition, OTELO has 6-DOF as opposed to 4-DOF in TERESA
(Courreges, Vieyres and Istepanian, 2004; Vieyres et al., 2006). As a result, extra translation

motion has been added to extend the flexibility of the control from the master site.

Figure 1.3 The TERESA robot in US scanning, held by a paramedic
(Vieyres et al., 2003)

As illustrated in Figure 1.3, portable medical ultrasound robots have the advantage over other
robots of easier storage and displacement (Vieyres et al., 2003). However, a paramedic has to
hold the robot during the scanning process. The robot system is about 3kg in weight, which
can cause fatigue and distraction to the paramedic after a lengthy session. In the long run, the
paramedic has a high risk of suffering from musculoskeletal disorders. Moreover, the

corresponding position of the robot when US image is recorded remains unknown.
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Kohji Masuda and his colleagues have developed a medical ultrasound robot for abdominal
examinations (Masuda et al., 2001a; Masuda et al., 2002). The US robot consists of a gimbal
mechanism, a pantograph mechanism and a slide mechanism as shown in Figure 1.4. The
probe is fixed on the gimbal, which provides orientations through 3 independent motors. The
3-DOF translations are achieved by two symmetric pantograph and slide mechanisms. A
motor is located at the bottom of the each of the two pantograph mechanisms. Latitudinal or
altitudinal translation is controlled by driving the two pantograph mechanisms in the same or

opposite directions. Longitudinal translation is controlled by the slide mechanism.

Figure 1.4 Medical US robot from Ehime University, Japan
(Masuda et al., 2002)

The medical US robot from Ehime University frees the sonographer or paramedic from the
exertion of holding the equipment. However, the robot's load is transferred to the patient,
who has to bear the entire robot's weight (about 3.3kg) during the examination. This may

lead to an unpleasant experience for specific patients, such as the elderly or pregnant women.
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The cable medical ultrasound robot, TER, is another featured robot developed for US
scanning in the abdomen (Gonzales et al., 2001; Martinelli et al., 2007; Vilchis et al., 2002).
This particular cable-driven robot is lightweight and semi-rigid. It consists of four straps on
four corners and a gimbal in the center as shown in Figure 1.5. The four straps are connected
to the gimbal mechanism and control the translation motion in the horizontal plane. The
gimbal mechanism is a serial robot with four independent motors. Three of the motors
control the orientation of the probe, and the last motor controls the translation motion along

the probe axis.

Figure 1.5 The cable US robot TER on a patient
(Vilchis et al., 2003)

TER's advantages lie in its compact and light design in relation to its large workspace.
However, the system is only capable of performing US scanning on a flat surface. The non-
rigid property of the cables severely curtails the precision of the robot as well. Experiment
results (Vilchis et al., 2003) show that the error of the translation motion is around £20mm.

Therefore, the TER system can hardly provide reliable and precise data for further treatment.
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1.2.2 Medical ultrasound robots designed for neck area diagnosis

WTA-2R has a 6-DOF serial link passive arm and a 6-DOF parallel link manipulator (i.e.
probe holder) as shown in Figure 1.6. In the serial passive arm, each joint is equipped with a
magnetic brake. When the power of the brakes is cut off, the joints are locked for safety. A
gravity compensation mechanism is also implemented in the passive arm. The parallel probe
holder is attached to the end of the passive arm. The parallel manipulator consists of six
serial legs, and each leg is composed of a linear actuator, a universal joint and a spherical

joint.

Figure 1.6 WTA-2R, a robot system for
carotid ultrasound diagnosis
(Nakadate et al., 2009)

The sonographer holds the passive serial arm to place the parallel probe holder close the area
to be examined, and then locks the passive arm. Next, he controls the parallel probe holder to

perform the US scan. However, the workspace of the parallel probe holder is very small
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when the passive serial arm is locked. The robot is suitable for carotid area scanning, but not
for larger areas. If the serial arm is actuated, the system will become a 6-DOF parallel robot
mounted on a 6-DOF serial robot. Consequently the redundancy will be very high and the

controller design will be very complex.

Hippocrate (HIghly PerfOrming Computer for Robot-AssisTEd Surgery) project employs an
industrial robot (PA-10 from Mitsubishi Heavy Industry) for medical ultrasound scanning
(Pierrot et al., 1999). It is a 6-DOF manipulator hanging above the patient as shown in Figure
1.7. Redundant resolvers and brakes are equipped on certain joints for safety. A Harmonic
drive is mounted on each motor output shaft to limit the motion velocity. The action of the

foot pedal authorizes any motion of the robot in joint space or Cartesian space.

Figure 1.7 The Hippocrate medical robot
(Taken from http://www.goetgheluck.com/REPORT/robots/report-fr/xxx_3o0f3.html)

The manipulator for Hippocrate was validated on phantoms of vascular carotid (neck artery),
but the workspace is not well suited to performing ultrasound scanning of the lower limbs. It
can only cover the femoral area, rather than the complete leg artery. Furthermore, the control

system is limited to enslave the probe to follow a trajectory interpolated between the initial
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and final tapes. This is sufficient for the carotid artery which is short and straight, but

inadequate for the lower limb artery which is long and curved in 3D.

Figure 1.8 A fully-balanced medical US robot from University of British Columbia
(Abolmasesumi et al., 2002)

Figure 1.8 features a medical ultrasound robot with its fully balanced design. Three
adjustable counterweights are used to balance the weight of the link. This fully-balanced
design, while alleviating the danger of unexpected power cuts, obviously adds extra weight
to the platform. The robot's probe can tilt £75° around the patient's neck axis, and less than
+50° around the patient's shoulder axis, which can fulfill the requirements of a carotid artery
check. The translation range of the robot is less than 15 cm in each direction. However this

small displacement is not sufficient for performing US scanning of the lower limbs.
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1.2.3 Medical ultrasound robots designed for lower limb diagnosis

A medical imaging system was built to evaluate the positioning and inter-distance accuracies
of ultrasound scans of the lower limbs (Janvier et al., 2008). The evaluation is based on an
industrial serial robot arm (F3 from CRS Robotics Corporation) as shown in Figure 1.9. The
robot has 6-DOF and a force sensor at its end-effector. In the teach mode, the force and
torque information acquired by the force sensor generates a trajectory for the robot. In the
relay mode, the saved trajectory is transmitted to the robot's controller to repeat the
corresponding motion. Meanwhile, the 2D US probe takes images and saves them for further

3D reconstruction.

Figure 1.9 Prototype of a medical US robotic imaging system at the
University of Montreal
(Janvier et al., 2010)

The project's objective is to evaluate the accuracy of medical ultrasound robot imaging
systems. The robot platform is an industrial robot, whose mechanical structure is predefined

for general use and whose controller is sealed against customized development. Though the
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metrological evaluation is performed on a phantom of lower limb, the robot has to be

relocated to predefined positions to cover the entire lower limb workspace.

Figure 1.10 Prototype for MedRUE

MedRUE (Medical Robot for vascular Ultrasound Examination) is a prototype of a medical
parallel robot designed expressly for PAD diagnosis in the lower limbs (Zhao et al., 2013).
The initial concept of MedRUE is being proposed based on optimizing its mechanical design
to cover the lower limbs (Lessard, 2008). To that end, MedRUE is a 6-DOF parallel robot
which can cover the entire lower limb area during the medical US scanning process.
MedRUE consists of four parts, namely the mobile base, two five-bar mechanisms and the
tool part as shown in Figure 1.10. Under the mobile base, a linear guide is fixed in the
workspace, aligning lengthwise with the patient’s leg. The U-shaped robot base is mounted
on the linear guide, and the remaining structure of MedRUE is built on the robot base. The

five heaviest motors are installed on the robot base and linear guide, and only the lightest
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motor is sustained by the robot links. The “motor-on-base” design allows the robot links to
be lightweight, and thus agile and safe to control. The two five-bar mechanisms are
symmetrically assembled on the robot base, and they are linked by the tool part. The
synchronized and unsynchronized motions of these two five-bar mechanisms result in the
translation and orientation of the tool part respectively. A six-channel force sensor is
mounted on the tool part, where connecting with the dummy probe. Safety issues are also
taken into account in the robot's design. In line with research on static balancing (Lessard,
Bigras and Bonev, 2007), the torque spring has been chosen as the optimal solution due to its

simplicity of installation, lightness in weight and its linear property in computation.

1.24 Summary of medical ultrasound robots

To conclude the review of medical ultrasound robots, quite a few projects have been devoted
to ultrasound scanning in lower limbs, where PAD mostly occurs. However, most existing
medical US robots are designed for the US scanning of the chest, abdomen and neck areas.
The features of different categories of medical US robots are summarized below:

e The robots dedicated to US scanning in the chest and abdomen areas have a flat
scanning surface. They are designed to cover a large and flat working space, rather
than fulfill the dexterity requirement for US scanning in the lower limbs. Their
gimbal mechanism has the advantage of easily controlling orientation, but it also
reduces the robot's dexterity in narrow areas, such as the lower limbs.

e The robot designed for US scanning in the neck area has a very limited workspace,
which is sufficient for the carotid artery. However, the lower limb artery is much
longer and twisted, and beyond the capability of a medical US robot developed for
the carotid artery.

e The robot designed for US scanning in the lower limbs must have a long workspace,
to cover the entire lower limb artery. The geometric structure of the robot needs to be

more complex to track the twisted artery.



22

Up until our review, there has been no dedicated medical robot design for US scanning in the
lower limbs, except the MedRUE prototype — the robot studied in our project. More
information on MedRUE is provided in Chapter 2.

1.3 Review of the robot's calibration

Robot calibration is very important in applications requiring reliable accuracy. The
calibration of a medical ultrasound robot involves both probe and kinematic calibration. The
probe calibration identifies the constant transformation between the probe body and the US
images (Kim et al., 2013; Lindseth et al., 2003; Mercier et al., 2005). It is more highly related
to the US imaging system in the examination, than to the properties of the robot itself. This
thesis focuses on the kinematic calibration, which determines the geometric property of the
robot platform. The kinematic calibration of medical robots is similar to robots used in other
fields, though the requirements vary according to their applications. The geometric
calibration of the robot may depend on both the individual implementation and the robot
platform. However, in general, it is divided into four steps (Khalil and Dombre, 2004):
i.  Mathematical modeling of the robot with geometric parameters and joint values
ii.  Position data measurement in predefined robot configurations
iii.  Parameter identification

iv.  Parameter error compensation in the robot model

In this review of robot calibration, certain important concepts of robot calibration are first

introduced, followed by the methods for the four calibration procedures.

1.3.1 The robot's repeatability, accuracy and causes of accuracy error

Robots are generally required to meet certain metrological criteria, such as repeatability and
accuracy. Position repeatability and accuracy are common essential features for fulfilling

robotic tasks. The position repeatability describes the robot's ability to return to the same
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position, while the position accuracy describes its ability to reach a given reference position.
In most cases, the position accuracy is evaluated with respect to (w.r.t.) the world frame or
the robot base frame by default. Therefore, it is also called the absolute position accuracy. In
certain cases, relative accuracy is invoked to demonstrate the accuracy between each
position. Absolute accuracy and relative accuracy are bundled, but they emphasize on
different features of the robot. When the global coordinates of the robot are being considered,
the absolute accuracy shows the ability to achieve the reference position in a straightforward
manner. When the step motion from the previous position is more important, the relative
position accuracy is preferred. Repeatability is considered to be the most important feature of
industrial robots. These robots normally perform much better in repeatability than accuracy.
As a rule of thumb, the position errors are about 0.5% of the robot's dimensions, or at least
five times larger than its repeatability (Kirchner, Gurumoorthy and Prinz, 1987). The
achievable repeatability of current industrial robots is below 100um, while the standard robot

accuracy ranges between Smm and 15mm (Fixel, 2006).

For medical ultrasound scanning applications, the robot should meet certain accuracy to
assist an experienced sonographer. The 3D reconstruction of the artery after scanning also
has an accuracy requirement. There are no standard accuracy criteria for medical US robots.
However, some accuracy specifications of existing medical US robots are provided as a
reference. The TER cable robot has an accuracy of about 20mm for general inspections. The
industrial robot in the Hippocrate project has an accuracy of about 0.5mm (Pierrot et al.,
1999). The accuracy of the parallel manipulator of WTA-2R is 0.lmm within a distance of
Smm (the workspace is 10mm). Twenty-five medical US robots for needle guided ultrasound
are listed in (Priester, Natarajan and Culjat, 2013), and much of their accuracy ranges from
Imm to 3mm. The robot used to evaluate US scanning performance in the lower limbs
provides a pertinent reference (Janvier et al., 2010). Its accuracy ranges from 0.46mm to

0.75mm.

Accuracy depends on many geometric and non-geometric aspects that are listed in Table 1.3.

The geometric causes demonstrate the static differences between the designed model and the
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real robot platform. In the model's design phase, tolerance is introduced to secure certain
precision in the machining process. Very strict tolerance is hard to achieve, and it raises the
cost of manufacture. Thus, tolerance is an unavoidable source of accuracy error in the robot.
Also, in the manufacturing and assembling phases, errors either by the machines or
machinists are inevitable. Some common are as follows: the robot links have different
lengths from their nominal values; the robot base has a different dimension; the joint axes are
not aligned in the assembling, et cetera. The joint values can have offsets due to the
resolution of encoders and other facts. Inaccurate representation of the world frame and the

base frame will also add global errors in the workspace.

Table 1.3 Causes of robot in accuracy

Geometric Non-Geometric
Link length manufacuring inaccuracy Joint compliance
Assembling position offsets Backlash and Friction
Joint offsets Model simplification, computing errors
World frame and base frame locations Environment

Geometric facts are generally easy to handle by calibration methods, and they contribute
more than 90% to the robot's inaccuracy (Costa and Smaby, 1997; Judd and Knasinski,
1990). By contrast, non-geometric facts are more complex and difficult to model. They may
vary depending on the load, running time, environment, et cetera. Some non-geometric facts
can be calibrated, but generally at more cost than geometric facts and with less profit.
Therefore, in this thesis, the calibration of geometric parameters is reviewed, and non-

geometric facts are considered as randomly-distributed errors.

1.3.2 The robot's kinematic model

A robot's geometric model is essential to the robot's calibration. The nominal kinematic

model derives from the design phase of the robot. This being the case, the components have
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ideal dimensions and the assembling of each component is error free. The kinematic model
for calibration is built to include geometric errors in manufacturing and assembling, et cetera.
These geometric errors are represented by parameters, whose values will be optimized with

the calibration methods introduced in subsection 1.3.4.

Among the notations for illustrating a robot's kinematic model, the Denavit-Hartenberg (D-
H) table is the most widely used to describe open serial robots (Denavit, 1955). The D-H
table was further developed for adapting more complex parallel robots in (Sheth and Uicker,
1971). Alternative notations for general robots such as the S-model are used (Stone, 1987)
and the Zero-reference model. However, some parallel robots are represented according to

their instinctive geometric structures, rather than their general characteristics.

1.3.3 Measurement methods in calibration

Few calibration measurements are completed by the inner structure of the robot. However,
with inner sensors, the robot can be calibrated with no need for external equipment (Hangqi,
1997; Klodmann et al., 2011; Yang et al., 2002). Nevertheless, the manufacturing process
and the robot model will be more complex. Moreover, most robots only need to be calibrated
a few times in certain cases. Therefore, installed redundant sensors will not be used in most

working phases.

Most calibration measurements are completed by external measuring equipment. The most
common categories of calibration measuring equipment are: laser-based systems (Bai,
Zhuang and Roth, 2003; Lei et al., 2004; Xueyou and Shenghua, 2007), stereo vision-based
systems (De Ma, 1996; Deep et al., 2013; Zhuang and Roth, 1996; Zhuang, 1994) and
mechanics-based systems (Driels, Swayze and Potter, 1993; Joubair, Slamani and Boneyv,

2012b; Wu et al., 2011). Figure 1.11 shows three products of these three different types.

As shown in Figure 1.11(a), the laser tracker head emits a laser beam, which is then reflected

back to the receiver on the head by a mirror reflector. This laser-based measuring system has
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the advantages of long range and high accuracy. It can measure distances over 50m, and the
head can track the target through very large angle variations. The distance accuracy of the
FARO ION laser tracker is 8um + 0.4um/m, and the angular accuracy is 10um + 2.5um /m.
However, the reflector's orientation must always be visible to the laser tracker while the robot

is in motion.

1

—

| \SY

(b) (©)

Figure 1.11 Calibration measuring equipment. (a) Laser-based: FARO laser tracker; (b)
Stereo vision-based: CreaForm C-Track ; (c) mechanics-based: COORD3 coordinated
measuring machines
(Taken from http://www.deskeng.com/de/faro-launches-vantage-portable-3d-laser-tracker/;
http://www.creaform3d.com/en/ndt-solutions/c-track;
http://www.cmm-metrology.co.in/large-coordinate-measuring-machine/)

The stereo vision-based system has multiple cameras taking images in real-time. Computer
vision technology compares the images from different cameras and produces position
information w.r.t. the camera frame. Specified markers are often provided to enhance light
reflection. The accuracy of the stereo vision system is generally lower than that of the laser-
based system (Creaform C-Track 78 in Figure 1.11(b) has an accuracy of 25um), and
accuracy may suffer in poor light conditions. Nevertheless, the stereo vision system has the
advantage of measuring multiple targets at the same time. This is a significant merit when
great amounts of measuring targets are needed, such as the point cloud for reverse-

engineering.
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The mechanics-based measuring system uses a probe to physically touch the measured
object. Such mechanical measuring systems are assumed to be precisely manufactured and
modeled. When the probe touches the target object, the value of each joint is recorded and
the position of the probe is obtained based on the forward kinematic model of the mechanical
system. The mechanical measuring system is reliable and less influenced by the environment.
However, the workspace of this system is quite limited due to its dimensions. The coordinate
measuring machine (CMM) in Figure 1.11(c) is highlighted for its decoupled translation
structure, and it shows measurements directly in Cartesian space. Other mechanical
measuring systems such as the FaroArm series have a light and portable passive arm. The

accuracy of CMM in Figure 1.11(c) is below Sum, while the passive FaroArm reaches 50um.

1.34 Review of parameter identification methods

Kinematic calibration methods in serial robots are mostly for identifying D-H parameters
(Mooring, Driels and Roth, 1991; Roning and Korzun, 1997). However, the calibration
methods of parallel robots vary depending on the different geometric structures of parallel
robots. Calibration methods have been studied for various parallel robots, such as planar
robots (Joubair and Bonev, 2013; Joubair, Slamani and Bonev, 2012a), Gough-Stewart
platform (Nahvi, Hollerbach and Hayward, 1994b; Ren, Feng and Su, 2009; Zhuang, Yan
and Masory, 1998) and Delta robots (Maurine and Dombre, 1996; Traslosheros et al., 2011).

Identification problems are usually in finding the optimized values for parameters to
minimize the position error of the robot. Conventional ways to identify the geometric
parameters involve the least square optimization procedure. The linearized approach
converges more rapidly, but it may encounter the ill-condition of the identification Jacobian.
Various nonlinear algorithms have been implemented to solve calibration optimization
problems, such as the Levenberg-Marquardt algorithm (Bennett and John, 1991), the Gauss-
Newton algorithm (Guillaume and Pintelon, 1996, Maye, Furgale and Siegwart, 2013), and
the gradient-based algorithm (Baharin and Hasan, 1994; Nahvi, Hollerbach and Hayward,
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1994a; Powell, 1964; Yamane, 2011). It is noteworthy that not all geometric parameters are
identifiable. Khalil et al. propose a general method to determine identifiable parameters

(Khalil and Dombre, 2004).

1.3.5 Compensation and implementation

By using the identification methods discussed in 1.3.4, optimal geometric parameters can be
found for the kinematic model for calibration. The compensation step is, in concept, to
implement the identified parameters into the kinematic model for calibration. This can be
realized straightforwardly if both the forward and inverse kinematic models of the robot

controller are fully accessible.

However, most manufacturers of robot products seal their controllers from users. In such
cases, the kinematic parameters of the robot controller are unable to be directly updated. A
way of overcoming this problem is by implementing the identified parameters in the inverse
kinematic model as a preprocessor that is identical to the robot controller (Mooring, Driels
and Roth, 1991). Another proposed method to compensate for kinematic parameter errors is
by adding joint offsets (Dombre and Khalil, 2010). In this approach, the identified parameters
are implemented in the forward kinematic model. Numerical algorithms, such as the Newton-
Raphson method, have also been studied to find the joint offsets for compensating the
position errors in Cartesian space (Kirchner, Gurumoorthy and Prinz, 1987; Mirman and

Gupta, 1992).

1.3.6 Summary of robot kinematic calibration

The concept for the robot's calibration and the procedure steps are introduced in this section.

Alternative methods are reviewed for accomplishing each stage of the calibration.

In the reviewed robot calibrations, the parameters are generally identified by using

optimization methods. However, quite a few studies on calibration methods are based on
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direct measurement. One such calibration method, based on direct measurement, has been
used to calibrate the parallel robot MedRUE. The contribution of the proposed calibration
method is elaborated in Chapter 3.

14 Force control in human-robot interaction

Conventional motion control is inadequate for human-robot interaction. The reference
motion in motion control requires an accurate model of both robot and human limbs. The
robot's model is discussed in 1.3.2, while the model of human limbs is often difficult to
obtain. Meanwhile, interaction with the environment normally brings constraints to the
robot's motion. If the desired position is unreachable, the motion controller forces the robot to

continue until current saturation of the motors is reached, or the interactive parts are broken.

Force control is developed to regulate the robot's reaction during interactive encounters and
can be generalized into two general categories, namely direct force control and indirect force
control (Siciliano and Villani, 2000). Direct force control operates force feedback directly to
compensate for interaction force errors, and aims to meet the accurate force requirement. A
typical implementation of direct force control is the hybrid position/force control, which
controls position in the unconstrained directions and the force in the constrained directions
(Doulgeri, Fahantidis and Paul, 1998; Fisher and Mujtaba, 1992; Raibert and Craig, 1981).
However, hybrid position/force control requires an accurate modeling of the environment,
and it is intended for rigid surface contact (i.e. environments with high stiffness), rather than
interaction with humans. In contrast, indirect force control associates the position error with
the contact force through a virtual model. In most cases, the purpose of force control in
human-robot interaction is to structure proper motion behavior under certain interaction
forces, rather than to achieve a precise force value on an industrial level. Consequently,
indirect force control is widely implemented in human-robot interaction. Stiffness control,
impedance control and admittance control are the major topics of indirect force control, and

they are discussed in 1.4.1. An adaptive concept is introduced to enhance the force



30

controller's interaction with a variable environment in 1.4.2. At the end of this section,

stability issues are discussed, with an emphasis on a passivity-based approach, in 1.4.3.

1.4.1 Conventional force control in human-robot interaction

The human-robot interaction is often designed as a virtual mass-damping model. The
stiffness control is implemented in a static robot-environment interaction. The impedance
control demonstrates the dynamic properties of the interaction. Impedance control takes
motion (position, velocity and acceleration) as input and generates a force. By contrast,
admittance control takes force as input and provides motion as output, and it is considered
the reverse of impedance control (Hayward and MacLean, 2007; van der Linde and

Lammertse, 2003).

In the force controller design, the causes and effects of virtual mass-damping models can
often be chosen arbitrarily, but different approaches will generate different performances and
features (Lawrence, 1988; Yamada, Huang and Yabuta). Stiffness control is often used to
achieve a static contact. Impedance control is preferred when the robot should act as a
generalized spring with a rigid environment. Admittance control is implemented when the
robot is considered as a generalized mass. There are plenty of research results in the literature
on impedance control (Buchli et al., 2011; Cortesao, Sousa and Queiros, 2010; Dong et al.,
2013; Hace, Jezernik and Uran, 1996), but fewer on admittance control (Augugliaro and
D'Andrea, 2013; Newman and Zhang, 1994). Impedance control shows its advantages when
interacting with high stiffness environments, but it does so with lower accuracy (Hayward
and MacLean, 2007; Ott, Mukherjee and Nakamura, 2010). Given the low stiffness of
humans, an admittance control approach has been chosen as the candidate force control for

MedRUE.
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1.4.2 Adaptive force control in a variable environment

In conventional force control, the parameters of the virtual model are constants in the
interaction. However, conventional force control may present problems when the stiffness of
the environment changes. If admittance control is taken as an example, the constant
parameters of the admittance control will produce a sluggish response in a softer
environment, while they may become unstable in a harder environment. More advanced force

control is therefore required to adapt to an unknown or changeable environment.

Adaptive impedance/admittance control is gaining increasing attention in force control
design. It can be designed for different purposes:
e To regulate the motion of robots with uncertain dynamic parameters in invariant
environments (Chan et al., 1991; Tee, Yan and Li, 2010; Park and Lee, 2004).
e To regulate the motion of robots without dynamic models through neural network and
function approximation techniques (Chien and Huang, 2004; Li et al., 2013).
e To enhance the performance of the robot's interaction with an unknown, but constant
environment (Seraji, 1994).
e To enhance the performance of the robot's interaction with a varying environment.
Adaptive laws are designed to modify the parameters of the admittance model in run-

time.

In human-robot interaction, the stiffness and damping properties of human limbs vary as a
result of complex muscular stimulation (Ikeura and Inooka, 1995). Consequently, adaptive
impedance/admittance controls for varying environments have been explored. Schemas
involving human cooperation have been analyzed and stiffness in humans has been evaluated
(Ikeura and Inooka, 1995; Tsumugiwa, Yokogawa and Hara, 2002). Based on the stiffness
estimation, a variable impedance controller was developed to drive the robot cooperating

with the human.
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A general model for human-robot cooperation was proposed based on variable impedance
control (Duchaine and Gosselin, 2007). The differentiation of force was examined as a
predictor of human intention, and it varies the parameters of impedance control. The result of
this paper also reveals that the performance of velocity control overcomes position control in
human-friendly robots. Another similar approach, but with variable admittance control, was
proposed in (Lecours, Mayer-St-Onge and Gosselin, 2012). Rather than using force as the
direct indicator of human intention, designed velocity and acceleration are used. In practice, a
stable region is evaluated according to the instinctive dynamic property of the robot. The
reference values for the admittance parameters are then defined based on the estimated stable

region.

1.4.3 Stability issues in force control design

Stability is a key feature of controller design, and it is very important in controller
implementation. In linear time invariant (LTI) systems, many sophisticated methods have
been developed to guarantee system stability. In the design of a controller, the poles which
cause instability in a system can be displaced to a desired position. The Root-Locus method
and the Nyquist plot are very convenient methods for regulating a simple force controller
(Eppinger and Seering, 1987; 1989; Tarn et al., 1996). The Proportional-integral-derivative
(PID) control method and its variants can also be implemented to meet more advanced
dynamic requirements through properly tuning the parameters. Pole placement methods have
equally been developed for modern control approaches in state space (Ogata, 1997).

However, stability analysis is generally very difficult in nonlinear or time-varying systems.

The stability analysis of various force controls is generally discussed in (Lawrence, 1988;
Waibel and Kazerooni, 1991; Whitney, 1987; Zeng and Hemami, 1997). Linearization
techniques are used to cancel the nonlinear dynamics of the robot, and stability can be
achieved in the linearized system with sophisticated methods (Yoshikawa, Sugie and Tanaka,
1988). However, a linearization approach requires exact models of the robot and the

environment. In force control, it is common to interact with an uncertain or varying
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environment. Consequently, the nonlinearity of an adaptive law may be necessary to achieve
the target property of the system. Therefore, advanced stability methods for nonlinear force
control are needed. In the following content, two important approaches (i.e. The Lyapunov
stability theory and the passivity theory) for nonlinear stability are introduced, and their

implementations in force control reviewed.

The Lyapunov stability theory was originally proposed in 1892, and it has been widely used
in nonlinear system design in recent decades (Lyapunov, 1992). There are two methods
included in Lyapunov theory, but the second (or direct) method is more widely used and
referred as the Lyapunov theory by default in most cases. The Lyapunov direct method
determines the stability of a system without solving the state differential equations. This is
the key feature of its popularity since state differential equations of nonlinear systems are

very difficult to obtain in general.

In the Lyapunov direct method, if a system is asymptotically stable, its stored energy
decreases until reaching a minimum value at the equilibrium state. A straightforward
interpretation of the Lyapunov direct method is the fact that the energy of a vibratory system
decays to its minimum at the equilibrium point. The proof and implementation of Lyapunov
theory are detailed in many monographs (de Queiroz, 2000; Kurfess, 2005; Ogata, 1997;
Slotine and Li, 1991).

The Lyapunov direct method is the fundamental stability analysis method in many interaction
cases. It is implemented to analyze the stability of the robot's system when influenced by
external forces (Wen and Murphy, 1991). The Lyapunov direct method is also used for more
complicated cases, such as redundant manipulator (Khatib, 1987; Ott, Kugi and Nakamura,
2008), and multiple manipulator cooperation (Wen and Kreutz-Delgado, 1992). The
Lyapunov direct method is also implemented in adaptive control (Siciliano and Villani, 2000)

and robust control (Slotine, 1984).



34

Passivity theory is considered as another conservative approach to maintaining system
stability from an energy viewpoint. A passive system is defined in (Slotine and Li, 1991), and
passive systems have proved to be stable in a conservative approach (Bao and Lee, 2007;

Sepulchre, Jankovi¢ and Kokotovi¢, 1997).

Conventional passive control in force controllers is achieved by designing a control law
based on the estimation of the nonlinear system model. Its approach is similar to inverse
dynamic control design. However, rather than fully cancelling the nonlinearity of the system,
the passive control is designed to preserve the passivity property for the closed-loop system
(Byrnes, Isidori and Willems, 1991; Kawai et al., 2011; Siciliano and Villani, 1996;
Wimboeck, Ott and Hirzinger, 2006). This method has also been extended to the control of
flexible robots (Albu-Schiffer, Ott and Hirzinger, 2007; Ott et al., 2008) and in modeling
dynamic friction (Canudas-de-Wit and Kelly, 2007).

In recent years, a time domain passivity approach has been gaining increasing attention for
its simple and intuitive control design strategy (Hannaford and Jee-Hwan, 2002; Jee-Hwan,
Dong-Soo and Hannaford, 2004; Ryu, Kwon and Hannaford, 2004). If a system derives from
a passive status (monitored by a passivity observer), the passivity control executes and
modifies the system output to return the system to passive status. When the passivity
controller is activated to retrieve the passivity property, there is a potential risk of generating
a large pulse, which is undesirable in terms of system stability. This transient behavior is
regulated by introducing reference-energy (Jee-Hwan et al., 2005). The time domain
passivity approach to haptic human-robot interaction has been widely studied. (Gosline and

Hayward, 2007; Hannaford and Jee-Hwan, 2002; Yongqiang et al., 2011).

1.4.4 Summary of force control in human-robot interaction

Force control design is an essential subject in human-robot interaction. It regulates the robot's
behavior through the presence of an external interaction force. Conventional force control

methods have been introduced for general interaction purposes, such as stiffness control,
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impedance control and admittance control. For more uncertain or changing environments,
variable parameters are employed in the force controller model to adapt to the varying
environment. Diverse variation laws of model parameters have been discussed, and a general
method for the stability of nonlinear systems is needed. The implementation of two

celebrated nonlinear system stability analysis methods — the Lyapunov direct method and

passivity theory — have also been reviewed.

In the reviewed research, there exists no implementation for integrating the passivity theory
into a general variable admittance controller. This approach ensures the passivity of the
variable admittance model regardless of the parameter variation law. The passivity based

variable control design of MedRUE is illustrated in Chapter 4.
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Abstract

Peripheral artery disease (PAD) is a common vascular disease which can have serious
consequences for older people. Owing to the complexity of the vessels in the lower limbs,
current PAD medical robots are not desirable to diagnose PAD in this area. The kinematic
model of a novel six-axis serial-parallel robot for 3D vascular ultrasound examination of the
lower limbs is presented in this paper. The prototype of the robot is described, and then the

direct and inverse kinematic problems are solved in closed form.

Keywords: serial-parallel robot; medical robot; kinematics.

2.1 Introduction

Peripheral arterial disease (PAD) is a very common, but serious disease that occurs in the
lower limbs. It narrows, and can even block, the vessels that carry blood from the heart to the

limbs (Ouriel, 2001). According to (Sharma and Aronow, 2012), the prevalence of PAD of a
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group over 70 years old is nearly 15%, but only 10% of them have observable symptoms. If
PAD is not detected and diagnosed in time, patients will suffer intermittent claudication, and
the limb may even require amputation (Dormandy and Rutherford, 2000). Medical imaging
techniques are generally used in the diagnosis of PAD to precisely locate blockages, or
occlusions, and characterize their morphological features. Among the most common
techniques, which include angiography, ultrasound scan, computed tomography angiography
(CTA), and magnetic resonance angiography (MRA), ultrasound scan outweighs the others

regarding to its non-radiation lower cost (Norgren et al., 2007).

Several handheld medical robots have been developed for PAD diagnosis using ultrasound
imaging, such as TERESA (Arbeille et al., 2003; Vieyres et al., 2003) and OTELO
(Courreges, Vieyres and Istepanian, 2004; Vieyres et al., 2006). This type of PAD robot
requires quite a small workspace, and should be held by the technician during operation. A
survey of 232 sonographers (Evans, Roll and Baker, 2009) has revealed that the repetitive
strain of carrying this load over many working hours leads to musculoskeletal disorders.
Several other robots have been developed for ultrasound imaging of the abdominal area, such
as Ehime University’s robot (Masuda et al., 2001a; Masuda et al., 2002) and a cable robot,
TER (Martinelli et al., 2007). However, the abdominal area is flatter for ultrasound scan
purposes than a leg, and the geometric design of these robots indicates that they are
unsuitable for examining the lower limbs. The Hippocrate robot in France (Pierrot et al.,
1999) and the fully statically balanced medical robot at the University of British Columbia
(Abolmasesumi et al., 2002) are designed for PAD diagnosis in the carotid area, where the
artery concerned is fairly short and straight. Finally, in (Lessard, Bigras and Bonev, 2007),
we propose a new serial-parallel robot architecture for PAD diagnosis in the lower limbs,
where blood vessels are long, complex, and twisted. That paper presents the architecture and
a static balancing optimization for this robot, but its kinematic model is not analyzed, nor is

its prototype presented.

This paper presents hardware setup and a detailed kinematic analysis of the new medical

robot (MedRUE) shown in Figure 2.1(a), which is based on the architecture proposed in



39

(Lessard, Bigras and Bonev, 2007). MedRUE (Medical Robot for vascular Ultrasound
Examination) is suitable for lower limb PAD diagnosis as shown in Figure 2.1(b), and the
workspace covers the entire lower limb area that needs to be scanned. Moreover, the robot
has sufficient dexterity to insert and rotate a probe in the narrow space of a lower limb. The
remaining sections are organized as follows. In section 2, the robot specifications and setup
are discussed in detail. In sections 3 and 4, we present the direct and inverse kinematics of
MedRUE respectively. In section 5, we address the singularity issues. Our conclusions are

given in section 6.

2.2 Robot architecture and hardware setup

MedRUE has a patented serial-parallel architecture (Lessard, Bonev and Bigras, 2010)
designed to follow the complex and twisted structure of the artery in lower limbs. It can be
regarded as comprising four components: a mobile base, two five-bar mechanisms, and a tool

part as shown in Figure 2.1(b).

Figure 2.1 (a) MedRUE robot prototype; (b) MedRUE simulation

The mobile base is attached to the carriage of a LinTech 150 series linear guide. This allows
MedRUE to translate along the x( axis off the base frame Oy, and it covers the length of a
typical lower limb. This decoupled design has made it possible to minimize MedRUE’s
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dimensions. Furthermore, because four of its six motors are mounted on the mobile base, the

rest links of the robot is relatively light and nimble.

The two symmetrical five-bar mechanisms are attached to the mobile base. They work in
parallel planes perpendicular to the direction of the base linear guide. The combined motion
of these two mechanisms enables the translation and orientation of the ultrasound probe

along y and z, axes.

Table 2.1 Specifications of the Main Components

Mass Length Other features

091 m .
Robot 45 kg ' Full extension: 0.687 m
(linear guide)

Five-bar mechanism inks

actuated bars 0.68 kg 0.40 m Inertia: 0.013 kg'm®
passive bars 0.82 kg 0.52 m Inertia: 0.024 kg'm?
Tool part

Telescoping double universal joint 0.90 kg 0.080 m Radius: 0.030 m

force sensor and ultrasound probe 0.50 kg 0.176 m Radius: 0.020 m

The tool part connects the extremities of the two five-bar mechanisms through two passive
universal joints. A passive prismatic joint is located between the two universal joints to
compensate for the change in distance between the two extremities of the five-bar
mechanisms. A small motor is located on one of the mechanisms to drive the rotation of the

tool part.

The general specifications of the robot and main components of MedRUE are listed in Table

2.1. They are based on of an optimal design for MedRUE workspace as detailed in section 5.
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The main components are made of aluminum alloy 6061-T6, and the shafts and pins are

fabricated with alloy steel 4140.

Table 2.2 MedRUE Motors and Drivers

Actuators 0, 01, 03, 04, Os Os

Drivers Danaher S20660VTS Danaher S20260VTS | Maxon ADS 50/5

Servomotors Kollmorgen AKM42G | Kollmorgen AKM31E Maxon 31007SP
Mass 3.4 kg 1.6 kg 0.24 kg
Inertia 1.5 x 10" kg.m’ 0.33 x 10°kg.m* | 0.033 x 10" kg.m”’

Gear box LinTech [30836-WE1- HD CSF-20-80 HD CSF-08-50

1-S129-M04
Gear ratio 100 7 rad: I m 80:1 50:1

The motors and drivers that were selected are listed in Table 2.2. The selection criterion
mainly takes the size, precision, and nominal speed into account. A Mini40 force/torque
sensor from ATI is attached between the ultrasound probe (only a dummy probe is shown in
Figure 2.1 (a)) and the tool flange of the robot. Although it is small (a radius of 0.02 m and a
height of 0.014 m), it can measure forces up to 60 N and torques up to 1 Nm. This is
sufficient in ultrasound scan application, since the estimated force is typically below 10 N

and the torques are less than 1 Nm (Salcudean et al., 1999a).
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Figure 2.2 Setup of MedRUE

Figure 2.2 shows the setup of the robot system. A Q8 I/O card from Quanser provides eight
A/D ports, eight D/A ports, eight encoder inputs, and thirty two digital I/O ports. Six A/D
ports are used for reading the force/torque sensor data, and six encoder inputs are used for
position data. On a personal computer (PC) station, these sensor data can be read and serve as
feedback for the robot controller using the Quanser library QuaRC in Simulink. A real-time
thread is created by QuaRC to run the program code generated by Simulink. While MedRUE
is moving, the user can start/stop the program or modify/observe the controller’s parameters
in Simulink. The Q8 card sends the control command from six D/A ports to drivers to

generate torques for motors on the robot.

2.3 Direct kinematic model

A geometric approach based on MedRUE’s four components is used to find its direct
kinematic model. First, a kinematic model of a general five-bar mechanism is analyzed, and

its results are then adapted to MedRUE’s kinematic model.
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Figure 2.3 General five-bar mechanism: (a) positive assembly mode; (b) negative
assembly mode

Figure 2.3 shows a general five-bar mechanism in the x;; plane of the frame O; (i = 1, 2
throughout this paper to indicate the number of five-bar mechanism) in two assembly modes.
The link A4;C; with length 2d, is fixed with the x; axis of frame O,, while other four links can
rotate with axes located at their geometric ends. Lengths of four movable links are denoted as
l;; where j = 1 to 4. Variables g4; and q¢; are the values of the actuated revolute joints, while
gs: and ¢p; are passive revolute joints values. E; is considered as the end point of this

mechanism.

The vectors from the origin point O; to 4; and C; are represented as

T

tos =[ %04 You Zo4) =ld 0 O @.1)
T

Yoc :[xoic,, Yo, Zo,,c,,:| =[-d, 0 O]T (2.2)

Thus the vectors from the origin point O; to B; and D; are obtained as
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Xo4 +1, cos q,

Yos (44 )=| You +1ising, (2.3)
0

Xoc 15084

op (‘Ic, ) =| Yoc +1sin qc 2.4)
0

As shown in Figure 2.3, S; is defined as the projection of E; on the vector rp;z; = roisi — roipi.
If Her 2 H =, /r;_ 3Yns >y +1,, there will be no solution, since the distance between ¢p; and gp;

exceeds the sum of the link lengths. Otherwise, applying the Pythagorean theorem on the two

right triangles D;S;E; and B;S;E;, we have:

2 2 2
o+l | =2

, . (2.5)
e+ (o=l [) =2
Equation (2.5) gives the solution:
( ) li24_li22 aal L95Y) 2 g
r ’ _ /B,
T T
0 -1 0] (2.6)
2
Yk, (in’qq ) =\l _HrDI-S,- H 1o o=
o 0 ol
The solution for the end point £; is
Yor, (qu. 4. ) =Top TThs Trop (2.7

This sign in front of vector rg;; is positive if the mechanism is in positive assembly mode, as
indicated in Figure 2.3(a), and negative when in negative assembly mode, as shown in Figure
2.3(b). The five-bar mechanism in MedRUE is the first case. Then, the angle values of the

passive joints are
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45, (4, ) =2a02( Vo, = Vos0%0s ~ Y05 )~ (2.8)
4 (9c) =atan2(yo,, = Vou Xor ~%on ) =4 (2.9)
Ci

E.- dg =0m
d:=0.113m
Tool Yoooi = —0.158m
Part zoooi = 0.308m
8 =m/6

Figure 2.4 MedRUE architecture

If the i™ five-bar mechanism in Figure 2.4 is rotated around the z; axis at a constant angle of
—(6+r/2), and then duplicated onto the mobile base, the architecture of MedRUE in Figure
2.1 (b) can be redrawn as in Figure 2.4. It is notable that both ¢z and ¢gp; in Figure 2.4 are
always greater than x rad, for providing space for patients under the robot arms. The two
five-bar planes are parallel and perpendicular to the x, axis of the base frame O,. Referring to
the definition of g4 in Figure 2.4, four actuated revolute joint values are defined as

q,=7-0+q,,9;=7-0+q..,9,=7-0+q,,q;,=7-0+q, (2.10)
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The homogeneous transformation matrix of the frames O; w.r.t. the base frame O, is

OTi (%) =D, (xooo, )Dy (yooo,. )Dz (Zooo,. )Ry (gj R, (—9)

0 0 1
—sin(B) cos(8) 0 y,,
—cos(B) —sin(6) 0 z,,

0 0 0 1

X050,

2.11)

where xop00i(q1) = d» + q1 + (_l)id3, 6 is a constant value in the mechanical design of

MedRUE in Figure 2.4.

The coordinates of E; can be represented in the base frame by parameters defined in Eq.

(2.10), combined with the five-bar model Eq. (2.7) and transformation Eq. (2.11):

o (:02::) = "T(4))¥or (449 ) (2.12)
Yo, (41:44:95) =", (4) oz, (qA27qC2) (2.13)
As shown in Figure 2.5(a), the coordinates of the universal joint centers are
Yor (61:02:0) =T +[d, 0 O] (2.14)
Your, (41:44:05) = Yo, —[d, 0 0] (2.15)

The dashed box in Figure 2.5(b) demonstrates the physical revolution sequence of the tool
part: rotation along the temporal axes x” and y’, and z’. Owing to the mechanical design of
the tool part, x” always aligns with xo, and z’ aligns with zp. As defined in Figure 2.5(b),

when a ==y =0, thenx’, y’ and z’ are parallel to the corresponding axes of the base frame.
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Figure 2.5 Architecture of the MedRUE tool part: (a) overall structure; (b)
microscopic view of the dashed block in (a); (¢) view on (b) from right to left

Confirming the revolution sequence of the tool part, Euler-XYZ angles (Craig, 2004) are
chosen to express the orientation of the probe frame Op w.r.t. the base frame Oy. In this

context, y is the sum of the rotations along x’ as in Figure 2.5(c), and can be obtained by
7(%aQ3aQ6)ZQD1EI +95 (2.16)

where dpr =9 +4p, -

Actuator Qg 1s fixed on /14 between D; and E), and so ¢ is defined as the angle starting from
l14 to the x’z’ plane. Since the probe will always point down to the skin surface during the

scan process, y is restrained in the open interval (7/2, 37/2).
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The unit vector from F to F3 is parallel to xp axis of the frame Op, yielding

cos fcos
u.. =R (MR (AR ()|l 0 0]" =| sin ysin Bcosa +cos ysina (2.17)

—cos ysin fcosa +sin ysin o

Equation (2.17) can also be represented by variables defined in Eq. (2.14) and Eq. (2.15):

rOOFZ - rOOITI

u
r,, —I *

Upp (%a%anuqs):%: u, (2.18)
uz

If it were assumed that |a|, || can reach 7/2, then the projection of F; and F, on x( axis would
be equal in Figure 2.5. This is impossible, because F; and F, are rigidly attached to the two
parallel five-bar mechanisms, and the distance along between F; and F, along x( axis is a

constant:

tt, [Fo,r, =Tour | = Xopr, = X0 =2(ds—d,) (2.19)

Thus, the inequalities |a| < /2 and || < /2 must stand, and cosa 7 0 in Eq. (2.17). In the

design of MedRUE, the mechanical limit of a universal joint is |a| < 7/6, || < n/6. Then, a

and f can be computed by Eq. (2.17) and Eq. (2.18):

(q,.45.9,.95) =sin”' (u, cos y+u_ sin y) (2.20)
. [u,siny—u_cosy
B(4,495-94,95) =sin ‘( . ] (2.21)
cos o
The coordinates of the probe tip P can be represented by
Yo, (%aqza%a q4>9s» %) =Ton T ORPrF]P (2.22)

T
wherer;, = [xFIP, 0, ZFIP] is a constant vector in Figure 2.5(a),
‘R, (q2 2 q5,G4>955 qﬁ) =R ()R (S)R_ (). Thus, the homogeneous transformation matrix of

-0 ORP Yo,p
Opw.rt. Ogis TP(ql,qz,q3,q4,q5,q6)= 0 | .
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24 Inverse kinematic model

The inverse kinematic model will be solved based on the MedRUE components, in the same
way that the direct kinematic model was solved in the previous section. In this case, the
coordinates of E; are computed based on the features of the tool part, and then be transformed
into the local frames O; of five-bar mechanisms. Finally, all the joint values are obtained by

solving the inverse kinematic model for a five-bar mechanism.

Given the pose [xoor, Yoor, Zoopr, @, b, y] of the probe frame Op, the coordinates of F; can be

obtained by inverting Eq. (2.22):

Lo (.xoopayoopa Zo,p> a, B, 7/) =TXop (xoopayoopazoop) -R, (7) R, (ﬂ) R, (0() Trp (2.23)

To obtain the coordinates of F», Eq. (2.18) can be rewritten as

(2.24)

rOon :‘roon _rOOFI ‘uF]FZ +l'00F1

where ug 7 can be calculated from Eq. (2.17). By combining Eq. (2.17) and Eq. (2.19), the

distance between F; and F, can be represented as

_ 2(d3 _d4)
‘rOOFZ o ‘_ cos Bcos o (2.25)

Adding the offsets according to Eq. (2.14) and Eq. (2.15), the end points of the two five-bar

mechanisms are
Yyy =T, +(-1)[d, 0 0], fori=12 (2.26)

From Eq. (2.11), the translation joint value is

4 = Xg,0, Tdy—d, (2.27)
Since the five-bar mechanism is located in the plane perpendicular to the x( axis of frame O,
Eq. (2.27) can be rewritten as

4, =Xo,5 tdy—d, (2.28)
With the constant transformation matrix °T, (9) that we introduced in Eq. (2.11), the

coordinates of the end points of the five-bar mechanisms can be represented in their local
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frame O;, as in Eq. (2.29). In this way, the rest of the inverse geometric model of the robot is

transformed into an inverse geometric model for a five-bar mechanism:

ror = T (q,)r,,, fori=12 (2.29)

(b)

Figure 2.6 Two solutions for the inverse kinematic model of a five-bar mechanism

There will be no solution for g, if Hr Aﬁ;” >1[, +1,, where ryg = Yo — Yoii. As shown in

Figure 2.6, G; is defined as the projection of B; on the vector r4z = roig; — roisi and H; is
defined as the projection of D; on the vector rciz = rois: — Yoici - Applying the same method

used in Eq. (2.5) on both left and right half sides of the five-bar mechanism,

r = =1 +HrAiEz‘ Hz Tas,
4G
e Trcl
R r (2.30)
Yo = lizl_HrA’G"H Lol HrAiEiH
0 o ol




51

il
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Confirming the MedRUE configuration, the vector ro;z; can be obtained by

You =Yo4 T 06 T06, (2.32)

+r., *+

r cH, T Xy,

op, =¥

o, (2.33)
The signs in Eq. (2.32) and Eq. (2.33) demonstrate two different solutions of the
configurations of a unit, given the pose of the end points of the five-bar mechanism. The sign
is negative when the configuration is as in Figure 2.6(a), and positive when it is as shown in
Figure 2.6(b). MedRUE always works in the latter case for both five-bar mechanisms.

Knowing the coordinates of B; and D;, the active joint values can be obtained by

94 =atan2(y0,~3,~ ~You>Yop _xo,-Ai) (2.34)

9, :atanz(yaa ~YocYon, _XQQ) (2.35)

Finally, by submitting the results g,; and g¢; to Eq. (2.10), we obtain the joint values g2, g3, g4
and ¢s. The translation joint ¢; is obtained in Eq. (2.28), and the last joint value can be

deduced from Eq. (2.9) and Eq. (2.16),
46 =7~ 495 — 4, (2.36)

2.5 Singularity issues and workspace

Singularities only exist in the two five-bar mechanisms of MedRUE. For each mechanism,
there are two types of singularity. A Type I singularity occurs when any side of the five-bar
mechanism fully extends in Figure 2.7(a) or overlaps in Figure 2.7(b). A Type II singularity

occurs when two adjacent bars around the end point overlap in Figure 2.7(c) or are aligned in
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Figure 2.7(d). Because of the physical joint limits for g4 and gc;, only the singularity in
Figure 2.7(a) is achievable in reality. A safety mechanism will freeze the motors when the

robot approaches the singularity region.

(b)
1{4 Ef ! "
—0—
Ial
(d)

Figure 2.7 Singularities in the five-bar mechanism

A simulation is done to demonstrate the workspace of MedRUE. Since linear motion of ¢;
dominates the motion along x direction of base frame, the workspace of MedRUE can be
obtained by extending its workspace in yyz plane along x, axis. The position of probe in yozo
plane is mainly determined by the symmetrically assembled two five-bar mechanisms, thus,

the analysis of the workspace of one five-bar mechanism will lead to the workspace of

MedRUE.



53

In Figure 2.8, we take 22 samples for ¢, and 17 samples for g3 throughout their joint limits
respectively (g4 €[130°, 235°], gc; €[120°, 210°]). After eliminating the counterpart
solution as in Figure 2.6(a), 298 positions of E; are presented in small red circle in Figure 2.8.
The outline of E; positions are constituted by five curves, either due to joint limits or

singularity case when gp; = 2.

20
— 0.8m
@ E; Position
N sampling
Joint limit
. C{mux dB =2
’ \ A E;-semicircle
,,,,, == for scan process
S0 A l\\ L
\ !.\. C’. ) Probe-semicircle

e \\

for scan process
Joint limit

i
/Al\

Joint limit
Aimz'n

)
/

Joint limit
| Cimin

0.8m Yo

Figure 2.8 Workspace analysis of MedRUE

During the ultrasound scan process, the trajectory of probe will follow curves on the surface
of the patient legs. For simplification purposes, it can be approximated as a semicircle. In
Figure 2.8, the outer blue curve (E;-semicircle) is the maximum radius of semicircle the point
E; can reach in its workspace. With an offset of the probe length, the inner green one (probe-
semicircle) demonstrates the maximum radius of semicircle for the probe when probe is

pointing to the normal of the surface.
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The physical orientation limit of MedRUE probe is [0° 360°) along x, axis and [-30° 30°]
along yo/zp axes. In the scan process, only (0° 180°) is needed for rotation along xpaxis.
Because of the offset of the probe length and the outer boundary E-semicircle in Figure 2.8,
only the points inside the probe-semicircle can meet the orientation requirements for
ultrasound scan process. The points outside probe-semicircle have difficulties to point to the
circle center without violating the E;-semicircle constrains. Rotations along yo/zy axis skew
the probe tip off the yyzy plane and it reduces the scan workspace along xy axis. To allow the
robot to performance the orientation of yy/zy axes, a distance of zz,p sin(/6) must be reserved
for the linear guide on each side of its limit. In summary, the workspace during ultrasound
scan is an extension of probe-semicircle along x, axis. Under the specification of Table 2.1, it
is a semi-cylinder shaped volume with 0.734 meter in length and 0.3 meter in diameter, (0°

180°) along x, axis and [-30° 30°] along yo/zy axes orientation.

2.6 Conclusion

A new medical robot, MedRUE, is presented in this paper. It has the ability to diagnose PAD
in the large, complex and twisted arterial system of the lower limbs. An intuitive solution for
its direct and inverse kinematic model is discussed. Using this method, a complex serial-
parallel robot system is decomposed into several simplified sub-mechanisms. This system
will be proposed to relieve sonographers of their daily physical load of carrying an
ultrasound imaging equipment. The robot will not only help in the diagnosis of PAD

automatically, but also provide reliable data for 3D reconstruction in future research.
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Abstract

The vessels are twisted in a longitudinal 3D space in the lower limbs of human. Thus, it is
difficult to perform an ultrasound scanning examination automatically in this area. In this
paper, a new medical parallel robot is introduced to effectively diagnose the vessel disease in
the lower limbs. Also, the robot’s position repeatability and accuracy are evaluated.
Furthermore, the robot’s accuracy is improved through a calibration process in which the

kinematic parameters are identified through a simple identification approach.

Keywords: medical robot; parallel robot, kinematic calibration, laser tracker.

3.1 Introduction

Ultrasound (US) scanning examination is one of the major diagnostic modality in daily
medicine. It shows advantages in low cost and non-radiation to the human body. However, a

survey reveals that the repetitive strain of daily US examination over many hours causes
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musculoskeletal disorders to sonographers (Evans, Roll and Baker, 2009). Thus, many works
are engaged to design medical robots to perform the US scanning examination. Furthermore,
the US medical robot can collect the position data during the examination process, which

provides the essential information for 3D reconstruction of the scanned area.

Several works on US medical robots have been performed. A portable US medical robot was
proposed in a tele-scanning robot project (Gourdon et al., 1999). It has 4 degrees of freedom
(DOF) and assists a doctor in controlling a US probe remotely. The robot prototype is
extended to 6 DOF in the OTELO project (Delgorge et al., 2005). It is agile and able to cover
the large scan area. Nevertheless, the US scanning examination requires an assistant to hold
the robot during the examination process. In general, the portable medical US robot does not
reduce the workload of sonographers. Many US medical robot systems are developed based
on industrial robots. The Hippocrate system employs a PA-10 robot arm from Mitsubishi
Heavy Industry to scan the carotid artery (Pierrot et al., 1999). An F3 industrial robot from
CRS Robotics was used in (Nelson et al., 2012) to diagnose breast cancer. A lightweight
robot LWR from KUKA was used in (Conti, Park and Khatib, 2014) to assist the
sonographer. However, the industrial robots are mostly designed for general use, and medical
applications are limited due to the closed architecture of the controllers. Thus, some serial
robots are designed for US medical implement, such as an abdominal US scanning robot in
(Koizumi et al., 2008), and a self-balanced robot from the University of British Columbia
(Abolmasesumi et al., 2002; Salcudean et al., 1999b). Serial robots, however, have relatively
low stiffness and their position errors are accumulated and amplified from link to link.
Besides, the motors are generally mounted on links successively. Thus, each link has to
support the weight of all the subsequent links and actuators. Several medical US robots were
designed with parallel structures. A parallel robot was developed to hold the US probe in
(Onogi et al., 2013). It consists of three legs displaced on both sides of the patient and a
probe gripper hanged over the scanned area. A cable robot was developed in the TER project
(Vilchis et al., 2003). A sliding mechanism was used in a parallel robot to perform echo-
graphic diagnosis (Masuda et al., 2001a; Masuda et al., 2001b). The patient has to support the

weight of the robot since the mechanism is placed on the scanning area. WTA-2R was
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designed to hold the US probe and perform an automated scanning based on US image

feedback in (Nakadate et al., 2010).

The medical robots mentioned above are mainly designed for carotid or abdominal US
scanning, and are not appropriate for the examination in the lower limbs due to their limited
workspace, dexterity, etc. MedRUE (for Medical Robot for wvascular Ultrasound
Examination) is a new parallel robot designed to perform US scanning examination in lower
limbs, improved based on its first concept proposed in (Lessard, Bigras and Bonev, 2007). It
has a longitudinal workspace aligned with the patient’s leg, but relatively small size and low
weight (Zhao et al., 2013). Since MedRUE needs to know the position of its end-effector
with high accuracy, in order to reconstruct a 3D volume from US images, it needs to be

calibrated.

The calibration of an US medical robot involves probe calibration and kinematic calibration.
The probe calibration identifies the constant transformation between the probe body and US
image (Lindseth et al., 2003; Mercier et al., 2005). However, in this article, we focus only on
the kinematic calibration of the robot. The kinematic calibration methods for serial robots are
mostly on identifying the Denavit-Hartenberg parameters (Lee, 2013; Mooring, Driels and
Roth, 1991). These parameters are widely used to develop the kinematic model of serial
robots. However, they are not always the simplest way to model parallel robots. The
calibration methods of parallel robots vary depending on the different geometric structures of
parallel robots. There are many calibration studies regarding planar robots, the Gough-
Stewart platform and the Delta robot (Joubair and Bonev, 2013; Joubair, Slamani and Bonev,

2012a; Li et al., 2014; Maurine and Dombre, 1996).

In this paper, we present a new medical robot with its repeatability and accuracy assessment.
The position accuracy is improved by a calibration method based on direct position
measurements with a laser tracker. The method is easy to implement on the robot without
elaborate knowledge of the advanced kinematic calibration. In addition, the proposed

calibration method identifies kinematic parameters individually, and the nonlinear interferences
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between kinematic parameters are significantly reduced. Therefore, the identified kinematic
parameters are more accurate, and they are important for further research, such as temporal
stiffness calibration. By contrast, other calibration methods using optimization identify all
kinematic parameters simultaneously (Barati, Khoogar and Nasirian, 2011; Joubair et al., 2015;
Renders et al., 1991). The optimization approach may achieve better end-effector position
accuracy, but it sacrifices the precisions for individual parameters. The MedRUE robot is
briefly described in section 2 and its kinematic model and calibrated parameters are presented
as well. The section 3 discusses the assessment of repeatability and accuracy. Then the
proposed calibration method and the result are demonstrated in section4. At the end, a

conclusion is addressed in section 5.

3.2 Robot description and kinematic

In this section, the new medical robot is introduced and its intuitive kinematic model is
discussed. The kinematic model considers the errors of link lengths and offsets which need to
be calibrated, and thereafter the calibrated parameters are listed. The robot base reference
frame (%)) and the world reference frame (%) are also defined in this section. The

parameters to describe these two frames are identified with a laser tracker.
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Figure 3.1 MedRUE : a new prototype of medical US robot

3.2.1 Introduction of MedRUE

MedRUE (Medical Robot for vascular Ultrasound Examination) is a prototype of medical

parallel robot designed for the diagnosis of the peripheral arterial disease in the lower limbs.
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As shown in Figure 3.1, MedRUE is a 6-DOF parallel robot consisting of a robot base with a
linear guide, two five-bar mechanisms and the tool part to carry the US probe. The U-shaped
robot base is mounted on a linear guide (driven by actuator Q;). The two five-bar mechanisms
are assembled symmetrically on the robot’s base, and they are driven by actuators O, Os, Os
and Qs. Considering the first five-bar mechanism as an example, the two links driven by
actuators are called proximal links, and the two links farther from the robot base are called
distal links. The distal links connect at the shaft of the tool part. The tool part consists of a
force/torque sensor and a dummy probe at the end. It is driven to rotate along the shaft by a

small actuator Qs mounted on a distal link.

Since most actuators of MedRUE are located on the robot’s base, the links of the five-bar
mechanisms do not need to bear the heavy load of motors. Thus, the robot is relatively light-
weight and agile. The linear guide extends the workspace along the length of the patient’s leg
and the curved distal links avoid mechanical interferences between the robot arms and the

patient leg during the examination.

Frame %, also referred to as the robot frame, is defined on the robot base plate. The top surface
of the robot base plate is defined as the xgy plane, and its normal is the z axis. The linear guide
determines the direction of the x( axis, and then the front side of the robot is the direction of yy

axis. The origin of & is located in the front center hole of the bottom plate.

3.2.2 Kinematic model of MedRUE

The kinematic model of MedRUE and its kinematic parameters are illustrated in Figure 3.2.
The two five-bar mechanisms are symmetrically assembled on the robot’s base, and can
therefore be modelled in the same way. As shown in Figure 3.2(a), the links of the i™ five-bar
mechanism are named L;, where i=1,2 and j= 0, ..., 4. The corresponding link lengths are
denoted by /;. Link Ljy 1s fixed on the robot’s base with an angle 0; offset. Four actuators O»;
and (»;+1 are mounted on the robot’s base, and the corresponding active joint variables are g»;

and ¢»;+1 at 4; and C; respectively. The other joints gz, gp; and gpg; are passive. The two five-
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bar mechanisms are parallel to the yozy plane. In Figure 3.2(b), the tool part connects the two
five-bar mechanisms at E; (with an offset d,;). Two universal joints are located at F; (with an
offset dj) to provide orientation of the probe-support. The synchronized motion (i.e. same
speed and direction) of two five-bar mechanisms provide translation motions to the tool part,
while the unsynchronized motion provides rotation motions. During the rotational motion, the
distance variation between the two universal joints F; is compensated by a passive translation
joint located between the probe-support and F,. Actuator Qg is attached on L4 to provide a
rotation motion of the tool part along xo. The probe-support is considered as the wrist of

MedRUE, and a reference frame #,, is located at its geometric center. Axis x,, is collinear with

vector FF, and z, is pointing to the probe tip.

Given the joint values (g,..., gs), the forward kinematic solution of MedRUE can be obtained

as follows:

For the i (i = 1,2) five-bar mechanism, the coordinates of 4; and C; are represented as:

Ly . I,
ai:{xq Yo —’Eosmﬁi 2, +’5°cosl9l1, (3.1)

T
¢ =% Yo +li_OSin9i Zo, _li_ocosai ) (3.2)
AR 2
where O; is the midpoint of L;y with
Xo, :(_l)l dei+ql+ql’ (3.3)
and g, is the offset error of k™ active joint. Then the coordinates of B; and D; are
b,=a +,¥ (g, +d,). (3.4)

di = ci +Ii3\P(q2i+l +62i+1)’ (35)

where ¥ (¢)=[0 —sin(¢p) cos((o)]T.
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With the coordinates of B; and D;, all side lengths of the triangle B;D,E; are known. Then the

coordinates of E; are obtained as

e,=d,+DH +HE, (3.6)
where
—2
—_ li24_li22+‘DiBi
DH, = — u -, (3.7
2|08
-1 0
—_— — 2
HE =i -[DH] |1 0 0u, (3.8)
0 0 O

and u represents a unit vector. As shown in Figure 3.2(a), F; has an offset ('l)i(dﬁ — d,) W.I.t.

E; along x¢. Thus the coordinates of F; are
f,=D((-1) (d,-d,),0,0)e, (3.9)

where D(x, y, z) is the translation operation.

Assuming the orientation of the wrist reference frame &, is represented in the XYZ Euler
angles, then

R(7.5,0)[0|=u_ =|u, (3.10)

Gt

0 u

where R(y, £, ) is the rotation matrix. Since actuator Q¢ is fixed on L4, the first Euler angle is

obtained as
V=4pE +q,+ s (3.11)
where ¢, = atan2(—( Vi =V, ),zEl -z, ) . The other two Euler angles are obtained by

substituting Eq. (3.11) into Eq. (3.10):

a=sin"' (uy cos Y +u_sin 7/), (3.12)

(3.13)

. (u,siny—u_cosy
,B=sm1( . : )

cosox
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Thus, the coordinates of O,, (the origin of wrist reference frame %,) w.r.t. &, are

p,=f,+R(7.B.a)[d,+d, 0 0]

In our calibration process, a Spherically Mounted Retroreflector (SMR) is attached to the

T

(3.14)

probe. The coordinates of the SMR center w.r.t. %, are xs, ys and zs. Thus, the coordinates of

SMR w.r.t. ¥, are

T

ps=p,+R(r.B.0)[xs ys z] . (3.15)

Assuming the transformation matrix from the world reference frame &y to & is represented by

Six parameters X, Yw, Zw, Yw, Pw and ay. Then ps is represented w.r.t. Fy as:
01
Ps =T Ps (3.16)

where ,T=D(x,, 7.2, )R(%, 5.0, ).

w

33 Repeatability and accuracy assessment

In this section, the robot repeatability and accuracy are assessed before calibration. Our
assessment method is an adaptation of the International Standard on robot performance and
test method (ISO-9283, 1998). The nominal kinematic model (i.e., the model before
calibration) is assessed in this section, and the calibrated kinematic model is validated in

section 4.

In the nominal kinematic model (Zhao et al., 2013), the corresponding parameters of the two
five-bar mechanisms in Figure 3.2 are identical (e.g., [}, = b, j = 0, ..., 4). Moreover, each
five-bar mechanism is symmetrically designed. In other words, the proximal links are
identical (/;; = l;3, i = 1, 2), and so are the distal links (/» = /4, i = 1, 2). Also, the offset joint

values are considered to be equal to zero.

3.3.1 Robot path design and measurement points

In our implementation, the position accuracy has the priority since it is required both for

safety reasons and 3D reconstruction. Orientation errors can be compensated in the 3D
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reconstruction with well-developed techniques, such as scale-invariant feature transform. In
this article, only the position repeatability and accuracy are studied, while the orientation is
kept constant during the measurement procedure. Before taking measurements, it is
necessary to define the robot trajectory and the measured positions during the data

acquisition.

Knowing that the robot is dedicated to lower limb scans, the effective robot’s workspace is
considered to be a half-cylinder, which covers the top surface area of a patient’s leg. As
shown in Figure 3.3(a), nine measurement points P; (i = 1, ..., 9) are considered in this target
workspace. Namely, eight corners C; (j = 1, ..., 8) are created on both sides of the target

workspace and form two planes C,C,C;Cs as well as C3C4CsCe. Point P; is located at the

barycenter of all eight corners. Point P, is defined on the vector ﬁ , with”lljll?2

= 0.8”?5l

2

points P3 to Py are similarly defined.

The used measurement path is an extension of the path design proposed in (Joubair, Slamani
and Bonev, 2012b). The robot end-effector is initially located at P;, and trajectory of the
robot end-effector is demonstrated in Figure 3.3(b). When the process started, the robot end-
effector is following the trajectory on the plane C3C4CsCgs, which is composed of the
sequence Py=> P> P> P> P;>P,>Ps—>P,. Then, the robot trajectory continues on the
plane C,C,C;Cs, and it follows the sequence Ps—> P> Ps> P> P3>P,>P,> P to finish a

measurement cycle. In our experiment, 30 measurement cycles are taken.
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Figure 3.3 The measurement points in the workspace of MedRUE:
(a) measurement points definition, (b) measurement path.

In this method, P; is visited from eight different directions, while all other measurement
points are visited in a unidirectional approach (direction from P;). Thus, the experiment
design is used to estimate multidirectional repeatability at position P; and unidirectional

repeatability at positions P, to Ps.
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3.3.2 Accuracy and repeatability definition

At each measurement point P; (i = 1, ..., 9), the position of the end-effector is measured n
times, where n = 8 directions x 30 cycles = 240 at P;, and n = 30 at each of the other eight
measurement points. A set of n measurements on a measurement point P; is called a cluster

of P, For any cluster, the barycenter is defined as a virtual point whose coordinates

[X. ¥, Z ]are the mean values of all the n measurements:

1

1 n

X=—>x, (3.17)
noa

_ 13

V== Vo (3.18)
n oo
1 n

Z,==) 7z, (3.19)
nio

The distance between the nth cycle measurement at P; and the barycenter of the cluster of P;

1s

2

—\2 —\2 _
L =\/(x,,,7—x,.) +(v, =) +(2,-3) - (3.20)
Then the repeatability at P; is defined as follows (ISO-9283, 1998):
RP, =1 +38,, (3.21)

-1
where /, =—ZI”7 and S, =
nes

The absolute position accuracy of P; is defined by (ISO-9283, 1998):

1

APA = (5, -5) +(7,-5) +(2-2) . (3.22)
where x;,y, and z are the command positions (reference positions) of P;, and x,y and z are

barycenter coordinates defined in Egs. (3.17) to (3.19).
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MeRUE will be used to take US images at prescribed intervals. These US images will then
be used to reconstruct the 3D model of the blood vessel. For the purposes of the medical
examination, the accuracy in measuring the position of a given US image is important w.r.t.

the neighboring images. In other words, the relative accuracy is important for our robot.

A relative position accuracy of a point can be defined as the accuracy of the distance
between adjacent points (e.g., the distance accuracy between P; and P,). Since each point P;
(i=2,...,9) is reached starting from P; in Figure 3.3(b), the nominal relative displacement
of P;(i=2,...,9) is calculated as follows:

& =P, —P,.i=2,....9. (3.23)
where p, is the nominal coordinates vector. Then Eq. (3.22) is modified to compute the
relative position accuracy as

RP4, =[5,-3.i=2,...9 (3.24)

where 0; = p; — p1; is the measured relative displacement based on laser tracker. The notation

P1: is the measurement value of P; before moving towards to each P; (i =2, ..., 9).

3.33 Experiment setup and results

The measurement setup is shown in Figure 3.4. The measurements are taken with a Faro
Laser Tracker ION having a distance accuracy of 8 um + 0.4 um/m, and angular accuracy of
10 pm + 2.5 pm/m. The emitted laser is reflected by an SMR, which is magnetically attached
to a nest. In our experiment, the target measurement is a 1.5 inch SMR mounted on the tool
part. The measured positions are expressed w.r.t. the laser reference frame (#;) and

transformed w.r.t. .
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éalibration bar

Figure 3.4 Experiment setup of MedRUE positioning performance assessment and
calibration

Table 3.1 Position repeatability (in pm)

P, P, Ps Py Ps Ps P, Py Py
RP 143 141 54 60 105 99 84 77 50
RP, 139 136 43 47 96 88 71 61 38
RP, 74 43 39 43 48 51 52 49 39
RP, 54 19 18 21 33 28 24 27 18

We note that the measurement accuracy might be influenced by many aspects such as,
environment, duration of operation, as well as the distance between the target and the laser
tracker. Therefore, we evaluated the laser tracker accuracy for our own set-up. A calibrated

bar with a known length was measured ten times and the distance error was found to be



70

47um according to Eq. (3.21). However, the measurement errors were reduced by taking

several measurements at each position.

The result for the position repeatability at the nine measurement points are shown in Table

3.1. The first row shows the composed repeatability defined in Eq. (3.21), and the other three

rows list the repeatability according to the x, y and z axes. Naturally, the position

repeatability at P; is worse, which is mainly because the arrivals at P; are from eight

different directions. Furthermore, the position repeatability along x at P; is poorer than along

v and z. This is caused by the fact that the motion along the x axis is dominated by the linear

guide, which has a backlash of 76 pm according to its manufacturer.
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Figure 3.5 Measurements at P, for arrivals from multiple directions: (a) on measurement
plane C3C4CsCs, view in xy plane; (b) on measurement plane C3C4CsCg, view in xz plane (c)
on measurement plane C;C,C;Cs; view in xy plane (d) on measurement plane C;C,C;Cs,

view in xz plane
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The results for the repeatability at P; in the two measurement planes (i.e. planes C,C,C7Cy
and C3C4CsCg) are illustrated in Figure 3.5. On each plane, there are four groups (G, G, G3,
G,) of data in different colors indicating four different directions to reach P;. The measured
data are illustrated with an asterisk marker while the barycenter of each group is a solid
circle. The cluster groups are clearly separated from each other. The divergence of
measurement on P; shows the imperfection of the multidirectional movement caused mainly

by the backlash of the mechanical parts of our robot.

Table 3.2 Absolute position accuracy (4PA) and relative position accuracy (RPA) before
calibration (in mm)

P, P, P Py Ps P Py Py Py

APA | 4264 | 1.271 | 3.849 | 5.770 | 0.885 | 3.788 | 2.183 [ 2.155 | 4.792

APA, | 2217 | 0432 | 1.386 | 1.823 | 0.103 | 1.463 | 0.568 | 0.118 | 2.022

APA, 1.127 | 0.129 | 1.586 | 2.978 | 0.677 | 0.157 | 1.877 | 2.124 | 0.192

3463 | 1.188 | 3.222 | 4.594 | 0.560 | 3.491 | 0.960 | 0.346 | 4.340
APA,

RPA — 1.822 | 1.665 | 3.018 | 1.656 | 2.068 | 2.058 [ 2.042 [ 1.829
RPA, — 0.617 | 0.886 | 0.377 | 0.886 | 1.074 | 0.427 [ 0.977 | 0.569
RPA, — 0.340 | 0.445 | 2.273 | 0.460 | 0.871 | 0.565 | 0.896 | 0.506
RPA, — 1.680 | 1.337 | 1.950 | 1.321 | 1.538 | 1.932 | 1.554 | 1.663

The position absolute accuracy and relative accuracy before calibration is given in Table 3.2.
As an early prototype, the robot’s poor accuracy is mainly due to its manufacture and
assembling errors. The worst case of the absolute accuracy before calibration is about 6 mm.

While the worst relative accuracy before calibration is about 3 mm.

34 Kinematic calibration experiment

In this section the proposed calibration approach is explained. The actual values of the robot

parameters are identified to improve the robot accuracy.
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Table 3.3 Kinematic parameters

Group | Description Parameters

1) The world reference frame Xw, Y, Zw, Yw, Pws 0w

?2) Active joint offset error G593594-9s

A3) Assembling of five-bar mechanisms Yoi, Zol, Yo2, Zo2, 01, 62

@) Link lengths of five-bar mechanisms | 0, /11, 12, [13, L14, b0, [21, 122, 123, 24

The parameters expected to be identified are summarized in four groups, as shown in Table
3.3. Parameters in Group 1 define &, which is demonstrated later in Eq. (3.30). Group 2
represents the offset of active joints at the home position. Group 3 is named assembling
parameters, which specifies how the two five-bar mechanisms are assembled on the robot
base, by illustrating the position and angle of link L,y on the robot base (Figure 3.2(a)). Group

4 englobes the lengths of the links of the two five-bar mechanisms.

34.1 The world reference frame parameters

The world reference frame ¥y is defined in the robot’s workspace by three SMR nests Py,
Py, and Py as shown in Figure 3.4. Assuming Py is the origin of Fy and Py is a point on

the xy axis, then the three unit vectors of ¥y are defined w.r.t. the ¥;. The unit vector Xy is

determined by the normalized vector pL, where pys1 1s a vector from Pys to Py in &

P,

The zy axis of &y is defined as the normal of the plane defined by Py, Py, and Pys. The yy

axis is defined by axes xy and zy. The rotation matrix of Fy w.r.t. ¥, is written as:
;Rz[xw,yw,zw]. (3.25)

The transformation matrix of ¥ w.r.t. ¥ is defined as follows:

‘R o
VLVT:[WO IW} (3.26)



73

where vector oy is the composed by the coordinates of Pys w.r.t. .. All measured position
data can be represented w.r.t. ¥y by using the transformation matrix ,LVT. A point "P is

derived from the laser measured data “P by the following equation:

Wp Ll Lp
o -

For convenience, all the further measured positions, in this paper, are implicitly expressed

w.rt. Fy.

Frame &, is defined on the robot base plate, as shown in Figure 3.1. The top surface of the
plate is considered as the x¢yo plane. By placing the SMR in n positions on the xgyy plane, a

reference plane is fitted from the laser tracker measurement data (3x»n matrix P, = [py, ...,

_ 1S
pa], where vector py is the n™ measurement). The barycenter of P, is p =—Zpk . For the
k=1

smallest eigenvalue of 1_’,;[1_)" (where 1_’n = [p1 -p.p, =P, °,P, —ﬁ] ), its corresponding
eigenvector approximates the normal vector z, of the fitted plane xgyy. Finally, the xqy, plane
is determined by a point p and the normal vector zy. The x, axis is aligned with the direction

of the linear guide and it is estimated by measuring an SMR on the robot base, while
actuating the linear guide. The method to fit a line from 3D cluster points is similar to the
method to estimate the normal vector z,, except that the vector x, is estimated as the

eigenvector with largest eigenvalue. Then the rotation matrix of ) w.r.t. &y is found as:

VZR:[XO,yO,ZO]. (3.28)

The origin Oy of & is located on the robot base plate as shown in Figure 3.2(a). Its
coordinates w.r.t. ¥y are obtained by placing an SMR above the robot base plate. The

projection of the SMR on xqy, plane provides the coordinates of Oy as follows:
0, =0, —((0,~P)-z,)2,, (329)
where 0} is the vector of measured coordinates of the SMR. Then, the transformation matrix

of ) w.r.t. ¥y is obtained as
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"R o
Ty Vs 2y Vs B s @) :{ 00 10:|- (3.30)

where xw, vw, zw, yw, fw and ay are the Fy parameters to be identified: xy, yw, and zy are the

coordinates of 0y, and Euler angles yy, S, o are obtained from the rotation matrix VER .
34.2 Active joint offset errors

The objective of this subsection is to evaluate the difference between the nominal and the
real joint offsets. Active joints g2, g3, ¢4 and ¢s are considered. As mentioned earlier, the five-
bar mechanisms are symmetrically assembled, and therefore, they are calibrated with the
same method. For simplicity, only the calibration of the second five-bar mechanism is

demonstrated.

As shown in Figure 3.6, ten nests (N;, i = 1, ..., 10) are attached on the five-bar mechanism
for measurement purpose. Four nests (N, i = 3, 4, 7, 10) are used in this experiment, and the

remaining nests are used to identify other parameters.

Active joint g4 directly drives the rotation motion of L,;. Thus, the joint offset error of g4 is
assessed via the evaluation of the orientation error of link L,; (Figure 3.2(a)). The orientation
of L, is determined by the coordinates of 4, and B,. Similarly, the joint offset error of g5 is
assessed via the orientation of link L3, which is determined by the coordinates of C; and D,.
Two experiments are designed to obtain the coordinates of 4,, B>, C, and D, at the robot

home position. Then, the joint offset errors are evaluated.
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Figure 3.6 Experiment setup for active joint offset value estimation (nests in orange)
and link length estimation (nests in orange and blue) on the second five-bar mechanism
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{.» Home position

® Intermediate position

Final position

@)

Figure 3.7 Path planning in the experiment of active joint offset error (i=1,2): (a)
determine coordinates of 4; and D;, (b) determine coordinates of B; and C;

The first experiment is designed to determine the coordinates of 4, and D, (Figure 3.7(a)) as
follows:

i.  Two nests denoted N3 and N are attached to links L,; and L,4 respectively, as shown
in Figure 3.6 and Figure 3.7(a).The robot starts from its home position, which is
illustrated with the highest transparent image in Figure 3.7(a).

ii.  The angle of joint g4 is increased gradually with a step of 2°, within a range of 130°.
Meanwhile, link L3 is kept in its home position throughout experiment process. At
each motion step, the robot motion is halted, and measurements of N3 and N, are
taken.

iii.  The measured positions of N3 and N;o— which follow circular curves centered at 4,
and D, respectively — are fitted to two circles (Taubin, 1991) in order to determine

the coordinate of 4, and D,.

For illustration purposes, an intermediate position of MedRUE is illustrated with

intermediate transparency, and the opaque image shows the final position of MedRUE. The
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nests N; and Njo are demonstrated with dashed circle, solid circle and filled circle in these

positions respectively.

To determine the coordinates of B, and C, we used the same approach as for 4, and D,. The
used nests are denoted N, and N7, and are attached to links L;; and L3 respectively, as shown

in Figure 3.6. The experiment is illustrated in Figure 3.7(b).

As shown in Figure 3.2(a), the coordinates of 4, and B, evaluate the orientation of links L,
in the yyzo plane. The orientation of the link L,; is driven directly by active joint ¢4. Thus, the

joint offset g, is represented by the difference between the nominal value ¢, and the
evaluated orientation of L,; at the home position:
G, = atan2(—(sz ~v, ):(25 — 2, ))—54, (3.31)

where y4 and z4 are the y and z coordinates of 4, w.r.t. . Similarly, the joint offset error of

gs 1s evaluated by the coordinates of C; and D:.
gs :atan2(—(yD2 _ycz)’(ZDz _ZCZ))_‘}s- (3.32)

The active joint offsets of ¢» and g3, related to the first five-bar mechanism, are assessed

similarly to g4 and ¢s, by using the coordinates of 4, By, C; and D;.
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343 Assembling parameters

> Home position
@ Intermediate position

(a) ) (b)

Figure 3.8 Experiment to assess the link length /3 (a) link reference frame and nests
displacement during robot motion (b) trajectory of nest Njp w.r.t. to link reference frame %3

The assembling parameters are yo1, zo1, Vo2, Zo2, 01, 6>, and these describe the assembly of
the two five-bar mechanisms on the robot base. The i™ (i = 1, 2) five-bar mechanism is
assembled on the robot base at joints 4; and C;. As shown in Figure 3.2(a), O; is the middle
point of link L;y defined by 4; and C;. Angle 6; illustrates the orientation of link L,y in yozo
plane. Knowing that the coordinates of 4; and C; are obtained in previous subsection, the

assembling parameters are calculated as follows:

+
yo =AY (3.33)
2
z, t+z
z, = Afz G (3.34)

6 = atan2(—(yq =V, ),(zq -z, )) (3.35)
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344 Link length parameters

The assessment of the link length parameters is demonstrated by using the second five-bar
mechanism (i.e. Ly, l21, [22, [3 and L4), while those for the first mechanism (i.e. /o, /11, 112, /13,

[14) are obtained similarly.

The link length of Ly is determined by using the coordinates of 4, and C; w.r.t. %y, which

were obtained in subsection 4.2:

2 2 >
by :\/(xcz —x, ) +(ve=va) 22 - (3.36)
The identification of L1, Ly, I3 and L4 is carried out by moving simultaneously joints gs and

¢4 inside their limit ranges, as shown in Figure 3.8(a).

Note that link L,y has both endpoints 4, and C, fixed w.r.t. . However, for the other links,
one or both endpoints change positions during the experiment. To find the position of
endpoints B,, D, and E,, reference frames are attached to the corresponding links. For
example, Figure 3.8(a) shows a link frame %;,3, which is associated with link Z,; and defined
by Ns, N¢ and N;. Therefore, the movement of the nest N,o, seen from ;53 as shown in
Figure 3.8(b), makes a circle centered at D,. The coordinates of D, w.r.t. %53 are then

transformed to be w.r.t. %.

The coordinates of B, and E, w.r.t. %, are determined in similar ways as D,. Point B, is
determined by observing nest N, in link reference frame %;,; (built by nests N;, N, and N3).
Then, E; is determined by observing nest N, in link reference frame %54 (built by nests N,
Ny and Njp). With all coordinates of A,, By, C,, D, and E; given w.r.t. %), the length of the

links are estimated as follows:
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(3.37)

3.4.5 Parameter calibration results and validation

To validate the proposed calibration method, we perform the same experiment with nominal
and calibrated parameters. Both the nominal and identified values of calibrated parameters

are listed in Table 3.4.

Table 3.4 Nominal and identified parameter values

Nominal value Calibrated value

Link length of Five-bar mechanisms

(unit)

[10 (mm) 150 151.580
[11 (mm) 400 400.510
/12 (mm) 520 518.605
/13 (mm) 400 400.656
l14 (mm) 520 523.003
I (mm) 150 151.007
1 (mm) 400 400.401
[y (mm) 520 523.075
l»3 (mm) 400 400.926
l>4 (mm) 520 526.285
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(Table continued)
Assembling of five-bar mechanisms
(unit)
Vo1 (mm) —158 —153.714
zo1 (mm) 308 305.442
Y02 (mm) —158 —156.169
Zpz (mm) 308 309.001
01 (°) 150 148.906
6, (°) 150 150.583
Active joint offset error (unit)
q(®) 0 1.445
(%) 0 —0.730
q,(°) 0 1.521
qs(°) 0 —0.093
The world reference frame (unit)
Xy (mm) —110 —115.587
yw (mm) —136 —140.868
zy (mm) 30 27.452
yw (°) 0 0.292
Bw (°) 0 —0.057
aw (°) 0 0.286

The robot’s position accuracy assessment after calibration obtained by using the ISO 9283

evaluation approach is shown in Table 3.5. The maximum absolute position error (i.e.

absolute accuracy) has been improved from 5.770 mm before calibration to 0.764 mm after

calibration. The relative accuracy is also important in the medical application, and its

accuracy is satisfactory after calibration. The maximum relative position error was improved

from 3.018 mm before calibration to 0.489mm after calibration, as shown in Table 3.5.
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Table 3.5 Absolute position accuracy (4PA) and relative position accuracy (RPA) after
calibration (mm)

P, P, P Py Ps Ps P Py Py

APA | 0.612 | 0.497 | 0.449 | 0.351 | 0.764 | 0.341 | 0343 | 0.751 | 0.576

APA, | 0.527 | 0.469 | 0353 | 0.309 [ 0.752 | 0.284 | 0.341 | 0.730 | 0.499

APA, | 0.235 | 0.152 | 0.228 | 0.158 | 0.053 | 0.122 | 0.040 | 0.165 | 0.284

APA, | 0202 | 0.054 | 0.155 | 0.047 | 0.123 | 0.144 | 0.003 | 0.057 | 0.020

RPA — 0.259 | 0.382 | 0.253 | 0.276 | 0.489 | 0.396 | 0.294 | 0.201
RPA, — 0.066 | 0.132 | 0.156 | 0.157 | 0.313 | 0.249 | 0.254 | 0.029
RPA, — 0.107 | 0.029 | 0.058 | 0.212 | 0.103 | 0.235 | 0.070 | 0.076
RPA, — 0.227 | 0.357 | 0.191 | 0.082 | 0.361 [ 0.198 | 0.130 | 0.184

Figure 3.9 illustrates the improvement of accuracy when the robot is tracking a reference
command line, which is marked in blue solid line. As shown in Figure 3.9(a) and Figure
3.9(b), which represent the trajectory projection on planes xy and xz respectively, the
trajectory before calibration has a significant error (poor absolute accuracy), and it is greatly

improved after the calibration.

Figure 3.9(c) and Figure 3.9(d) illustrate the relative position offset between adjacent points.
Since the reference command line is created by a set of points with constant offsets, the
relative position offsets are represented as a fixed point (illustrated by an asterisk). The
obtained offsets before calibration are illustrated by green squares: ideally all these squares
should coincide with the reference offset (i.e. the blue asterisk mark). However, they
scattered around the reference offset because of the robot parameter residuals. The obtained
results (offsets) after calibration are illustrated in red triangles and it clearly demonstrates the
improvement of the robot relative accuracy: i.e. the obtained relative position offsets

converge towards to the reference offset.
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Figure 3.9 Accuracy improvement in tracking a reference (command) line: Absolute
accuracy improvement by observing the trajectory in xy plane (a) and xz plane (b);
Relative accuracy improvement in xy plane (c) and xz plane (d)

Table 3.6 Comparison of proposed calibration method and standard calibration method

Proposed Standard calibration method
method
Kinematic parameter Individually, All parameters identified
identification more accurate simultaneously, less accurate
End-effector accuracy Good Optimized for end-effector accuracy
Complex computation No Yes
Robotic calibration Basic Advanced
knowledge
. . More time for Less time for experiment, more time in
Time consumption . . .
experiment method developing and computation
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The calibration method demonstrated in this section can be used for many other kinds of
serial or parallel robots as well. As it is based on direct measurements, it provides more
accurate parameter identification than conventional standard calibration methods based on
optimization (e.g. forward calibration and reverse calibration method). The proposed method
also requires no complex computation (e.g. identification Jacobian matrix, observability
analysis) or advanced optimization knowledge in calibration. The comparison between

proposed calibration method and standard calibration method are summarized in Table 3.6.

3.5 Conclusion

An assessment method of the repeatability and the accuracy of a new medical robot were
presented. The complete kinematic model of the robot was introduced, and the corresponding
parameters were calibrated by a direct measurement method. The proposed method is very
easy to implement and requires minimum knowledge on advanced calibration techniques.
This approach was validated through experiments, which demonstrated a significant
improvement of the position accuracy from about 6 mm before calibration to less than 1 mm
after calibration. Thus, the presented method has great potential value in robot calibration

when advance techniques are not available or not necessary.
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Abstract

Variable admittance control extends applications of conventional admittance control to
variable environments. However, it is hard to find a general solution to stability analysis that
can be qualified with different variation laws. In this paper, a new passivity-based control is
presented to ensure the passivity of the general variable admittance control, and it ensures the
stability of variable admittance model consequently. Our proposed control law detects the
active state of the variable admittance model, and modifies the parameter of the admittance
model to work under a passive state. The proposed controller is validated on a parallel robot

with a general variable admittance controller.

Keywords: Passivity-based control, stability, variable admittance control, human-robot

Interaction.
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4.1 Introduction

Admittance control has become a popular method for designing force controllers in human-
robot interaction. An admittance model takes force as an input, and its output is the desired
motion (position, velocity, and acceleration) to the robot's motion controller (Hayward and
MacLean, 2007; Linde and Lammertse, 2003; Maclean and Hayward, 2008). However, the
conventional admittance model has fixed parameters, which are determined by the properties
of its solitary environment. Studies on human-robot interaction show that the stiffness of the
human arm varies greatly, depending on the degree of muscle activation (Gomi, Koike and
Kawato, 1992). In such a case, an admittance controller with an unchanged configuration
would exhibit a sluggish response in a softer environment, and may become unstable in a

harder one.

The variable admittance control has already been studied to enhance its performance in
interacting with a variable environment. Nevertheless, the stability issue of variable
admittance control has been rarely studied. Moreover, in variable admittance control it is
hard to find a general solution to stability analysis under diverse parameter variation laws
(PVL). A wvariable control for human-robot interaction has been proposed, based on
estimating human arm stiffness and damping properties (Ikeura and Inooka, 1995;
Tsumugiwa, Yokogawa and Hara, 2002). However, their results are based on a pre-set
motion routine, rather than on the arbitrary motion of most human-robot interactions. Proof
of stability was not provided either. Many variable admittance controllers only adjust virtual
damping, and neglect the potential contribution of variations of virtual mass (Duchaine and
Gosselin, 2007; Rahman, Ikeura and Mizutani, 1999; Tsumugiwa, Yokogawa and Hara,
2002). The stability of this approach is discussed in (Duchaine and Gosselin, 2008; Duchaine
et al., 2012). Nevertheless, the virtual mass is set to constant in variable admittance design.
Consequently, the flexibility of the variable admittance model is restrained to a certain
degree. In a general variable admittance controller, however, both virtual mass and virtual
damping should be adjustable to achieve the desired dynamic property of the admittance

model. Recently, a practical implementation of variable admittance control was developed
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(Lecours, Mayer-St-Onge and Gosselin, 2012), and both virtual mass and damping were
modified according to an estimated stable region. However, the stable region was estimated
by interpolating certain discrete parameter samples. Notwithstanding, this modification is
insufficient to prove stability in the cases other than the parameter samples. Moreover, a
stable region estimated by invariant parameter samples is inappropriate for validating the

stability of a dynamic admittance control with variable parameters.

Passivity theory has become a common method in the stability analysis of robot control
systems (Albu-Schiffer, Ott and Hirzinger, 2007; Berghuis and Nijmeijer, 1993; Canudas-
de-Wit and Kelly, 2007; Jee-Hwan, Dong-Soo and Hannaford, 2004; Siciliano and Villani,
1996; Yongqgiang et al., 2011). Passive systems have been proved to be stable in a
conservative approach (Bao and Lee, 2007). The passivity theory analyzes stability from the
point view of energy, and does not require the explicit model of the system. This great
advantage makes passivity theory popular in the analysis of complex nonlinear systems,

whose stability issues are very hard to analyze by conventional methods.

In this paper, a passivity-based variable admittance controller is presented for human-robot
interaction. The main contribution of our proposed controller is a novel implementation of
the passivity theory, that of integrating passivity theory into a variable admittance controller.
It provides a general solution to the stability analysis of the admittance model, regardless of
the diversity of the parameter variation laws of admittance model. The proposed controller
has been improved based on simulation analysis, and validated on a new parallel medical

robot.

The remainder of this paper is organized as follows: In Section 2, the passivity property of a
general variable admittance model is discussed, and our proposed method is presented to
ensure the passivity property of the admittance model. The passivity control law has been
improved to reduce the chatter effect of the proposed variable structure control. Simulation
results are provided to illustrate the design and improvement of the proposed passivity

controller. In Section 3, the proposed passivity-based variable admittance controller is tested
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on a robot platform, and the experiment's result is discussed. Finally, a conclusion together

with future work is presented in Section 4.

4.2 Passivity control in variable admittance model

4.2.1 Passivity of variable admittance model

In a conventional admittance controller design, an admittance model is conceived with fixed
admittance parameters. The most common admittance model is a second-order mass-damping
system, which can be demonstrated as:

Sy =mX+cx+kx 4.1)
where x is the position offset from the equilibrium position; f; is the interaction force on the

robot and m, ¢ and k are constant admittance parameters, namely mass, damping, and stiffness.

In the variable admittance control, the admittance parameters are modified by the desired PVL,
according to the dynamic properties of the interaction in real time. The stiffness parameter is
generally negligible in human-robot interaction according to the research result in (Ikeura,

Monden and Inooka, 1994). Thus, the variable admittance model can be expressed as:
fr=m(t)i+c(t)x (4.2)
The PVL of m(¢) and c(¢) are functions of time. The dynamic property of the admittance

model is characterized by the PVL of m(#) and c(¢), which may be designed very differently

according to the desired motion and property of the robot's system and the human element.

The passivity theory describes the system from the point of view of energy flow. The general

form of the passivity theory can be expressed as follows:
E(t)=y"u-g(¢). (4.3)
where u is the system input and y is the system output; £(¢) is the stored energy, and g(¢) is

the dissipative power. A system is said to be passive if, in the equation of the form of (4.3),

E(?) is lower bounded and g(#) > 0 (Slotine and Li, 1991).
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Regarding to the variable admittance model (4.2), the stored energy is

E(t):%m(t)xz 4.4)
Differentiating (4.4) on both sides, and substituting (4.2) into the result gives:
E(t):fhic—%(%(t)—m(t))xz (4.5)

Equation (4.5) demonstrates the energy of the general variable admittance model (4.2) in the
passivity theory format (4.3). The interaction force f;, and the velocity x are respectively the
input and output of the admittance model, while the dissipative power is
1 . .

g(1) =§(20(t)—m(l))x2 (4.6)
According to the definition of the passivity theory, the variable admittance model (4.2) is
passive if (4.4) is lower bounded and (4.6) is non-negative. The quadratic form of (4.4)
guarantees that the stored energy E(¢) has a lower boundary. Thus, if (4.6) is greater or equal

to zero, the variable admittance model is a passive system. By eliminating the quadratic

terms in (4.6), the passivity criterion for the variable admittance model is simplified as
m(t)—2¢(t)<0 (4.7)
If (4.7) is satisfied, then the admittance model with parameters m(¢) and c(¢) is passive.

Otherwise, the admittance model is active.

4.2.2 A passivity controller design for variable admittance model

We propose a passivity controller (PC) to ensure that the variable admittance model will
possess a passivity property in real time. The PC has no effect when the system is working in
a passive state. However, when the system desists from the passive state, the PC modifies the
parameters of the variable admittance model, in order to satisfy the passivity criterion (4.7)
with the modified parameters. The PC aims to constrain the system in a passive state, but
preserve the features of the variable admittance control to their utmost. Since virtual damping
has more influence over virtual mass in variable admittance control (Ikeura, Monden and

Inooka, 1994), c(¢) retains the same value in the PVL, but virtual mass m(¢) is modified to
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n%(t) to satisfy the passivity criterion. Therefore, the passivity criterion will always be

satisfied with the modified virtual mass m after the execution of the PC:

m(t)—2c(1)<0 (4.8)
It is important to notice the different significance of (4.7) and (4.8). The former acts as a
passivity observer, and monitors the passivity property of the variable admittance controller.
More precisely, it checks the passivity property of admittance model with parameters
provided by the PVL. When (4.7) is violated, the PC starts its execution. Therefore, (4.7) is
the passivity criterion for triggering the proposed PC. In contrast, the latter represents the
result of the PC. The virtual mass will be modified to m by the PC, so that (4.8) stands true.
Consequently the passivity property of the admittance model is ensured according the
discussion in 2.1. From an energy point of view, the dissipative power of the admittance

model after the execution of the PC is:

2 (1) :%(zc(t)-nz(z))xz >0 4.9)

Since the execution of the PC depends on the observation of the passivity criterion (4.7), the
PC law is designed as a variable structure controller:

(1) = {ﬂjC(f)Sigﬂ('ﬁ(f))dH my ifTLis True

(4.10)
m(t) if I1 is False

where n~1(t) = n%(t)—m(l) represents the modification difference of the virtual mass; II is a

Boolean value, which is also considered as an active flag of admittance model with

parameters from the PVL:

_{True ifm(t)—2c(t)>0 (4.11)

| False ifm (£)—2c(¢)<0
where my; is the instantaneous value of m(f) when the PC starts its execution. The sign

function is-defined as

) I ifx>0
sign (x) = | (4.12)

ifx<0
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Figure 4.1 Diagram of the PC law

The PC law (4.10) is demonstrated in the diagram in Figure 4.1. The active flag I1 is checked

by parameters from the PVL. In Case 3, the admittance model is passive under the
parameters from the PVL. Virtual mass m(¢) is passed directly as n%(t) to the admittance
model, and thus the PC does not execute. In both Case 1 and Case 2, the admittance model is
active under the parameters from the PVL. According to the sign function, m (t) may have

two different formulas, and they both satisfy (4.8) as virtual damping c(¢) is a positive value.
Thus, the admittance model becomes passive with PC. Furthermore, the PC law in (4.10) is

designed to achieve three purposes:

i. m(t) is decreased in Case 1 (i.e. m(t)>m(t)) and increased in Case 2 (i.e.

ﬁi(t) Sm(t) ). Therefore, with the premise of satisfying (4.8), n%(t) is modified to
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approach m(z). This means that the PC modifies the admittance parameters at least

degree to respect the PVL.

ii. ~ When system is passive, ﬁi(t) equals m(f). When system is active, n%(t) only
decreases if ﬁi(t) > m(l‘) Therefore, n%(t) is ensured to be larger or equal than the
minimum value of m(¢) in all cases. Since m(¢) as defined by the PVL is assumed to
be positive, 71 (t) s positive as well.

iii.  The specified my provides a smooth change at the moment when the PC starts its

execution.

4.2.3 Simulation of passivity controller in a variable admittance controller

In this subsection, the proposed PC law (4.10) is simulated with a general variable
admittance model. The objective of the simulation is to demonstrate that the proposed PC
modifies the admittance parameter to ensure the admittance model is working in a passive

state.

A general variable admittance model is provided in (4.2). For simplicity, the interaction force
fn 1s a square wave with a unit amplitude and frequency. The PVL is designed to set the

system in a passive state and active state alternately:
m(t)zcos(%[tj+2 (4.13)

c(t)=0.1sin(z)+0.2 (4.14)

The coefficients in (4.13) and (4.14) are chosen for the purpose of demonstration.

Figure 4.2 shows the comparison of the two simulation results: variable admittance control
with and without the PC. The force inputs and the PVL are the same in both experiments.
The admittance model starts in a passive state at A, and violates the passivity criterion (4.7)
at phase B-C and D-E with admittance parameters from the given PVL (illustrated in Figure
4.2(a)). The active phases (i.e. II is true) are illustrated by the red shading, and the PC is
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executing during these time phases. Figure 4.2(b) shows the modification of the virtual mass

in the second simulation with the PC. During phase F-G, where the system is passive, ()

is equal to m(¢) since the virtual mass from the PVL is passed directly to the admittance

model. When the PC begins its execution, n%(t) deviates from m(¢) at G. The modified

virtual mass changes according to the PC law in (4.10) until H, when the admittance model is
passive under parameters from the PVL (i.e. II is false). Figure 4.2(c) compares the change
of dissipative power of the admittance model without the PC (4.6) and with the PC (4.9). The
PC efficiently regulates g(¢) to be non-negative (except for a transient glitch at N, which will
be discussed in 4.2.4), as a proof of the passivity of the variable admittance model discussed

in4.2.1.
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Figure 4.2 PC's effect on the variable admittance model and chatter effect reduction
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4.2.4 Chatter effect and its reduction

The chatter effect is a common concern in variable structure controllers in general and is
mainly due to the instantaneous change of states when the switch condition is satisfied.
Regarding the proposed PC, the controller switches between the two equations in (4.10) when
the value of II is changed, and the moments are illustrated on both sides of the red shaded
sections in Figure 4.2. When II changes to true (e.g. at B in Figure 4.2(a)), the virtual mass
has a smooth curve at the switch point G, thanks to my as the integration initial value in (4.10).

The chatter effect only occurs when IT returns to false. As shown in Figure 4.2(b), the value of
n%(t) at H resets to m(¢) at I after a sampling-time interval. This instantaneous change in the
virtual mass of the admittance model causes the chatter effect of the system, which results in a
glitch impulse of the dissipative power at N in Figure 4.2(c). It is assumed that the admittance
parameters (i.e. virtual mass and damping) have bounded values for ordinary applications, so
the dissipative power g(¢) is lower-bounded according to (4.9). The glitch impulse has a

limited value and only survives for a sampling-time interval.

The chatter effect is reduced by the application of a virtual mass threshold x. The cessation of

the PC's execution is only permitted when ‘rﬁ(t)‘ﬁ k, so that the chatter caused by the

difference between m (t) and m(¥) is restrained within a predefined range. A small value of

provides a smooth change of the virtual mass when the PC stops executing. If ¥ = 0, the
discontinuity of the state switch is theoretically eliminated. However, the curves of m (t) and
m(f) can seldom exactly meet at the same value due to certain practical reasons, such as
discrete computational precision and sampling-time intervals. It is reasonable to set x to a
proper small value according to the variation rate of the virtual mass. As a reference, the

value of x should be larger than the maximum difference in virtual mass between two

successive sampling-time intervals. Given the frequency 500Hz in the simulation, the
maximum difference value for successive m(f) and m ( t) are obtained by the PVL (4.13) and

(4.14) — at about 0.0025 and 0.0012 respectively. The chatter effect is eliminated when x
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equals 0.01 in the simulation. The diagram of the improved PC is demonstrated in Figure 4.3.
Comparing it to the PC law in Figure 4.1, additional criteria are checked when the admittance

model with the PVL parameters is passive. When the PC is running, it continues to reduce

chatter if |n~1 (t)| > k. Otherwise, the PC stops executing as in Case 3.

- Y
[ PVL )
@ ¢ S
Yes PN No
L=l 5
(Acitve) /w
Yes N
4 PCis
‘ “_running?
No
Yes ——_L
«—— ﬁz(f)|>;c i —
~J - ///
<@
Y
No . Yes
:5ff:‘Sign()<|()‘?\\/
\ 4 A 4 v
GaseslaBCmnning Case 2: PC running Case 3: PC not running
(1) ==2[c()dt +my () =2[ e(t)dt +m, O
v
./// 7 \\
| Admittance model |
\\\‘W—/( /

Figure 4.3 Diagram of the improved PC law
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According to diagram in Figure 4.3, the PC law (4.10) is rewritten as:

(1) —2[ c(¢)sign (i (¢))dt +my  ifTI* is True “15)
m(t) if I1* is False
where
H*:(H) Vv (—|H/\P/\K) (4.16)

Symbols A,v and — are respectively logical AND, OR and NEGATION operators; P and K

are Boolean values: P is true if the PC is running, and K is true if |n’% (t)| > k. In (4.16), the

term (—|H APA K) represents the condition under which the chatter effect may occur. Though

admittance model under PVL parameters is passive in this case, the improved PC continues to
execute to reduce chatter effect. Therefore, IT* represents the execution of the improved PC,

and the time phase of IT* is equal or longer than the active state flag I1.

Given the same interaction force and PVL as in Figure 4.2(a), the simulation result of the

improved PC is shown in Figure 4.4. The virtual mass m (t) does not reset to m(¢) when II is
false at H in Figure 4.4(a) as in the non-improved PC. On the contrary, m (t) is continuously

modified by the PC until it reaches H*, where the difference between the two curves 71 (t)

and m(t) are below the threshold x. Thus, the execution period of the PC is extended from II
to IT*. The glitch impulse of dissipative power (at N for non-improved PC) disappears
correspondingly at N* as shown in Figure 4.4(b).
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Figure 4.4 Chatter effect reduction by the PC on the variable admittance model

4.3 Experiment on the robot platform

In this section, the experimental setup is presented for the proposed passivity controller of a
variable admittance model. Two experiments — variable admittance control with/without the

proposed PC — were conducted, and the dissipative powers were monitored to validate the



99

proposed PC. Discussions of the experiment's hardware, robot control system and the

experiments' results are included in this section.

4.3.1 Robot platform and the experiment setup

In our experiments, a parallel robot (i.e. MedRUE) was used to validate our proposed control
method. As shown in Figure 4.5, MedRUE is a patented 6 degrees-of-freedom(DOF) parallel
robot designed for medical examinations (Zhao et al., 2013). A Mini40 6-channel
force/torque sensor is located at the root of the probe. Quanser’s hardware-in-the-loop (HIL)
card reads data from the force and position sensors, and sends them to the Simulink model at

the computer station at a frequency of S00Hz.

/ 1

Figure 4.5 Experimental setup




100

Figure 4.5 shows a view of the set-up for validating the proposed control method. An
operator holds the probe to lead MedRUE’s motion, and the interaction force is recorded
from the force sensor as the input of the robot's control system. To maximize the
repeatability of the operator’s motion in each experiment, an ABB robot was programmed to
provide a predefined reference motion. Therefore, the operator endeavors to follow the
pointer tool of the ABB robot closely in each experiment, in order to offer an appropriate

comparison between the different experiments.

4.3.2 Robot control system

Figure 4.6 demonstrates the implementation of the proposed passivity controller for variable
admittance controller in a general robot's motion controller. The variable admittance
controller takes the interaction force (i.e. f;) as input and provides a reference motion (i.e.
x,X ) for the robot's motion controller. In the variable admittance controller, the parameters

of the admittance model (i.e. m(¢) and c(¢)) are provided by the PVL, and the virtual mass
m(t) is regulated to Yh(l‘) by the PC before being applied to the admittance model. The

motion controller of MedRUE contains a computed torque controller, a proportional-integral-
derivative (PID) controller and a friction compensator. The proposed passivity-based variable
admittance controller is implemented in all 6-DOF of the robot, and the system exhibits a
similar performance in each DOF of MedRUE. For demonstration, only the performance of

the translation along the linear guide is discussed.
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Figure 4.6 Passivity-based variable admittance controller

The PVL of MedRUE is developed based on the method proposed in (Lecours, Mayer-St-
Onge and Gosselin, 2012). The PVL of the virtual damping is defined as

c, —% f (t)‘ robot in acceleration
c(t)= s (4.17)
c, —c’f_ﬂ £ (t)‘ robot in deceleration
h max

where ¢, is a reference damping when the robot is neither in acceleration nor deceleration,
Cmin and cmay are constant virtual damping limits for the admittance model, and the |f3|max 1S
the saturation limit of the interaction force. Their values are experimentally-defined
according to the application and the robot platform. The PVL (4.17) decreases the virtual
damping when the operator intends to accelerate the robot, and increases it when the operator
intends to decelerate the robot. It is assumed that the operator applies force in the same
direction as the velocity when he intends to accelerate the robot's motion, and in the opposite

direction to decelerate.
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Figure 4.7 Design of the parameter variation law (PVL)

PVL of virtual mass is determined by designing the time constant function of the

admittance model (4.2) as shown in Figure 4.7, and it is obtained by the following steps:

1.

1l.

Measure the minimum virtual mass: Studies show that the system encounters
vibrations and instability problems when the virtual mass is below a certain boundary
(Linde and Lammertse, 2003; Tsumugiwa, Yokogawa and Hara, 2002). The
minimum virtual mass mmi, 1S experimentally-measured according to predefined
constant samples of virtual damping c;.

Estimate the unstable region: Knowing that the time constant of the admittance model
(4.2) is m(t)/c(f), the unstable region is estimated under the parameter set of raw
samples [c;, mimin/ci] (Lecours, Mayer-St-Onge and Gosselin, 2012). It is worthy of
note that the unstable region was estimated for the design of parameter variation law
of admittance model. The stability analysis of admittance model is preceded by our

proposed passivity controller.
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m(1)

clt

Build the time constant function: The time constant function Y(t) = is ideal to

provide small values for fast dynamic response. At the meantime, it is practical to
keep a certain distance from the unstable margin estimated in the previous step. Offset

samples are introduced by multiplying a gain k; to the raw samples, and these are
used to fit the curve of the time constant function Y (7). A candidate curve-fitting
function is a power function

Y(1)=ke(0)" +k (4.18)

where ki, k> and k3 are parameters of the curve-fitting of the offset samples £, Mimin
c,

l

Obtain the PVL of the virtual mass: Given that Y’( t) has been determined, the PVL of

the virtual mass is obtained by
m(r)="(t)c(t) (4.19)

The parameters for the design of the PVL are based on our experiments and the values are

listed in Table 4.1.

Table 4.1 Parameter values for the design of the PVL

PVL Variable [Unit] Value

[f#lmax [N] 10

¢ [Ns/m] 80

Virtual damping c(¢)
Cmin [NS/m] 5

Cmax [Ns/m] 160

ks 1.5
ki 3.712

Virtual mass m()

ky -0.887
ks 0.010
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4.3.3 Experiment results and discussion

To demonstrate the improvement of our proposed controller, the experiment results without
the proposed PC and the experiment results with the improved PC are provided. In practice,
two distinct experiments as shown in Figure 4.5 cannot have identical motion. Therefore, the
experiment results with/without PC are analyzed individually, rather than being compared in

parallel in time phase as they are in the simulation.

The first experiment was performed on MedRUE using a variable admittance control without
the PC. Figure 4.8(a) shows that admittance model is possible to work under active state with
variable admittance control. The admittance model offends the passivity criterion in phase B-
C and in phase D-E. Accordingly, the dissipative power is below zero during the same time
phase (shown in Figure 4.8(b)), which also indicates that the admittance model is generating

energy, rather than dissipating energy according to passivity theory definition.

The second experiment was conducted on MedRUE using a variable admittance control with
the PC. The virtual mass threshold x was tuned to 0.2 based on experiments. The passivity
criterion (4.7), the virtual mass modification (4.15) and the dissipative power (4.9) are
plotted in Figure 4.9. The passivity criterion is violated in both phase B-C and phase D-E in
Figure 4.9(a). The virtual mass is modified by the PC in phase G-H* in Figure 4.9(b). In

Figure 4.9(c), the dissipative power of the experiment (i.e. g: based on m (t)) is plotted with

dot-dashed line. The dissipative power without the PC from Figure 4.8(b) is not comparable
to the dissipative power with the PC in Figure 4.9(c) as these are two different experiments.
To provide a general illustration on the effect of PC on dissipative power, a reference
dissipative power without PC is provided in a solid line in Figure 4.9(c) for demonstration
purpose. It is worthy to notice that the reference dissipative power is computed by m(¢)—
virtual mass before PC’s modification. It is an imitation of the dissipative power, rather than

a real experiment result as shown in Figure 4.8(b).
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As shown in Figure 4.9(b), the proposed PC takes effect when the passivity criterion is

violated (i.e. IT becomes true). When the passivity criterion is satisfied at C, the virtual mass

does not rise from H to I abruptly. However, the PC continues to execute until ﬁi(t)meets

m(?) under a predefined threshold x at H*. The dissipative power with the PC is constrained to
be non-negative as illustrated by the dot-dashed line in Figure 4.9(c). The reference dissipative
power (solid line in Figure 4.9(c)) also provides a general concept for demonstrating the effect

of the proposed PC in dissipative power.

4.4 Conclusions

In this paper, a novel implementation of the passivity theory is presented for admittance
controllers. It constrains the passivity property to provide the stable behavior of admittance
model. The proposed passivity controller has a variable structure and the chatter effects are
attenuated through the improved design. Simulations on the variable admittance controller
are presented to elaborate the development of the passivity control. Experiment results are
discussed to validate the proposed methods. The proposed methodology provides a general
solution for ensuring the stability of admittance controllers, regardless of the diversity of
their parameter variation laws. It can be further developed for the stability analysis of model-

based controllers.






GENERAL CONCLUSION

The goal of this research was to provide a solution for assisting sonographers to diagnose
peripheral arterial disease in lower limbs. The medical ultrasound robot (MedRUE) and its
kinematic model were presented, as well as singularity issues and workspace. Regarding
manufacturing and assembling errors in the prototype, the robot was calibrated to improve its
position accuracy. The force control of the robot's system to provide stable interaction with

humans was discussed.

Compared to other medical ultrasound robots, MedRUE stands out for its capability to
diagnose peripheral arterial disease in the lower limbs. It is a six degree-of-freedom parallel
robot with an intuitive geometric structure optimized for the workspace required for lower
limb diagnosis. The solutions of the forward/inverse kinematic model are simplified by
decomposing MedRUE into the mobile base, two five-bar mechanisms and the tool part.
Most singularity cases of MedRUE are unreachable due to its mechanical joint limits. The
hardware setup of MedRUE was also introduced. MedRUE is easy to install, and can be

controlled directly by personal computer via a peripheral component interconnect (PCI) card.

The calibration method of MedRUE is based on a direct measurement method. It is simple
and practical to implement without advanced calibration knowledge. A laser tracker is used
for measurement due to its superior accuracy over optical measurement methods. Certain
points on the robot's links are measured in the predefined robot trajectory. The measured
position data determine the coordinates of the joints, and thereafter identify the kinematic
parameters. The proposed method determines the parameters individually, and thereafter
decouples the nonlinear interference between kinematic parameters. As opposed to most
calibration methods based on optimization techniques, all kinematic parameters are identified

as a bound solution.

Force control is a major concern in human-robot interaction systems. The force control of

MedRUE is designed considering human as a variable environment. An admittance control
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with variable parameters, therefore, is applied in the force controller. The variation law of the
admittance parameters is built upon an operator intention indicator, which uses sensor data to
predict the operator’s wish to accelerate or decelerate. The admittance parameters are
modified to facilitate the operator’s movements. A novel implementation of the passivity
theory was proposed for the variable admittance control to ensure the passivity property of

the admittance model.

This research accomplishes the first stages of the MedRUE system. It can be used as an
ultrasound probe holder to assist the sonographer in peripheral arterial disease diagnosis in
the lower limbs. The robot can place the probe in the desired position either by a reference
position command or the guide of the sonographer’s hand. The robot releases the
sonographer from the weight load of the ultrasound probe, and can provide accurate position
information paired with medical images. There are many tasks to achieve in the future work
of following stages. Image-based control can be implemented in parallel with force control,
to provide the solution of a fully-automated ultrasound scan for peripheral arterial disease
diagnosis in the lower limbs. Computer vision technologies will be required to extract
boundary features and the geometric center of the artery. The scanned artery can then be
reconstructed via the medical images and the corresponding position data, and the

reconstruction will be invaluable for further treatment.

This project is the initial study of a medical ultrasound robot for the diagnosis of peripheral
arterial disease in the lower limbs. Compared to other medical imaging technologies, such as
CT and MR, it has the advantages of low cost and non-radiation. These are very valuable
features in the daily diagnosis of peripheral arterial disease given its high prevalence. In sum,
MedRUE is outstanding for the application of ultrasound scanning in the lower limbs, and it
can be used for ultrasound scans of other areas as well. It aims to meet the need of

sonographers and patients, and benefits both with improved health.



APPENDIX I

MOTION CONTROLLER DESIGN OF MEDRUE

The design of the MedRUE’s motion controller is based on the MedRUE’s dynamic model,
which can be represented in joint level as

1=M(q)4+V(q.9)+F(q)+G(q) (I.1)
where q is the vector of joint values, T is the vector of torques in active joints, M is the
inertia matrix, matrix V contains Coriolis and centrifugal force terms, F represents the

frictions in joints, and G includes the gravity terms. In the motor lever, the dynamic model is

written as
v, =14,+F, (q,)+K (L.2)
where q,, is vector of rotation angle of motors, T, is the vector of torques in each motor, I, is

the inertia of motors, F,, represents the friction in the motors, and Kr includes the gear ratios

between motors and joints. The inertia matrix M is decomposed in to the format as follows :

M(q)=M+AM(q) (1.3)

where M is the mean values of inertia matrix M, and AM is the residue term (Yen, 2011).

Substituing T in (1.2) with (I.1) leads to

T, = 1\_/Imijm +F sgn(q,,)+G, (q,)+d (1.4)

where M, =1 +K'MK', F, is the Coulomb friction coefficient involving both motors
and joints, G, is the mapping of gravity matrix G from joint lever to motor lever, and
d, =K 'AM(q)K;'q, +K;'V(q,q). Since during the application of MedRUE, the robot

speed is slow, the nonlinear term d,, is considered as the disturbance of robot system.
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Figure 1.1 Motion controller of MedRUE

According to dynamic model in (1.4), the motion controller of MedRUE is designed with PID

controller, friction compensator and gravity compensator. As shown in Figure 1.1, given the

desired motion in Cartesian space (i.e. acceleration X 4> velocity X , and position Xy), the

inverse kinematic model provides desired motion in joint space. In PID controller, q =q, —q

represents the joint errors (gear ratio K, is ignored in the diagram). The PID coefficient

matrix K;, K, and K, are designed according to (Bigras, 2009). The Coulomb friction

coefficient F,. is measured directly on the joint with a weight balance. The design of gravity

compensator has been studied in (Lessard, 2007).
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