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Abstract

This thesis focuses on the analysis and implementation of haptic teleoperation systems for
home-based remote rehabilitation therapies. The main objective is to link the hand of a
hospital-based therapist to the hand of a home-based disabled patient haptically, in order to

simulate conventional in-hospital therapies.

A new telerehabilitation paradigm involving telerobotic systems is proposed. The pro-
posed “Learn-and-replay” paradigm for task-oriented therapy consists of two phases: a
therapist-in-loop phase where the therapist interacts with the patient through the haptic
telerobotic interface to perform one or more repetitions of a cooperative therapy task, and
a therapist-out-of-loop phase where the therapist’s cooperative role in the task is played
by the patient-side robot in future repetitions. Various technical aspects of this paradigm
are explored in this thesis, including the therapist’s arm impedance estimation and emu-
lation through impedance control. One degree-of-freedom and a two degree-of-freedom

advanced cooperative manipulation tasks are tested for proof of concept.

Traditionally, human arm passivity is assumed for teleoperation system stability analysis.
Recent research has shown that such an assumption can be inaccurate or too conservative.
Especially, human arm can demonstrate active behaviour during telerehabilitation scenar-
ios. A series-shunt approach is proposed to take into account some a priori information
about the activity or excessive passivity of the human operator in order to derive more ex-
act stability criteria. Both theoretical derivation and experimental validation are carried out

in this work.
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Chapter 1

Introduction

1.1 Motivation

The demand for rehabilitation therapy for post-stroke patients has been increasing due to the aging
population. Currently, about 50,000 cases of stroke are reported in Canada each year. Over half
of the stroke victims survive — currently a total of 300,000 people in Canada — and require reha-
bilitation. While 10% of stroke sufferers recover completely, the rest are left with permanent or
long-lasting disability which, in addition to the ensuing economic effects, adversely impacts their
quality of life. Each patient requires many lengthy hands-on therapy sessions with rehabilitation
therapists, which are labour-intensive activities and place a significant burden on the healthcare sys-
tem. This demand has motivated the incorporation of robotic systems into rehabilitation programs

as robots are able to perform controlled and reproducible motions and are not subject to fatigue [1].

While in-home robot-assisted rehabilitation has the potential of increasing access to and lowering
the cost of therapy, it faces the challenge of maintaining patient’s motivation to participate in re-
habilitation exercises regularly on his/her own [2]. Thus, the notion of home-based rehabilitation
based on teleoperation (“telerehabilitation”) is introduced in this thesis. Traditionally, a bilateral
teleoperation system system consists of a human operator interacting with a master robot and re-
motely controlling a slave robot to perform a task in a remote environment [3]. In the proposed
telerehabilitation case, the remote environment will also be a human. In other words, the therapist
and the patient interact with the two ends of a teleoperation system. Telerehabilitation also enables
rehabilitation services to be delivered over long distance to remote areas with limited access to

rehabilitation services, which is highly relevant to Canada’s situation.
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This thesis develops a new approach to task-oriented telerehabilitation therapy aimed at partially au-
tomating the rehabilitation process by time-sharing a therapist. Human arm mechanical impedance
measurement and robot impedance control will be used to achieve this goal. It also investigates the

stability analysis tools of teleoperation systems with two or more human operators.

1.2 Organization of the Thesis

Chapter 2 presents background information to help the readers understand the context in which this
research is carried out. A brief history of teleoperation systems is first presented, followed by an
overview of the use of robotics in rehabilitation therapy. Finally, we introduce the emerging field of

telerehabilitation where teleoperated robotic interfaces are used for remote rehabilitation therapy.

Chapter 3 proposes a “Learn and Replay” (LAR) telerehabilitation paradigm which is a potential
solution to the therapist time-sharing concept mentioned in the literature but has never been imple-
mented concretely. Different technical issues are investigated in this chapter for the implementation
of the LAR paradigm for a 1 degree-of-freedom (DOF) screwdriving task, including teleoperation
system modeling, human impedance measurement during execution of a task through teleoperation,
and the impedance control of an industrial robotic arm for the autonomous completion of the screw-
driving task. Experimental results showing the complete LAR system performance for the 1-DOF
task are shown in this chapter. It is important to remember that the mechanical impedance is the
dynamic relationship between force and motion, which can be represented by physical concepts

such as inertia, viscosity and stiffness.

Chapter 4 is a step forward from Chapter 3. A 2-DOF peg-in-the-hole insertion task is considered
in this chapter under the LAR paradigm. Technical issues specific to the 2-DOF task are presented
in this chapter and the experimental results showing the successful implementation of the LAR
paradigm are shown as well. Chapter 3 and Chapter 4 together provide two examples as proof of

concept for the proposed LAR paradigm.

Chapter 5 proposes a series-shunt stability analysis approach to take into account the degree (or lack
thereof) of passivity of one or multiple terminations (denoting human operators and remote envi-
ronments) present in a multilateral haptic system. A priori information is used to classify the termi-
nation under consideration into one of several categories and then the series-shunt decomposition
approach is applied to derive a new set of stability criteria that are more accurate and appropriate for

systems such as telerehabilitation systems that involve active or excessively passive terminations.
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The approach is applied to a bilateral and a trilateral teleoperation system as case studies and the

resulting criteria are verified with experiments.

Finally, Chapter 6 summarizes the research work and suggests future directions of research.

1.3 Publications

Chapter 3 has been submitted to the 2015 IEEE International Conference on Robotics and Automa-
tion, Seattle, WA, USA. Chapter 5 was published in the 2014 IEEE Haptic Symposium, Houston,
TX, USA [4].

1.4 Contributions of the Thesis

This thesis makes several novel contributions in areas of telerehabilitation, human arm impedance

measurement, learning from demonstration (LFD) and multilateral haptic system stability analysis:

1. PROPOSAL OF A NOVEL TELEREHABILITATION PARADIGM. The LAR paradigm proposed
in Chapter 3 and 4 is a novel telerehabilitation paradigm aiming at providing a solution to the
therapist time-sharing concept, which was brought up in [5] without providing any concrete
technical solution. The sequential process involving therapist-in-loop (TIL) and therapist-
out-of-loop (TOOL) phases provides an original framework for partial automation of the tel-

erehabilitation process and reducing rehabilitation costs for the health care system.

2. HUMAN ARM IMPEDANCE MEASUREMENT DURING UNPERTURBED TELEOPERATION TASK
EXECUTION. The human arm impedance measurement technique presented in Chapter 3 and
Chapter 4 is different from previous human arm impedance measurement techniques in that it
does not restrict the subject’s posture or requires large data size[6], nor does it require exter-
nal force disturbances [7]. Another novelty in this regard is our use of the mechanical energy
absorption/generation information during teleoperation task execution as a perturbation on-
set detection criterion in order to use task-intrinsic force signals as excitation inputs for arm

impedance identification.

3. IMPEDANCE LFD IN TELEOPERATION. The LAR paradigm is a realization of the LFD con-
cept as the robot is taught with demonstrations to behave in a certain manner. To our knowl-

edge, this work is the first application of LFD concept in telerehabilitation field, which can
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be very beneficial in that therapists are not required to configure or code the robot differently
each time the task changes. Different from previous LFD realizations for teaching the robot
a desired impedance [8], our work is done via the medium of teleoperation and impedance

distortions introduced by teleoperation are also accounted for.

4. ACTIVITY OR STRICT PASSIVITY OF MORE THAN ONE TERMINATION AND UP TO ALL
TERMINATIONS. The series-shunt approach proposed in Chapter 5 can be applied to n-port
networks to allow, for the first time to our knowledge, up to n terminations to be active or
strictly passive. In the telerehabilitation case for example, the therapist’s role in assistive
therapy can be modeled by an active termination, while his/her role in resistive therapy can
be modeled by a strictly passive termination. Previous works only provided frameworks either
for one of the termination to be active/strictly passive [9], [10], or did not allow terminations to
be active at all [11], [12]. Another difference from [11] is that, while previous work requires
the use of wave variables and scattering parameters, our approach yields results directly in
the immitance (i.e. impedance or admittance) domain, which is more suitable for mechanical

systems.



Chapter 2

Background

This chapter provides background information in teleoperation, therapeutic robotics and the emerg-
ing telerehabilitation field to better illustrate the context of our research. In Section 2.1, an overview
of the teleoperation technology and its wide-range applications is given. In Section 2.2, we present
the current state of robotic assistance in the area of rehabilitation. Finally, in Section 2.3 we look at
how the new field of telerehabilitation can integrate teleoperation into rehabilitation and thus offer

exciting new possibilities for patients.

2.1 Teleoperation Systems

2.1.1 A Brief History of Teleoperation and its Applications

Although the concept of extending the human arm reach has been around for centuries, the first
mechanism resembling modern teleoperation systems was developed by Goertz at Argonne Na-
tional Laboratory in 1945 [13]. The system was purely mechanical and was designed to enable safe
handling of hazardous materials from the outside of a hot cell. The first electric master-slave tele-
operation system was developed in 1954 [14], in which the master and slave devices were separated
mechanically. In the 1960s, with growing teleoperation applications in space exploration, the effect
of delay caught researchers’ attention [15]. Supervisory control was developed to address the issue,
where the exchange of information between the master robot and the slave robot is minimized by
giving more autonomy to the slave robot. Moving into the 1980s, more advanced control theoretical
methods were applied to analyze teleoperation system stability and performance, such as the net-

work theory [16], scattering theory and passivity based control [17]. With the advent of the Internet
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as the most common medium for data exchange, new technical challenges appeared such as varying

time delay [18], discrete-time data sampling [19], and information loss [20]

Ever since the invention of the teleoperation system, it has found applications in more and more

fields. Today, its applications are found primarily in but not limited to the following fields:

1. SPACE EXPLORATION. Teleoperation systems are used extensively in space programs. The
first computer controlled teleoperation robot ROTEX was sent to space in 1993 on board
the space shuttle Columbia [21]. The robot was able to be controlled both from within the

spacecraft by astronauts and by NASA ground control in Houston via teleoperation.

2. RADIOACTIVE MATERIAL HANDLING. Teleoperation was initially developed for hazardous
material handling and it is still widely used for this purpose. For example, a Stabiili RX 170
industrial manipulator was used for a maintenance operation via teleoperation in a nuclear

spent fuel reprocessing plant in L.a Hague, France [22].

3. UNMANNED UNDERWATER VEHICLE OPERATION. The harsh underwater environment pro-
vides another natural field for teleoperation applications. For example, a teleoperation grasp-
ing system was developed for underwater construction purposes with the help of augmented

reality technology [23].

4. TELESURGERY. The application of teleoperation technology to robot-assisted surgery is a
relatively new field. The da Vinci Surgical System by Intuitive Surgical Inc. is one of the most
well-known teleoperation systems in clinical use [24]. In 2001, a robot-assisted minimally
invasive surgery was completed using a ZEUS surgical robot via teleoperation by a surgeon

based in New York, USA, on a patient in Strasbourg, France [25].

Our ultimate goal is to extend the application of teleoperation to in-home rehabilitation.

2.1.2 Control Architectures for Bilateral Teleoperation

In general, a teleoperation system consists of a human operator, a remote environment, a master
robot, a slave robot, and a communication & control system, as shown in Fig. 2.1. Mechanical
energy is exchanged between the human operator and the master robot, and between the slave robot
and the environment. Information is exchanged between the “Communication Channel & Robot
Control” block and the master/slave robots; the control architectures discussed in the following

paragraph applies to this block.
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FIGURE 2.1: Schematic of a bilateral teleoperation system

Haptic feedback in teleoperation can be achieved with two-channel (2CH) or four-channel (4CH)
control architectures [26]. A position-error-based (PEB) architecture sends the positions of each
robot as the reference position to the other robot and the reflected force is calculated based on the
difference in positions between the master and the slave robots. No interaction force measurement
is required in the PEB architecture. In direct force reflection (DFR) architecture, while the slave
robot follows the master robot’s position, contact force between the slave and the environment is
measured with a force sensor and sent back to the master robot. The master robot then determines its
joint torques based on this slave/environment force measurement. Both PEB and DFR architectures
are 2CH architectures as only two channels are needed for communication (two position channels
in the PEB case, and one channel for position and another channel for force in the DFR case). By
combining and extending the PEB and the DFR architectures, we can have a 4CH system, in which
the robot joint torques are calculated based on both the positions and the force readings sent from

the other robot.

In our application, although the PEB architecture is a cheaper solution to introducing haptic feed-
back in teleoperation in comparison with the DFR architecture, it does not provide enough trans-
parency due to the heavy mechanics of the industrial manipulator used as the slave robot. In other
words, a force that is not big enough will not be able to introduce enough displacement on the slave
robot, which translates to practically no haptic feedback on the master robot if the PEB architecture
is used. Therefore we have chosen to implement the DFR architecture for our LAR implementation
such that the interaction forces acting on the slave robot can be faithfully fed back to the master

robot.

2.2 Therapeutic Robotics

2.2.1 Brief History of Rehabilitation Robotics

Robotic prosthesis and orthotics was the primary focus in the early development of the field of

rehabilitation robotics from 1950s to early 1990s. The emphasis was placed on using the robots to
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help patients complete activities of daily living (ADLs) [27]. For example, robotic devices were

developed to be mounted to a wheelchair or a desk to assist users with reaching for objects.

In late 1980s, researchers started to consider using robots as a therapy tool to address the cause of
motor dysfunction by providing physical or cognitive therapy exercises. In 1988, a robotic system
to flex and extend the knee for movement rehabilitation was developed [28]. Later, robotic free-
reaching movement therapy was introduced for the upper-limb with an industrial Universal Machine
Intelligence RTX robot [29]. A button was positioned by the robot in various locations and the
patient was asked to reach out and touch it. Since then several rehabilitation robots were developed
for upper-limb therapy, including the MIME [30], MIT-MANUS [1] and ARM Guide robots [31].
In the 2000s, following a modular design concept rehabilitation robots were further developed for
therapy involving other parts of the body including gait training [32], ankle movement training [33],
wrist training [34], and hand/finger training [35].

The motivation behind incorporating robots into rehabilitation therapy, which is traditionally ad-
ministered and delivered entirely in a “hand-over-hand” manner (in its literal sense in the case of
upper-limb post-stroke therapy) by therapists, is the fast growing demand for therapy from a grow-
ing ageing population. Integration of robotics into rehabilitation therapy is considered to be able to
improve the efficiency of the therapy, as robots can help alleviate the pressure and physical work

that therapists have to put into rehabilitation therapy [1].

2.2.2 Effect of Robotic Therapy on Motor Function Recovery

Ever since the emergence of rehabilitation robots, researchers have been investigating the effect that
robotic therapy (RT) can have on the motor function recovery process. However, the exact impact
of RT on motor recovery is still unclear. Studies on the MIT-Manus system were first conducted
on stroke patients’ arm motor function recovery after stroke. Results showed that patients had
reduced shoulder and elbow motor impairment compared to those who did not receive RT and the
difference was still statistically present at a 3-year follow-up [36], indicating that supplemental RT
can enhance motor function recovery. Other studies involving the MIME system also compared
the therapy outcome between patients who received RT and patients who received conventional
therapy with similar intensity. Results showed that robot involvement improved motor function
recovery in terms of the Fugl-Meyer score, gains in muscle strength, and reach extent compared
to conventional rehabilitation therapy [37], suggesting that RT can be comparable to or even more
effective than conventional rehabilitation therapy. However, there are also studies that showed that

patient” improved motor function does not necessarily translate into better performance in ADLs,
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which is arguably the most important goal for rehabilitation therapy [38]. Studies done in [39] raised
the challenge of distinguishing the contribution from movement practice and from application of
robotic forces towards the observed improved motor function recovery. This question is important
because if movement practice turns out to be the dominant stimulus for motor function recovery,

there is no need to involve actuated robots in the rehabilitation therapy.

Although currently there is no consensus on the impact of RT on motor function recovery process,
the need for rehabilitation robots is still there, as RT has proven useful in providing help to ther-
apists, especially for physically demanding therapies [40]. Robots can also be used to increase
training intensity for patients as they can continue to provide therapy services outside of the ther-
apists’ available hours. Rehabilitation robots can thus increase the productivity of therapists and
consequently help in reducing health care costs and increasing therapy availability. Another advan-
tage of the rehabilitation robotics is that once combined with teleoperation, rehabilitation therapy

accessibility can be further increased. This will be the topic of Section 2.3.

2.3 Telerehabilitation Robotics

Telerehabilitation refers to delivering rehabilitation therapy to a patient from a remote location with

the help of rehabilitation robots.

Current telerehabilitation technologies can be grouped into unilateral and bilateral teleoperation
systems [41]. In the unilateral systems, only the patient interacts with a robot and the therapist can
provide instructions to the patient via the Internet (in the form of instant messageing, voice/video
conferencing, etc.). Data from the patient side is sent to the therapist via the Internet as well. Ex-
amples of such systems include the JavaTherapy system [31] and the Rutgers Master II system [42].
In bilateral teleoperation systems, the patient and the therapist interact with each other haptically
(through the slave and the master, respectively) either directly [5] or indirectly through a virtual
environment [43]. In [43], the patient and the therapist were able to engage in haptic interaction
by cooperatively manipulating an object in a virtual environment. In [5], wrist-worn haptic de-
vices were used by the therapist and the patient to haptically interact via bilateral teleoperation and
perform rehabilitation therapy. The same paper discussed the concept of time-sharing a therapist,
where the therapist would deliver therapy to multiple patients by the master robot while the slave
robot would learn the therapist’s behaviour and carry it out automatically when the therapist shifts
his attention to another patient. However, no proposal was made with regard to how to teach the

slave robot the proper interactions it has to have with the patient.
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This thesis is interested in home-based rehabilitation based on haptic teleoperation. In this context,
a hospital-based therapist is haptically linked and telepresented to a home-based disabled patient
in order to effectively simulate traditional in-hospital therapies, e.g., those in which a therapist
physically helps and cooperates with a patient in performing therapy tasks, over a distance. Stability
of such systems has been investigated in [44] and [45].

Although the field of telerehabilitation is still in an early stage of development, it holds the key to

providing solutions to the following needs in rehabilitation:

1. DELIVERING REHABILITATION THERAPY TO REMOTE AREAS. Telerehabilitation can be
used to deliver rehabilitation therapy to patients living in remote areas or to patients who have
limited access to transportation. This is particularly appealing to Canada, which has a vast

geography and very low population density.

2. INCREASING PATIENT MOTIVATION AFTER DISCHARGE FROM HOSPITAL. Upon discharge
from the hospital, patients often suffer from a lack of motivation to continue therapy exercises,
which hinders their recovery [46]. By involving therapists in the after-discharge recovery
phase through teleoperation, patients will kept motivated at a reduced cost and improved

convenience compared to face-to-face therapy.

3. REMOTE MONITORING OF THE PATIENT RECOVERY PROGRESS. Telerehabilitation will
enable therapists to monitor the patient recovery after their discharge from the hospital, as
robotic devices can be used to provide clinically relevant information. Robots can be used
to record position and force information of the patient during therapy sessions and such data
can be analyzed with information technology for patient recovery assessment. For example,
[6] is a first step towards establishing correlation between patient arm impedance and motor

function recovery.
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Chapter 3

Learn-and-Replay Telerehabilitation
Paradigm: 1-DOF Task

3.1 Introduction

The demand for rehabilitation therapy for post-stroke patients has been increasing due to the age-
ing population. Each patient requires many lengthy hands-on therapy sessions with rehabilitation
therapists, which are labour-intensive activities and place a significant burden on the healthcare sys-
tem. This demand has motivated the incorporation of robotic systems into rehabilitation programs
as robots are able to perform controlled and reproducible motions and are not subject to fatigue.
This helps to relieve the therapists from repetitive hands-on therapy exercises. One key question
we ask in this chapter is given the limited computer programming know-how available in clinical
settings, can certain desired robot behaviours be learned after qualitatively demonstrating the task

to the rehabilitation robot by the therapist in order to free the therapist from repetitive actions?

Previous research suggests that the human displays task-dependent impedance via the incorpora-
tion of inverse dynamic models and impedance control while interacting with the environment
[47]. The central nervous system (CNS) learns the optimal impedance for a specific interaction
and while the interaction can be intrinsically unstable, stability is achieved via regulating the me-
chanical impedance in the human arm [48]. Previously, human impedance regulation skills have
been transferred to robots by using the electromyography (EMG) signals to estimate the human arm

impedance during teleoperation [49]. Probabilistic approaches such as learning from demonstration
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(LFD) using a gaussian mixture model [8] have also been employed to capture the impedance pat-
tern of two humans in haptic interaction during a hardware assembly task. The impedance pattern

was then reproduced by a robot for autonomous robot-human collaboration.

In the context of bilateral telerobotic rehabilitation, the idea explored in this chapter is to make
the slave (patient-side rehabilitation) robot learn the endpoint impedance (the dynamic relationship
between the force applied and motion) displayed by the therapist during a task and then emulate the
therapist behaviour specific for the task. In the current chapter and the following chapter (Chapter 4),
we will refer to the patient-side robot the “slave” robot and the therapist-side robot as the “master”
robot. Note that this nomination is different from the conventional nomination for teleoperation
systems as we have human operators on both sides of the teleoperation system. Our appellation of

“master” or “slave” is therefore an arbitrary choice.

In this chapter, we propose a novel paradigm called learn and replay (LAR) to realize direct bilat-
eral telerehabilitation that encompasses two distinct phases to achieve time-sharing of a therapist.
During the first phase, the therapist interacts directly with a patient through bilateral teleopera-
tion (Fig. 3.1(a)) to complete a cooperative task. This stage is called the therapist-in-loop (TIL)
phase. In the meantime, the therapist’s task-specific impedance is measured through the master
robot. During the next stage, the therapist is no longer in the rehabilitation loop, thus giving rise
to the therapist-out-of-loop (TOOL) phase (Fig. 3.1(b)). In the TOOL phase the therapist’s mea-
sured arm impedance is displayed by the slave robot via an impedance control loop to the patient
so that the cooperative rehabilitation task can be carried on in the absence of the therapist. In this
way, the proposed LAR paradigm allows for teaching a rehabilitation robot at patient’s home new
desired therapy oriented behaviours by demonstrating the task rather than explicitly programming
it through machine commands. This is useful in clinical settings where the therapist has knowledge
of the task to achieve but not the ability to accordingly reprogram/reconfigure the robot. Ultimately,
this LAR paradigm also facilitates time-sharing the same therapist across multiple home-based pa-
tients engaged in task-oriented therapy. The therapist can engage the next patient in TIL phase while
the previous patient starts TOOL phase exercises. The different therapist arm impedances related
to different patients and different therapy tasks will be identified and emulated by different slave
robots. Finally, the LAR paradigm is also particularly useful for sophisticated impedance-based

rehabilitation tasks (in addition to simple trajectory following tasks).

This chapter is organized as follows: First, we give a description of the master-slave teleoperation
system including its control architecture as well as a representative cooperative task for therapy in
Section 3.2. In Section 3.3, we introduce the method used for human arm impedance measurement

in the TIL phase without interrupting the normal flow of the therapy task. In Section 3.4, we present
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FIGURE 3.1: Illustration of the proposed LAR paradigm with (a) TIL phase, where the hospital-
based therapist interacts with the home based patient via a teleoperation system, and (b) TOOL
phase where the therapist’s behaviour is emulated by the patient-side robot

the impedance control implementation for the slave robot during the TOOL phase. In Section 3.5,
we present the results for the therapist arm impedance estimation at the master side during the TIL
phase and the patient-robot impedance-based interaction at the slave side during the TOOL phase.

Finally, Section 3.6 presents concluding remarks.

3.2 Telerehabilitation System and Therapy Task

In this section, we first describe the task to be done cooperatively by a patient and a therapist. Next,
we present a teleoperation system appropriate for performing the therapy task in the telerehabili-
tation mode. Then, we present the kinematics and dynamics of the master and slave robots of the
telerehabilitation system and describe the teleoperation controller used in the system. Finally, we
derive the teleoperation system’s hybrid matrix to be used in a following section in order to account

for the impedance distortion caused by the teleoperation system dynamics.

3.2.1 Therapy Task

Consider a task in which a screw is driven by the patient into a surface held in position by the thera-

pist as shown in Fig. 3.2(a). For this screwdriving task to be done in the proposed telerehabilitation
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FIGURE 3.2: (a) Direction manipulation: the screwdriving task without using any robots. (b)
Configuration of the slave (patient-side) Yaskawa Motoman SIASF robot. (¢) Configuration of the
master (therapist side-side) rehabilitation robot.
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context, the patient will be tasked to drive the woodscrew into the wooden plate attached to the end-
effector of a slave robot (7-DOF SIASF robot from Yaskawa Motoman, Miamisburg, Ohio, USA,
as shown in Fig. 3.2(b)) that is teleoperated by the therapist from a master user interface (2-DOF
planar rehabilitation robot from Quanser, Inc., Markham, Ontario, Canada, as shown in Fig. 3.2(c)).
Thus, in the TIL phase, while the patient uses a screwdriver to drive the screw into the wooden
plate fixed to the slave robot, the therapist firmly holds the master haptic device in position. For the
realization of this teleoperation system, readers can get more information in Appendix B, Appendix

C and Appendix F.

3.2.2 Telerehabilitation System

Although both the master and slave are multi-DOF robots, they have been configured to accommo-
date the aforementioned task, which naturally involves only a 1-DOF motion in the Cartesian space.
Consider motor 1 of the master robot and the sixth joint of the slave robot corresponding to the joint
angles 6,, and 6; in Fig. 3.2, respectively. The slave position 8; is made to follow the master position
6,, while interaction forces at the slave side are reflected back to the master side. The second joint
of the master robot is passively (physically) clamped in its home position with the corresponding
motor (Motor 2) turned off, while the other 6 joints of the slave robot are actively held in position
via high-gain PID position control. In Fig. 3.2, both robots are at their home positions (6, = 6; = 0).
Cartesian frames are attached to the end-effectors of the master and the slave as shown in Fig. 3.2.
Note that for small 6, and 6, the motions of the two robots can be approximated to be along a
Cartesian axis. The task is therefore in the ¥ direction. Through teleoperation, the therapist tries to
resist the pushing forces of the patient applied in the ¥ direction by displaying a stiff impedance to

the master robot in that direction, so that the patient can complete the screwdriving task.

3.2.3 Master and Slave Robots Kinematics

Given that the screwdriving task takes place in the Cartesian space while the robots are controlled
in the joint space, there is a need to consider the robots’ kinematics for robot control purposes.
The link lengths for the master and slave robot are L,, and L, respectively, measuring from the
rotating axes to the centre of the handle for the master robot (Fig. 3.2(c)) and to the screw location

on the wooden plate for the slave robot (Fig. 3.2(b)). The kinematic position and velocity mappings
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FIGURE 3.3: Schematic of the DFR teleoperation architecture.

between the joint space and the Cartesian space are

Yms = Lm,s . Sf”(em,s} (3 1)
Yms = Lm,s . COS(Bm,s} . em,s = Jm,s . em,s (3.2)

where the subscripts m, s denote the master or the slave, respectively.

Denoting the torques applied by the motors on the robot joints by 1, and 7, the relationship between

joint torques and Cartesian end-effector forces in the Y direction is also related through the Jacobian:

Tmys = Jm,s : fm,s (3.3)

When external Cartesian forces are applied to the robots by the therapist (denoted by f;;) or by the
patient (denoted by fp) in the Y direction, they can be converted to torques applied to the robot joints
(:n) and (7p) in the same manner. Such external forces along the Y direction are measured by two
ATT Gamma NET force/torque transducers (Apex, NC, USA) attached to the end-effectors of the
two robots at 1 kHz sampling rate. The communication channel is implemented using the Winsock
application programming interface over the Ethernet using the UDP protocol at 1 kHz sampling rate
— the same rate as the one used in the robot control loops (for reading encoders and issuing torque

commands) of both robots.
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3.2.4 Telerehabilitation System Controller

Direct force reflection (DFR) architecture is used for control of the bilateral telerehabilitation sys-
tem. In the DFR architecture, the slave robot follows the position of the master robot while the
master robot displays to the human operator the interaction forces measured by a force sensor at the
slave robot’s end-effector. For details of this teleoperation control method, readers can refer to [26].
A detailed schematic of the bilateral teleoperation system is presented in Fig. 3.3 where T is the
output of a joint-level position controller and 7y, is the torque to be reflected by the master robot to
the human in contact with it (therapist). Note that the time domain variables are capitalized here to

refer to their frequency domain equivalences.

In Fig. 3.3, (3.2) and (3.3) convert joint velocities into Cartesian velocities and Cartesian forces into
joint torques. Also, as mentioned before, F7; and F) are the Cartesian forces applied to the master
and slave robots by the therapist and patient, respectively. Z,, and Z; are the impedance transfer
functions of the master and the slave robots in the joint domain relating joint velocities to joint
torques. The master robot can be modeled as an inertia, Z,, = M,,s, as it is a haptic device used
by the therapist. The slave robot is modeled as an inertia and a damper because it has significant
damping and friction needing to be modeled: Z; = Ms+ By. Z;;, and Z), refer to the arm impedances
in the Cartesian domain of the therapist and the patient, respectively. C; is the PD position controller

for the slave robot, Cy = Kys +Kps/s. Ky is the force reflection gain to the master robot.

For our analysis, we first make the simplification that cos(8y,) ~ 1 and cos(6s) ~ 1 based on the
assumption that 8,, and 8, are small angles within 10°. This assumption will indeed be verified in
Section 3.5 and is guaranteed by the nature of the task used for case studies in this chapter. This

assumption only introduces a worst error of 3% in (3.2) and (3.3), which we deem to be insignificant.

With this assumption, the simplified system dynamics derived from Fig. 3.3 in frequency domain

are
(Fn+Fy-Kp) L2 =Zp Yy (3.4)
Cs .. GCs+7Z .
Fp-Li+— Fp= st .Y, (3.5)
5 LS

Equations (3.4) and (3.5) can be manipulated into the 2-port network hybrid matrix representation

Fa | _ | hi Yim (3.6)
—Ys ha1 hx Fp .

as
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3.3 Identification of Human Arm Impedance

In this section, we first have an overview of the human arm impedance techniques employed in the
literature. Then, based on the nature of the task and the requirement to not disrupt the normal flow
of teleoperation during the TIL phase, we present the human arm impedance strategy that this work

utilizes.

3.3.1 Human Arm Impedance Identification in the Literature

The mechanical impedance of the human arm is often measured via system identification methods.
Either position or force perturbations are applied by a robot to the hand and the resulting force and
motion response is analyzed to fit typically to a second-order impedance model. For example, in
[50], a planar robot was used to impose step position disturbances to the human hand, enabling the
calculation of the endpoint stiffness of the arm in the Cartesian plane. Later, dynamic components,

i.e. damping and inertia were added to the impedance model [51], [52]

In rehabilitation, the mechanical arm impedance can potentially serve as a quantifiable index to
measure patient recovery. In [6], both position and force perturbations have been applied to the
arm to identify a second-order impedance model. When force perturbations are applied, the subject
is required to maintain a certain posture. While this approach maximizes the model precision and
consistency, it is geared toward assessing patient recovery and not therapists. It will be impractical
for the TIL phase of our proposed LAR telerehabilitation paradigm, as to restrain the therapist to a

certain posture during the entire session of therapy does not facilitate therapy.

The endpoint impedance of the human arm can be measured in a real-world task by applying short,
impulsive force perturbations to the arm during execution of the task [7]. During a welding task,
force perturbations with 3N amplitude and 100 ms duration were exerted on the hand holding the
weld gun. Segments of data immediately following the onset of perturbations with 200 ms of
duration were used to identify a second-order impedance model. While this approach used very
brief force perturbations in order to minimize the impact on task execution, such a scheme will be
inconvenient if used in our TIL phase as the motions introduced on the therapist’s arm following
such disturbances may confuse the patient on the other side of the teleoperation and hamper the

execution of the cooperative task.
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3.3.2 The Proposed Human Arm Impedance Strategy

The strategy used in our project is similar to the approach used in [7] with the difference that no
extra force perturbations are added. Essentially, the very pushing forces imported by the patient that
occur naturally during the screwdriving task are regarded as force disturbances, and a relatively short
duration of data is used to identify a second-order passive impedance model for the human arm. We
define a “zero position” corresponding to 8, = 0° and display it to the therapist via a computer
monitor. We do so because it is desirable that the therapist tries to return to the zero position after
each perturbation, not only because of the small-angle assumption made in Section 3.2.4, but also
because such behaviour is consistent with what happens in the regular screwdriving task where the

person holding the wooden plate would try to maintain it in a fixed position.

A challenge we face is that, unlike [7], we do not have an a priori force perturbation sequence and
therefore determining the onset of force perturbations is a challenge. As a workaround, let us first

analyze the energy

T
Eabmrbed = £ _ﬂh(r}ym (.f} dr (3?)

absorbed by the therapist’s arm during a typical task over timespan T (for our 1-DOF system). As
shown in Fig. 3.4(a), each rising edge of the absorbed energy corresponds to a pushing force onset.
The initial negative energy corresponds to the adjustment movements of the therapist as he grabs
onto the handle attached to the master robot’s end-effector shown in Fig. 3.2(c). During the task,
the therapist’s arm absorbs more energy than what it gives out when the arm returns to the zero
position, showing that the arm is passive for this task. The energy absorption provides us with a
good criterion to determine the onset of force perturbations, as it clearly distinguishes when the arm
is moving voluntarily (during adjustments of the arm position, for example) from when the arm
is moving involuntarily (when the arm is knocked away by the force perturbation). Therefore the
onset of a force perturbation is determined by the moment when Egpg,,p04 in (3.7) becomes positive
(i.e. when energy absorption by the arm begins). A typical perturbation onset determination result
is shown in Fig. 3.4(b). As can be seen, it would be difficult to determine the perturbation from
the force signal alone as it shows no clear distinction between voluntary movement and involuntary

movement.

After the perturbation onset is determined to be at time 7, for each perturbation, we will try to
determine the following impedance model with respect to force and position data in the time window
ltp, twl:

M3(t) +By(t) + Ky(t) = —f(1), 1 € [tp, tw] (3.8)
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FIGURE 3.4: The energy absorbed by the therapist’s arm (a) during the entire session of a typical

screwdriving task and (b) within one perturbation (in solid line), superimposed on the force (in dot-

ted line) applied on the therapist’s arm by the master robot. The identified onset of the perturbation
is indicated by a green circle on both curves.

where y(1) = yen(t) — yen(tp). f(t) = fin(t) — fin(tp) and 1, is a selected time window end. Note that
we subtract the force and position/velocity/acceleration readings at time 7, in order to consider only
the force and position/velocity/acceleration changes arising from the disturbance. With (3.8) the
frequency domain arm impedance transfer function Z (between velocity input and force output) is
written as

zzM-s+B+§ (3.9)

Linear least-squares regression is used to identify the impedance model in (3.8). The force and
position signals from the entire TIL session are filtered with a Savitzky-Golay filter of order 6 and
window size of 101 data samples for smoothing and then filtered with a Butterworth low-pass filter
of order 5 and cut-off frequency at 5 Hz. 5 Hz was chosen because spectrum analysis on the mea-
sured signals indicated that frequency content above 5 Hz was negligible for our experiments. Other
signal processing parameters were chosen so that the identification method provided the best results
in identifying the known impedance parameters of a mass-spring system. Velocity and acceleration

signals are obtained with central differencing of the filtered position data.

Determination of 7, in (3.8) depends on the desired duration of the data window 7,, as t,, =1, +T,,. In
[7], T,» was chosen to be 200 ms as a compromise between the need to use as little data as possible
(to accommodate the 100~150 ms window in which the human cannot react voluntarily to the
abrupt motion and therefore the arm impedance does not change [53]) and the model identification
calculation that requires sufficient data points. In that work, 200 ms was found to provide all positive
impedance values (positive M, B, K in (3.8)) for over 90% of the perturbations. In our case, due to

the uncertain nature of the patient-applied (rather than robot-generated) perturbation, we determine
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FIGURE 3.5: Flowchart showing the algorithm for choosing T,

a time window length while taking into consideration the goodness of model fit that we measure
using the variance accounted for (VAF) test statistic for each perturbation from 7, to 1, +T,,, with

T, incrementing from 100 ms to 1000 ms at steps of 10 ms:

VAF = 100 x (1 _ "“r(l{:i((f}?_t&rj)c‘)”(r))) 1€ [ty ty] (3.10)

Here f,4(r) is the force applied to the master robot by the therapist’s arm as predicted by the iden-
tified arm impedance model for a given position trajectory. f; is the actual force applied to the

master robot by the therapist.

In this work, the strategy used to determine T, is formulated as follows: for one TIL session,
find the minimum T7;, € [100 ms, 1000 ms] such that the number of all positive-valued identified
impedances, Nbp,s is maximized subject to the constraint that the average VAF value for the all-
positive impedance identification results should be above 95. The algorithm is summarized in the
flowchart in Fig. 3.5.

The rationale behind our strategy of T;, determination lies in the three observations from Fig. 3.6
which shows the impedance identification results as a function of the time window length for a
typical TIL session of the screwdriving task. Fig. 3.6(a) shows that Nbp,s tends to increase (even-
tually to include all 20 perturbations) when data length T, increases. Remember that we want to
obtain all-positive impedance identification results because of the human arm passivity observed in
Fig. 3.4. Fig. 3.6(b) shows that VAF tends to decrease as T, increases beyond a certain threshold,
as voluntary reactions may kick in if longer data lengths are considered. Thus it is necessary to

incorporate VAF as a constraint in order to guarantee the good fit of the identified model. The upper
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bound of T,, is chosen to be 1s because it is the time that the next perturbation may be applied. Fi-
nally, Fig. 3.6(c)-(e) show that the average M, B,K for all-positive impedance identification results
tend to stabilize when Nbp,s reaches its maximum. Together with the consideration of minimiz-
ing the effect of voluntary reactions we decided to use the minimal 7, that enables the maximum
Nbpes while guaranteeing a high enough level of VAFE For this particular TIL session considered,
the algorithm yields T;, = 530 ms, with which all 20 perturbations give all-positive impedance mod-
els. In Fig. 3.6(f), the validation result for one perturbation (origin of the time axis represents the

determined onset) is shown over the determined span of 7;, = 530 ms with VAF = 95.

3.4 Impedance Control of Yaskawa Motoman SIASF robot

In this section, we first discuss the impedance controller implemented on the slave robot during the
TOOL phase, once we have the desired impedance parameter My, Bz and K4. Then we discuss the
derivation of the desired impedance to be implemented in the TOOL phase.

3.4.1 Impedance Controller Design

Impedance control of a robot can be achieved with model-based approaches or model-free ap-
proaches. Model-based approaches such as the one introduced in [54] require the exact knowledge
of robot dynamics including joint friction. In our application with an industrial robot, while most
dynamic terms can be calculated or estimated, the joint friction is hard to obtain. Unlike the master
haptic device which is designed to have low friction, there is considerable friction in the slave robot
joint that concerns us. The simple yet widely used coulomb + viscous friction model performed
poorly because first, the linear model cannot capture the highly nonlinear friction in reality. The
model’s dependency on velocity also makes static friction compensation ineffective, and in our sys-
tem the stiction is very large (in the order of 9 N.m in the joint space). Elaborate nonlinear models
such as the LuGre model [55] can capture various non-linear phenomena such as the Stribeck curve,
stiction and presliding displacement, but it is difficult to identify its parameters. In [56] a simpler
approach is presented to determine a LuGre model, but the approach remains largely empirical and
requires very refined encoder resolution (especially for measuring the presliding state). In addi-
tion, the dynamic nature of the LuGre model makes it a potential source of numerical instability in

real-time friction compensation implementations.
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FIGURE 3.6: Impedance identification results as a function of data window lengths for a typical TIL
session: (a) the number of all-positive impedance identification results, (b) average VAF value in
percentage of all-positive impedance identification results (c) average M (d) average B e) average K
of all-positive impedance identification results, (f) impedance model validation with modeled — f;5
compared to measured — f;, for one perturbation with the determined window size at 530 ms and
VAF value at 95
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Given the considerable difficulties associated with determining the robot joint friction precisely, we
decided to implement the impedance control with a mode-free approach. The Time-Delay Estima-
tion (TDE) scheme [57] is such an approach, which can accurately and efficiently estimate the robot

non-linear unmodeled dynamics. Let us write the rigid-body dynamics of the slave robot as
Mséj‘l‘f(e‘g?e‘s)_tp:tj (311)

Remember that M, denotes the moment of inertia of the slave robot around the rotation axis, 6;
refers to the slave robot’s joint angle, f denotes joint friction, 7, is the external joint torque caused
by the Cartesian force f, applied by the patient (7, = Js - fp). and 7 is the controller motor torque

in the joint space. Now, let M; denote the nominal value of inertia. We have

Msés+(Ms_Ms}és+f_Jsfp:73 (312)

Let us group together all uncertain terms:
N = (Ms—Ms}gs‘l‘f (3-13)

This term can be estimated by the TDE scheme by assuming that N is continuous or at least piece-
wise continuous with respect to time r. We can approximate N at time 7 by its value atr — L. where

L is a sufficiently small time delay (or number of sample points). From (3.12) and (3.13):

N({t)=N({t—-L)=N
= %+ Jyfp — MO (3.14)

where N denotes the estimated value of N at time 7 and the tilde symbol (also later in (3.22)) denotes
the time-delayed value of the corresponding variable (by L sample points). The Cartesian force f,

is used because it is directly measured with the ATI force sensor in the Cartesian space.

Now, consider the control law
Ty =My -ag+N—Jsfp (3.15)

where ay is the reference joint acceleration. By combining (3.11) and (3.15) we have 6, = aq. For

the impedance controller, the target dynamics is assumed to be

M (Vs — Vsa) + Ba (s — Vsa) + Ka(vs — ysd) = fp (3.16)

where ¥4, y54 and ygg denote the desired slave robot acceleration, velocity and position.
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Let ay be the reference acceleration in Cartesian space, and let

or equivalently
ag=J; " (ay—Js- 65) (3.18)

Together with the kinematic relationship linking joint space acceleration with Cartesian space ac-

celeration:
ys:-fs‘és+-;:s‘9.s (319)
we have from (3.16) and (3.17) that
Vs=ay
= Jsa =My - [Ba (s — ¥sd) +Ka(ys — ysa) — f] (3.20)

Further, take (3.20) into (3.18), and then combining with (3.15) we have

Ty = Msj,g_l{j’.sd _Md_l . [Bd(ys _}.’sd} +Kd(}’s _ysd) _fp] _jsgs} +&—Jsfp (3.21)

Because we want the estimate to be as close as possible to the actual value, the time delay L is taken
to be 1 sample point: so we use the data from current time + minus 1 ms to estimate the uncertain N
term in (3.13). The known value of inertia M; is selected with the objective of guaranteeing a fast
estimation convergence rate. It is determined by first choosing a small positive value for M and

then gradually ramping it up until the system starts making noisy response [57].
Finally the control torque can be expressed in the following form for implementation:

M

Ty = m{j&d —Md_l - [Bg(Lgcos(65)0; — ysq)

+ Ka(Lgsin(6s) — ysa) — fp] + Lssin(65) 02}
+ %+ Lycos(B,f, — M8) — Lycos(6,) f, (3.22)

where ¥4, ys4 and ysq are all equal to O for the considered task.
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3.4.2 Derivation of Desired Impedance

After Z,j is estimated during the TIL phase as discussed in Section 3.3, we will be able to calcu-
late the desired impedance to be specified for the impedance controller regulating the relationship
between f, and y, during the TOOL phase. The desired impedance will be the impedance dis-
played by the slave robot during the TIL phase as this is the impedance that helped to successfully
complete the cooperative task with the patient. Thus it is necessary to account for the possible
impedance distortion caused by the teleoperation system dynamics and it is desirable to investigate
what will be the displayed impedance Z;(s) = —Fp(s)/Ys(s) as a function of the measured Z,, and

the teleoperation system parameters that quantify its transparency.

From (3.6), we can derive the desired impedance to be approximated and implemented during the

TOOL phase:
7., Zin —h1y
d fr—
hi2ho1 +ho(Zy — h11)

(3.23)

Thus, the therapist’s identified impedance Z;; needs to be modulated as shown above to act as the
desired impedance for the slave robot in the TOOL phase. In practice, we will use optimization

techniques to approximate Zy to be in the form of (3.9) for controller implementation.

3.5 Experimental Results

In this section we present the experimental results for our proof-of-concept LAR telerehabilitation
session. We present the results in two subsections for the TIL phase and the TOOL phase respec-

tively.

3.5.1 TIL Phase Results

As discussed in Section 3.2 and Section 3.3, we accomplish two main objectives in the TIL phase:
teleoperation and identification of the therapist’s arm impedance. In DFR teleoperation, we use
a feedback gain Ky = 0.5 because of the following two reasons: 1) it provides the therapist with a
good perception of the perturbations from the patient side; 2) the force feedback is not too strong for
the therapist to handle with ease. A total of three TIL sessions were carried out, each lasting around
60 s containing 20 to 26 perturbations. The experimental trials were carried out during the same day
with one healthy person (the author of the thesis) acting as the therapist and another healthy person
(the supervisory investigator) acting as the patient (see Appendix D and Appendix E). The arm
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TABLE 3.1: Therapist arm impedance identification results

Nbpos

Session M,, By Kip Nb,

(kg)  (N.s/m)(N/m)

1 1.48 60.87 1085.80 75% 420
2 1.70 5248 1733.83 100% 530
3 2.61 5323 1543.95 96% 860
Average 1.92 5554 1454.52 90% 603

Tw (ms)

impedance identification results are presented in Table 3.1, including My, By, K;p, the percentage
of all-positive identification results Nbp,s over the total number of considered perturbations in each

session, and the chosen data window length 7,, for model identification.

As can be seen from Table 3.1, with our impedance model identification approach, 90% of the
perturbations yield all-positive identification results with an average data window length of about
600 ms. We use the averaged impedance parameters: M,, = 1.92 kg, B, = 55.54 N.s/m and
Ky = 1454.52 N /m to to make up the Z; term in (3.23):

K
Zun =Mm-s+Bm+T"’ (3.24)

In addition, other parameters related to the robot dynamics and teleoperation controller are used to
calculate the numerical value of Z; in Equation 3.23. Their values are grouped together in Table
3.2. Note that the values for My, M and By are obtained using system identification method similar
to what was done in [6]. L,, and L; are obtained by directly measuring the concerned robot links.
Ky, Kpy and K are directly specified in the the controller software. Numerical calculation yields

the following result:

_As*+B-$+C-s*+D-s+E
- a-s3+b-s2+c-s
with A = —0.0229, B= —15.220, C = —1096.453, D = —36346.370, E = —4.985-10°, a = 0.0226,
b= —3.843 and ¢ = —143.766. However we cannot implement directly Equation 3.25 into the

Z4

(3.25)

impedance controller in Equation 3.22 as it requires the impedance to be specified with My, Bz and
K.

Ideally we would be able to rewrite Equation 3.25 into:

A-s*+B-s*+C-s*>+D-s+E
a-s>+b-s2+c-s

:JMaI-.S‘—I—Bd'—I—E (3.26)
5
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TABLE 3.2: Teleoperation control and analysis parameters

Variable Name Numerical Value
My, (kg.mz) 0.052

M; (kg.mz) 0.072

Bg (N.m.s/rad) 7.92

Ly (m) 0.267

Lg (m) 0.267

Ky 0.50

K,y (N.m/rad) 1285.03

Kps (N.m/(rad/s)) 36.72

or equivalently

(A—Mg-a)s*+(B—Bg-a—Mgz-b)s’
+(C—Bg-b—Ky-a—My-c)s*
+(D—Bg-c—Kq-b)s+(E—Kq-c)=0 (3.27)

giving five equations to satisfy simultaneously:

Eq2A—M;-a=0
Eq;2B—Bg-a—M;-b=0
EqG32C—By-b—Kz-a—Mg-c=0
Eq4=D—Bg-c—K;-b=0
Egs=E—Kz-c=0 (3.28)

In order to solve for the three variables from the 5 equation system that cannot be simultaneously
satisfied, we adopt an optimization approach in which we we obtain the values for My, Bz and Ky

by minimizing the following cost function over a certain value range for the three variables:

Cost = |Eq1|+ |Eq2| + |Eq3| + |Eqa| +|Eqs|.Ma € [0,10],Bg € [0,1000],K4 < [0,10000] (3.29)

The minimization yields the following results My = 3.89 kg, B4 = 160.14 N.s/m and Kz = 3467.36 N /m.
The approximated impedance is compared to the original Z; calculated in Equation 3.25 using Bode
plotin Fig. 3.7. As can be seen from the plot, there is a good match between the original Z; and the
approximated impedance with My, B; and Ky at low frequency range which is most relevant to the

screwdriving task.
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FIGURE 3.7: Comparison of the Bode plot between the original transfer function Z; and the ap-
proximated transfer function Mys+ By + Kd /s used for implementation in both (a) magnitude, (b)
phase at lower frequency of up to 30 Hz

3.5.2 TOOL Phase Results

In the TOOL phase, the slave robot is programmed under the impedance control law specified in
(3.22) with the parameters of My, B; and K4 found in TIL phase discussed in the previous sub-
section. M is selected to be 0.3 kg.m? by gradually increasing its value until the system starts to
display instability. The patient (imitated by a healthy person) is then able to complete the screwdriv-
ing task with the slave robot alone in this phase. The impedance control implementation is validated
by comparing the actual slave robot position against the simulated slave robot position based on the
desired impedance and the measured interaction forces. The comparison result is plotted in Fig. 3.8
where a good match is shown. Note that the effect of the strong stiction inherent in our industrial
manipulator arm is still visible but it is mitigated (position error no more than 0.2 mm during the
task) thanks to the TDE approach. We can also see from Fig. 3.8 that the maximum displacement in
the ¥ direction of the slave arm is around 15 mm, which is also the case in the TIL phase, showing

that the desired behaviour has been successfully mapped from the therapist to the slave robot during
the TOOL phase.
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FIGURE 3.8: Comparison between simulated position based on force measurement and the actual
position during TOOL phase

3.6 Conclusion

In this chapter, we demonstrated the proposed LAR telerehabilitation concept for a screwdriving
task. During the TIL phase, the therapist supported the patient in completing the screwdriving
task and simultaneously the impedance of his arm was measured by the master haptic device. The
measured impedance was then processed taking into account the teleoperation system dynamics
in order to obtain the desired impedance parameters used for impedance control implementation
during the TOOL phase. In the TOOI phase, the impedance control was successfully implemented
on the slave robot and the therapist’s role in the screwdriving task was successfully replicated by

the slave robot.
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Chapter 4

Learn-and-Replay Telerehabilitation
Paradigm: 2-DOF Task

In this chapter, we apply the Learn-and-replay (LAR) paradigm to a 2-DOF collaborative peg-in-
the-hole task. The LLAR paradigm essentially consists of two phases: a therapist-in-loop (TIL)
phase and a therapist-out-of-loop (TOOL) phase. In the TIL phase the therapist interacts with the
patient through the haptic teleoperation loop to perform one or more repetitions of a cooperative
therapy task. During this phase we measure the therapist’s arm impedance without interrupting the
task execution. During the TOOL phase the therapist’s cooperative role in completing the therapy
task is played out by the patient-side robot. Following our implementation of the LAR principle
on a 1-DOF screwdriving task, experimenting with more degrees of freedom is a necessary and
natural next step in developing the LAR telerehabilitation paradigm. First, more DOFs are desirable
from the system specification point view, as patients can exercise more complicated therapy tasks
targeting different motor functions. Technically speaking, involving more DOFs also introduces
interesting problems in terms of arm impedance identification, impedance distortion compensation

and impedance control.

Similar to Chapter 3, we first give a description of the cooperative task in Section 4.1 and the
teleoperation system used for performing it in Section 4.2. Then, the human arm impedance iden-
tification method adapted to the 2-DOF task is presented in Section 4.3. In Section 4.4, we present
the Time-Delay Estimation TDE impedance control implementation for the slave robot in the gen-
eralized multi-DOF scenario. The results for arm impedance estimation during the TIL phase and
the patient-robot impedance-based interactions during the therapist-out-of-loop (TOOL) phase are

presented in Section 4.5.
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4.1 Therapy Task

The 2-DOF task consists of the patient trying to put an aluminum mechanical part representing a
1-dimensional “hole” onto a peg held by the therapist as shown in Fig. 4.2(a). In the proposed
LAR paradigm, the patient will insert the hole onto the peg attached to the end-effector of the slave
robot shown in Fig. 4.2(b), which is teleoperated by the therapist from the master interface shown
in Fig. 4.2(c). While “hole-onto-the-peg” insertion seems to be a more appropriate term to name
the considered task, since the peg and the hole are play interchangeable roles, we still name the task
“peg-in-the-hole” insertion. The peg-in-the-hole insertion task is a challenging manipulation task,
involving both position and force control. In our case, the task requires the patient to first align the
hole with the peg by wiggling it primarily in the Y direction, illustrated in Fig. 4.1(a). This is
made possible by the curved opening of the hole as well as the curvature of the peg tip. This step
is also shown in Fig. 4.2(a) in the direction manipulation case, where no robots are involved. Once
the hole and the peg are lined up (illustrated in Fig. 4.1(b)), the patient pushes the hole onto the
peg by exerting a force in the X direction (illustrated in Fig. 4.1). The X and Y Cartesian directions
are defined for the slave robot in Fig. 4.2(b). Note that the X-Y frame origin is placed at the centre
of the peg tool when the slave robot is at home position (detailed in Section 4.2), and it does not
move with the peg tool. We name this frame the slave base frame. For the master robot, X and Y
Cartesian directions are the same as the slave robot and the frame origin is attached to the handle
when the master robot is at its home position. Although the master frame origin is also defined
using the end-effector, it doesn’t move with the handle either once it is defined. We name this X-Y
frame related to the master robot the master base frame. Note that the master robot is not at its
home position in Fig. 4.2(c). The master robot is at its home position when 6y, and 8, shown in
Fig. 4.2(c) are both zero. More details of these two joint angles will be given in Section 4.2, using
axes parallel to the X and Y axis of the master robot but attached to the robot centre axis shown as
Xp and Yy in Fig. 4.2(c).

Similar to the 1-DOF task in Chapter 3, the therapist holds firmly the master haptic device in both
X and Y directions while the patient tries to complete the task during the TIL phase. We make this
choice because it is desirable for the patient to learn to behave compliantly. For the peg-in-the-hole
task to be able to be completed, the both operators cannot be both compliant or both rigid at the

same time (or else the hole risks not being able to be lined up with and inserted into the peg).

For the realization of this teleoperation system, readers can get more information in Appendix B,

Appendix ?? and Appendix F.
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FIGURE 4.1: Illustration of the peg-in-the-hole task. (a) Wiggling of the hole in the Y direction.
(b) Alignment in the of the peg and the hole. (c) The hole pushed onto the peg.

4.2 Teleoperation System

In this task, we face the difficulty of teleoperating two robots with different kinematics, workspaces
and DOFs, because of our choice of the master and slave robots. We solve this problem by making
the robot with more DOFs and a larger workspace have a similar effective geometry as the robot
with fewer DOFs and a smaller workspace. To do so, we make the 7-DOF slave robot take on an
effective 2-DOF geometry. The 1st, 4th and 6th joints of the slave robot are arranged according to
inverse kinematics such that the distance between the 1st joint axis and the 6th joint axis, which is
Ly in Fig. 4.2(b), takes on a desired value and becomes the length of the 1st “effective link” of the
slave robot. The detailed kinematics of the Motoman SIASF robot and the inverse kinematics used

for jogging the slave robot into its home position can be found in Appendix A

During teleoperation, high gain PID control is applied to joints 2 to 5 of the slave robot in order to
maintain this geometry. The 2nd “effective link™ of the slave robot is the same as the actuated link
presented in Chapter 3 (comprising of the last link of the slave robot, the force sensor and peg tool)
with link length Ly (named L; in Chapter 3) as shown in Fig. 4.2(b). For the master robot, both
robot joints are actuated and the link lengths are Ly, and Ly, respectively, as shown in Fig. 4.2(c).
Note that L,,, is the same as L,, in Chapter 3 for the 1-DOF task. We define that at home position,
the 1st effective link and the 2nd effective link of the slave robot are perpendicular to each other
(shown in Fig. 4.2(b)), while the 2nd effective link points to the positive X direction. The same can
be said about the master robot: at home position, the 1st link and the 2nd link are perpendicular to

one another, while the 2nd link points to the positive X direction.
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FIGURE 4.2: (a) Direct manipulation: The peg-in-the-hole task without using any robots. (b) Con-
figuration of the slave (patient-side) Yaskawa Motoman SIASF robot as the slave. (c) Configuration
of the master (therapist-side) rehabilitation robot for as the master.
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(a) (b)

FIGURE 4.3: Illustration of (a) the master robot and (b) the slave robot joint angle configurations.

In terms of joint angles, we use the 1st and 6th joint angle of the slave robot minus their values when
the slave robot is at its home position as the new joint angles: 65 and 6;5. Therefore, at the home
position shown in Fig. 4.2(b), 8;; = 6,; = 0. For the master robot, we define the 1st joint angle
to be the angle formed by rotating the ¥ axis counterclockwise around the robot centre joint to be
parallel to the st robot link (Lj,), and the 2nd joint angle to be the angle formed by rotating the
Xp axis counterclockwise to be parallel to the 2nd robot link (L,,). Note that in the configuration
presented in Fig. 4.2(c), 6y,, has a negative value while 65, has a positive value. The joint angle

configurations for the master and the slave are illustrated in Fig. 4.3.

We made L; = L, = 0.254m, using the joint angle values detailed in Table A.3 in Appendix A.
As we saw in the last chapter, Lys = Loy = 0.2667m. Therefore, we have made the master and slave
robots have similar effective geometries. During teleoperation, we simply make the slave robot
follow the master robot by using the current values of 8y,, and 6,,, — 0y, as the reference positions
for 015 and 6,;. This can be seen from from Fig. 4.3, by defining the angles between the X-axis and
the second link of both robots (L, and Lys) as g, and g5 respectively. Since ¢, and g5 should be
equal to each other, we have

Gm = O = qs = O15+ 05 4.1)

Therefore,

O = B15+ 625 (4.2)
025 = Oom — 015 (4.3)
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Since 0y, takes 0y, as its reference, we can replace 6y; in (4.3) by 6,; and obtain

025 = Orm — O1m (4.4)

as the reference angle position for 6,;.

4.2.1 Master and Slave Robots Kinematics

In this subsection we consider the forward kinematics for the master and slave robots.

The kinematic position and velocity mappings between the joint space and the Cartesian space for

the master robot are

-
Pm = ]
[ Ym
B [ —Lim - 5in(61m) + Lom - cos(6am) — Lom @5)
| Lim - cos(01m) + Lom - sin(62m) — Lim )
pm: -%m ] :Jm'om
[ Vm
_ -—le-cos(ﬂlm} —Lzm-sfn(ﬂzmq . l 9:1m ] 4.6)
| —Lim -sin(B1m)  Lom- cos(6am) Om

where the vector py, is used to denote the master robot end-point (corresponding to the handle that
the therapist holds) position in the X-Y master base frame, J, denotes the master robot’s Jacobian

matrix and @, denotes the master robot joint angular velocity vector.
Similarly for the slave robot (constrained to 2-DOF motion as explained before), we have

_ .
Ps =
Vs

_ [ —Lys-sin(015) + Los - cos(015 + Ba5) — Log @7)
Lis- COS(BI.E) + Lo Si”(els + 925) — Ly

ps: ]:Js'os

—Lis- 005(913) — Lo+ Sf”(els + 925) —Log- Sm(els + 925)
| —Lis - sin(01s5) + Las - cos(B15+62)  Lag- cos(O1s+ 62s)

9]5
- (4.8)
l 625 ]
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where the vector py is used to denote the slave robot end-point (corresponding to the centre of the
peg) position in the X-Y slave base frame, Js denotes the slave robot’s Jacobian matrix and 0.

denotes the slave robot joint angular velocity vector.

Joint torques applied by the motors are denoted by Tm = [Tim 'rzm]T for the master robot and
Ts = [T1s ’E;)_s]T for the slave robot. We can therefore relate static joint torques to the end-effector

Cartesian forces, f, = [fy,, fym] for the master robot and f, = [f;, f,,]” for the slave robot, by
_qT
rIl'l — J|n . fl’l‘l (49)

T =J0 £, (4.10)

Similarly, Cartesian forces applied by human operators onto the robots, fin = [f,, _;"}‘,,,]T for the

forces applied to the master robot by the therapist and f, = [f;,, fyp]T for the forces applied to the

slave robot by the patient, can be mapped to their corresponding joint torques Teh = [Ti;p tzth]r and
Tp = [t1p T2p]" by
_qT
Tth = I fin (4.11)
T, =J1 f, (4.12)
4.2.2 Master and Slave Robot Dynamics
In this subsection we consider the dynamics for the master and slave robots.
The master robot dynamics can be modeled by
Mm(em} ’ ém + Cm(em; em) . em +frm(em; em) —Tth = Tm (413)

where C,;, denotes the Coriolis and centrifugal matrix and f,.;,, denotes the joints friction vector.

According to [58], the master robot dynamics can be obtained by identifying the five parameters
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oy,...,0s that parameterize the dynamics if only viscous friction is considered:
(4] —=- (Z;)_an(elm — 92m)
Mp(0,) = 1 (4.14)
5 sin(O1m — Oam) s
- 1 _
) 0 E-(xzcos(ﬂlm—ﬂzm}ﬂzm
Con(Om, O0m) = | _ (4.15)
. [ o6
frm(@m) = | 4™ (4.16)
| o5 - 92m
We can obtain the values for o, ..., 05 by system identification.
The slave robot dynamics can be modeled by
Ms(os) N és + Cs(osa os) " es + frs(eS; es) - fp =1Ts (41?)

where Cg denotes the slave robot’s Coriolis and centrifugal matrix and f,.; denotes the joints friction
vector. We will obtain the numerical values of the slave dynamic model parameters by calculation

based on the geometric and mechanical properties of the slave robot

4.2.3 Telerehabilitation System Controller

The same DFR teleoperation control architecture used in Chapter 3 is adopted for the 2-DOF peg-in-
the-hole task: the master robot provides position reference for the slave robot while the interaction
forces captured by the force sensor attached to the slave end-effector are displayed via the master
robot. The control system schematic is presented in Fig.4.4. Note that uppercase letters are used
to denote the Laplace transforms of the corresponding time-domain position, velocity, force and

torque variables.

The matrix Q is introduced to transform the maser robot joint angles into reference joint angles for

the corresponding slave joints (according to the relationships 0y, — 6, and 6, — Oy, —> Ooy:

Q= o (4.18)
N '
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K refers the PD position controller for the slave robot:

K
Ko+ Tp] 0
K = K (4.19)
0 K+

s
Note that the inputs to the controller matrix Ky are velocities, not positions, as shown later in (4.26).

This is the reason why it might look like an PI controller but it is actually a PD controller.

K refers to the force feedback gain matrix for the master robot:

Ky O
0 Kp

f= (4.20)

Z,, and Z denote the linear impedance matrices in the joint domain of the master and slave robot
that we approximate from the nonlinear robot dynamics as we will detail later in Section 4.5. Zy
and Zg refer to the impedance matrices in the Cartesian domain of the therapist’s arm and the
patient’s arm respectively. As can be seen in Fig. 4.4, the teleoperation system is divided into five
subsystems: therapist, master robot, control & communication, slave robot and patient. For the

therapist and patient, we have

Fo=Fh—Zg Pn 4.21)
F,=F,—Z, P, (4.22)

where Fj} and F; denote the therapist’s and patient’s exogenous input forces (generated by the
muscles with command sent from the central nervous system). For the master robot and the slave

robot we have

Tih+ T = Zm - On (4.23)
T,, +Ts=Zy- 85 (4.24)

As the therapist and patient work in Cartesian space but the robots work in joint spaces, Jacobian
matrices are needed as interfaces between the therapist and master robot, as well as between the
patient and the slave robot, to convert Cartesian forces to joint domain torques (based on (4.11) and
(4.12)) and to convert joint velocities to Cartesian velocities (based on (4.6) and (4.8)). As for the
controller, we have

Tm = JLK;-F, (4.25)
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for the force feedback control on the master robot, and

FIGURE 4.4: Schematic of the teleoperation control architecture

Ts:Ks'(Q'em_es)

for the slave robot’s position control.

(4.26)

By combining (4.23), (4.24), (4.25) and (4.26), the overall system dynamics in the frequency domain

can be derived:

I Zo' - T (Fan + K¢ Fp) = Py
Js‘Zg,_l (JsTFp+Ks(QJr_r|1 ‘Pm—Jg,_l Ps)} :Ps

(4.27)
(4.28)

Equations (4.27) and (4.28) can be manipulated into the following 2-port network hybrid matrix

form

where

Fin
_PS

Hp; = K¢

Hyy
H»y

Hy;
H»

I

Pu
FP

Hy = —(J-ZV Ko 37 4 1) 71 36 271 - K -Q - !
Hy=—Jo-Z; VK- I 4 1h0) 1) 23T

(4.29)

(4.30)
(4.31)
(4.32)
(4.33)
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and I, is the 2-by-2 identity matrix. The 2-port network hybrid matrix will be used later in

Section to help derive the desired impedance matrices for the impedance controller.

4.3 Identification of Human Arm Impedance

This section is an extension of the human arm impedance identification strategy used in Chapter 3
to the 2-DOF scenario. We use the initial wiggling forces in the Y direction for the peg and hole
alignment and the subsequent pushing forces along the X direction once the peg and the hole are
aligned as excitation inputs needed for human arm impedance identification. Again, a zero position
is defined for the task as x,; = 0.04 m and y,, =0, or equivalently 81, = —9° and 6, = 0°. The zero
position is displayed to the therapist via a computer monitor. It is desirable for the therapist’s arm to
return to the same position after each force perturbation. The X-coordinate of the zero position on
the is non-zero because some initial distance is needed as buffer between the first master robot link
and the robot frame, so that the disturbances along the X-axis will not lead to the robot link hitting

the robot frame.

We consider the energy absorbed by the therapist’s arm in both the X and Y directions over the

timespan T:

T .
E, — A o (1) dt (4.34)

T
Ey= [ —hu@)im) 439)

Similar to the 1-DOF task, over a number of peg-in-the-hole insertion repetitions, the absorbed
energy as shown in Fig.4.5 rises when the perturbation starts either in the X or the Y direction.
Therefore, a force perturbation onset in the X or Y direction is determined as the moment when Ex

or Ey becomes positive.

Different from the 1-DOF case, in which the screwdriving task involves a series of perturbations,
the peg-in-the-hole insertion task involves considerably less perturbation forces being fed back to
the therapist. Therefore, we have to use a series of repetitions of the peg-in-the-hole insertion task to
identify the arm impedance of the therapist, and we consider that each peg-in-hole task is comprised
of one perturbation in the X direction and one perturbation in the Y direction. Although in reality
the wiggling in the Y direction may be comprised of a number of lateral force peaks and so are
the X direction pushing forces, we only consider the first couple of hundred data points for model

consistency and passivity reasons. As discussed in Chapter 3 Section 3.3, the human cannot react
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FIGURE 4.5: Absorbed mechanical energy in the X direction (top) and the Y direction (bottom)
over repeated peg-in-the-hole insertions
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FIGURE 4.6: Absorbed mechanical energy in the X direction (left) and the Y direction (right) dur-
ing the initial period of the peg-in-the-hole insertion with the estimated perturbation onset circled
in red

voluntarily to the abrupt motion (thus remains passive) during the first 100~150 ms window [53]
and ideally we would like to use a data window length within this range for the arm impedance
model identification. At the same time, arm impedance model identification does not necessarily
yield consistent results with the number of data points available in the 100~150 ms window length.
Thus the compromise between the above two concerns prompt us to relax the permissible window
length to the first couple hundred data points and the determination of the actual data window length
will be given shortly after in this section. The energy plot of a peg-in-the-hole insertion is shown in

Fig. 4.6 and the force plot of the same task is shown in Fig. 4.7.
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FIGURE 4.7: Force profile of f;, (left) and f;, (right) during the initial period of the peg-in-the-
hole insertion with the estimated perturbation onset from absorbed energy data circled in red

We can see from Fig. 4.7 that wiggling force profile in the Y direction can be quite noisy, therefore
giving reason to our use of the more smooth energy-based criterion for detecting the onset of per-
turbation. Note that the perturbation in the X direction occurs later than the perturbation in the Y

direction because the wiggling in the Y direction occurs first.

In the X direction, the overall human arm behaviour is passive as the energy absorbed during each
perturbation is seen to be positive in Fig. 4.5, while the human arm behaviour in the Y direction
is active since the energy ends up being negative after this series of peg-in-the-hole insertion tasks.
This is consistent with the findings in [6] as forces applied in the X direction have a bigger amplitude
than those in the Y direction (shown in Fig. 4.7). In [6], the human arm impedance was measured
precisely using the same Quanser rehabilitation robot when the test subject was asked to grab the
handle rigidly, while the robot applied undernamed perturbations. It was found that when the steady-
state amplitude of the force perturbation was increased from 2N to 8N, the arm demonstrated overall
passivity as opposed to the overall active behaviour in the 2N case. This was because for a higher
amplitude force perturbation, the energy initially absorbed by the hand was larger than the energy
generated when the subject returned his hand to the target position. For a smaller amplitude force
perturbation, the hand was perturbed with less force, resulting in a slower velocity compared to
the 8N case as the hand was “knocked away”. Therefore the energy absorbed at the application of
the force perturbation was less than the energy generated during the return movement. The same

phenomenon is reproduced here.

Although the overall behaviour of the human arm in the Y direction may be active, we will use

the data immediately after the perturbation is applied in order to capture the passive behaviour of
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the human arm before the CNS is activated [7]. This is because we desire to obtain the passive
impedance of the human arm, as later during the TOOL phase, implementing an active impedance
may endanger the patient’s safety. Data points up to 1s will be used for human arm impedance
identification, as was done in Chapter 3. The upper bound is chosen to be 1s as a compromise
between the need for a longer window length for impedance model identification and a shorter

window for passivity concerns.

In summary for each perturbation (whether in the X direction or the Y direction), we will define
a time 7, signifying the starting moment of this perturbation by analyzing the absorbed energy. A
complete 2-DOF Cartesian arm impedance model identified using force and position data collected

over the time window [t,, #,,] can be written as
M (1) +B-p(r) +K-p(r) = (1), 1 € [1p, 1] (4.36)

where p(7) = p(r) — pwm(7p) and f(r) = fin (1) — fin(7p) in order to consider only the therapist arm’s

position/velocity/acceleration and force changes caused by the force disturbance.

The matrices M, B and K can be written as

Mo | My B— byx byy K= ke kxy 4.37)
My Myy by byy

kyx  kyy

As aresult, if such a complete coupled 2-DOF impedance model is to be used, there are 12 parame-
ters to be identified given less than 1s of data (1000 data points since for our system, the control and
data recording operate at 1kHz) via linear least-squares regression, which is difficult. Therefore,
we have decided to simplify the problem by adopting the approach used in [7] in which decoupled
models are used. To this end, we adopt a decoupled model of the impedance matrix by modifying
the M, B and K in (4.37) to

M:mﬂ 0 ,B:bxx 0 K=
0 my 0 by

We separate the perturbations into X-direction perturbations and Y-direction perturbations. Then,

ke O
”‘ (4.38)
0 ky

we use the X-direction perturbation data (fy,,Xp,%n,%y) to identify m,y, by and k., and the Y-
direction perturbation data ( fy,,, Ym,Ym,Vm) to identify myy, by, and kyy. In this way, the 2-DOF arm
impedance model identification is transformed into two 1-DOF arm impedance model identification

exercises.
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We use the same linear least-squares regression model identification technique as in Chapter 3. First,
the force and position signals from the entire series of peg-in-the-hole insertion tasks are filtered
with a Savitzky-Golay filter or order 6 and window size of 101 sample points. Next the data are again
filtered with a Butterworth low-pass filter of order 5 and 5 Hz cut-off frequency. Again this cut-off
frequency was chosen because spectral analysis on the measured signals show that the frequency
content above 5 Hz can be negligible. The other filtering parameters were chosen in Chapter 3 so
that the identification method provided the best results in identifying the now impedance parameters
of a mass-spring system. Then, velocity and acceleration data are obtained by applying central
differencing to the filtered position data. Finally, linear-squares regression model identification is
applied to each X-direction perturbation data chunk and each Y-direction perturbation data chunk,

defined by a7, and 7,, pair, determined as described below.

In order to determine the data window length T,y = t,, — 1, , the same approach utilized in Chapter
3 is applied. The algorithm presented in Fig. 3.5 is applied to a grid of window length candidates
T,y € [100ms, 1000ms] at 10 ms steps for perturbations in the X and Y directions, respectively. The
process aims at minimizing the window length T, while achieving a maximum number of positive
identified impedance parameters and guaranteeing a high enough average VAF value (at least 95%)
over the series of peg-in-the-hole insertion tasks under consideration. The identification results for
the series of peg-in-the-hole insertion tasks considered in the X direction as a function of T, is

shown in Fig. 4.8 while the results in Y direction are shown in Fig. 4.9.

As it can be seen from Fig. 4.8(a) in the X direction, the number of all-positive impedance iden-
tification results (myy, by, and ky are all positive) increases with the length of the data window
until reaching 10 out of the 11 total perturbations, which is similar to the 1-DOF case presented in
Fig. 3.6 in Chapter 3. From Fig. 4.9(a), in the Y direction after the initial increase, the number of
all-positive impedance identification results (m,y, b,y and k,, are all positive) decreases rapidly with
Tw- The maximum all-positive impedance results count is also smaller (7 over 11) compared to the
X direction results (10 over 11). This shows that the arm becomes quickly active in the Y direction
and therefore the passive impedance model for the arm no longer works. The VAF values also point
to the same observation: While VAF for the X direction decreases slowly with the increase of T,
and eventually drops to around 97, the VAF value for the Y direction decreases much rapidly as
more data points are taken into consideration, indicating arm activity. This is due to the much larger
amplitude of force perturbations in the X direction compared to the amplitude of force perturbations
in the Y direction (see Fig. 4.7). This confirms the findings of [6], as discussed earlier in this sec-
tion. The above observation further gives sense to our combined approach of minimizing T,, while
maximizing the number of all-positive impedance results and taking the VAF into account, because

while the increase in 7,, may increase the all-positive impedance results count up to a certain 7, it
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tends to decrease the VAF value. Fig. 4.8(c)-(e) show the average my,,, by, and ky, for all-positive
impedance identification results and Fig. 4.9(c)-(e) show the average myy, by, and kyy. Finally for
the considered series of peg-in-the-hole tasks, T, is determined to be 960 ms for the X direction per-
turbations and 170 ms for the Y direction perturbations. The validation results for one perturbation
(origin of the time axis represents the determined onset) in X direction and Y direction are shown

in Fig. 4.8(f) and Fig. 4.9(f), respectively, over the timespan of their respective determined 7,,.

4.4 Impedance control of Yaskawa Motoman SIASF robot in the Multi-
DOF Scenario

4.4.1 Impedance Controller Design

A more general form of the Time-Delay Estimation (TDE) based impedance controller is imple-
mented on the slave Motoman SIASF robot during the TOOL phase. Consider the general rigid-
body dynamics of the slave robot specified in (4.17). Similar to the derivation in Section 3.4 of
Chapter 3, we can separate out a nominal inertia matrix Mg and group the uncertain terms in a

matrix N to have the following robot dynamics:

Ms‘es‘l_N_rp:rs (439)

with
N= (Ms - Ms) . és + Cs + frs (440)

N is assumed to be at least piece-wise continuous with respect to time r and therefore we can
estimate its value at time ¢ by its past value at time r — L where L is a sufficiently small time delay.

Based on (4.39), 7, = JST -f,. as well as by using the hat symbol ~ to denote estimated value and the

tilde symbol ~ to denote the time delayed value (by L samples), we have

=%+ JT.T,— M- 8, (4.41)

With the target robot dynamics

Mg (ps - psd) +Byg (ps — psd} + Kd(ps — Psd} = fp (4.42)
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where My, B4, K4 are the desired impedance matrices and g, Psd. Psa denote the desired robot
acceleration, velocity and position vectors, we can derive the following control law following the

same approach used in Section 3.4 of Chapter 3:

Ts = l\_/[s Js_l{psd - MEI ) [Bd(ps - psd) +Kd(ps - psd) _fp] _Jsos} +ﬂ _JsTfp (4'43)

For our application, time delay L is taken to be only 1 sample point (1 ms) for preserving accuracy.
The nominal matrix M is a diagonal matrix with positive parameters, and is determined by start-
ing with small initial values for the diagonal entries and gradually increasing their values until the
system is on the verge of instability (motions becoming jerky). In this way, a fast estimation conver-
gence can be guaranteed. fp, is provided by the force sensor after low-pass filtering the force signals
with a 5 Hz cut-off frequency. psd, Psa and psq are all equal to [0, O]T for the task considered, as the
desired position is the stationary zero position discussed at the beginning of Section 4.3. My, By

and K4 take the following forms:

My — Mexx  Mgxy By — baxx  baxy
Mgyy Mgyy bdyx bdy}‘

k ki
, Kg=| & "™ (4.44)
kdyx kdy}‘

Next we discuss how the desired impedance is found.

4.4.2 Derivation of Desired Impedance

The desired impedance matrices Mg, Bq and Kgq come from the identified therapist arm impedance
Zy, as distorted by the teleoperation system dynamics. From (4.29) we can derive that the impedance

74 displayed to to the patient via the slave robot during the TIL phase defined by

is
_ -1
Za = [Ha1(Zeon — Hyr) " 'Hyz 4 Hao (4.46)

where Zy, is expressed using the identified M, B, K matrices identified in Section 4.3 as
K
Ziw=M-5+B+— (4.47)
5

and the Hj; are the defined in (4.30) - (4.33).
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Z4 calculated from (4.46) should be the target impedance replicated by the slave robot in the TOOL

phase. However, in practice we cannot use the result directly because of the following reasons:

1. After the calculation of (4.30)-(4.33) and (4.46) (i.e. after taking into account all the matrices
for robot kinematics, dynamics, controllers, and therapist arm impedance), the end result of
Z4 is quite involved. For example in the 1-DOF case in Chapter 3, Z; was expressed by a
4th order numerator and a third order denominator. We solved the problem by minimizing a
cost function measuring the difference between parameters of the original Z; and a specific
form of impedance corresponding to a mass-spring-damper system (see (3.25)-(3.29)). In
the 2-DOF case, (4.46) will give expressions of Zg with 37th order numerators and 36th
order denominators (for each matrix entry). Keep in mind that for impedance controller
implementation according to (4.44), Zq4 should take the following form:

Za— Zawe Zixy

| Zdyx  Zayy

-mdn-s—l—bm—l—k%n mdxy-s—l—bdxy—l—%xy

= (4.48)

k gy, k
mdyx'5+bdyx+% md}y's‘l‘bdyy‘l‘%

2. Diagonal terms of Z4 (which have the most influence over the slave robot during the TOOL

phase) can potentially have small damping ratios {; and §, defined as

baxx b gyy
gx Yy

= = 4.49
2 kg - Max & 2\ /kayy -mgyy ( )

which will create instability during impedance control. Another potential source of instability
for impedance control is the activity of the specified impedance. The passivity/activity of the
specified impedance can be checked using Theorem (1) derived in [6]), with a total of 8

conditions.
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Theorem 1. [6] Consider transfer matrix Zg4(s) of the form in (4.48). Z4(s) is positive real (thus the

impedance it represents is passive) if and only if all of the following conditions are satisfied:

My = My (4.50)
My > 0 (4.51)
MaxxMdyy 2 MxyMdyyx (4.52)
bge > 0 (4.53)
Abgabayy > (bax + bayx)? (4.54)
Ky = Ky (4.55)

ke > 0 (4.56)
kdxckdyy = kdxykdyx 4.57)

Our solution to the above-mentioned issues is to first neglect the non-diagonal terms Zgyxy and Zgyyx
of Zq in (4.48). By taking maxy = mayx = 0, kaxy = kayx = 0 and bayy = bayx = 0, (4.50) and (4.55)
are satisfied and all the other 6 conditions in Theorem 1 are reduced to the positivity of mgyg., mgyy.
baxx: bayy, kaxx and kgyy. Then we apply a process of gradient-based constrained minimization (im-
plemented via fimincon command in MATLAB) that will yield Zq in the (4.48) while guaranteeing
the obtained result’s passivity and damping ratio. The cost function that we minimize can be written

as

n
. ) k,
Cost(mg,bg, ka) = \/Z(|st(Jﬂ>i)| —|ma- joi+ba+ j—ffk )2 (4.58)
i=1

where Zj; designates Zgyy or Zgyy in Zq obtained via (4.46) and mg, bg, kg represent the corre-
sponding entries in My, Bq and Ky matrix. Therefore, there are two cost functions in total for best
approximating the frequency response of the diagonal entries of the original Zg over a frequency

interval @ € [y, a)f] scanned at steps of Aw size. Therefore in (4.58), w; can be expressed as
f!)f — s

i =W +Aw-iand n =
w; s+ I n Ao

For each cost function, the minimization problem can be formulated as

s
0 < mg <50

0 < bg <1000
min Cost(mg,bg,kg) such that < (4.59)
mg.ba.ka 0 < kg < 10000

bq
——>0.6
\2-v/kg-mg
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The first three constraints guarantee the positivity of the obtained parameters, therefore the passiv-
ity of Zg based on our discussion about Theorem 1. Some a priori knowledge of the human arm is
used to provide the upper bounds for individual impedance parameters. The last constraint guaran-
tees enough damping ratio in each Z4 diagonal entry. The value 0.6 was based on the impedance
controller implementation issues observed over a large number of trials. Having addressed the two
concerns raised before finding from the minimization process a set of Mg, Bg and Ky to be directly

implemented in the controller (4.43), we proceed to experiments in the next section.

4.5 Experimental Results

Experimental results for the LAR telerehabilitation session involving the 2-DOF peg-in-the-hole
insertion task are presented in this section. Results obtained from the TIL phase and the TOOL

phase are presented separately.

4.5.1 TIL Phase
4.5.1.1 Therapist’s Arm Impedance Identification

During the TIL phase, a series of 11 peg-in-the-hole insertion tasks were completed via teleoper-
ation. The experimental trials were carried out during the same day with one healthy person (the
author of the thesis) acting as the therapist and another healthy person (the supervisory investigator)
acting as the patient (see Appendix D and Appendix E). The force feedback gains for the master

robot and the position control gains for the slave robot were chosen to be
. Kf[ = 0.3, ng =03
* K,1 =4629.50 N.m/rad, K,; =57.87 N.m/(rad[s),

Ky = 1468.61 N.m/rad, Ky, = 18.36 N.m/(rad.s)

While the tasks were being completed, the position and force data on the therapist’s side were
recorded. By using the technique described in Section 4.3, we obtain identify following results for
the therapist’s arm impedance:

* My =3.379 kg, by = 25.15 N.s/m, kxx = 980.552 N /m

* myy =0.518 kg, byy =12.96 N.s/m, kyy = 112.617 N /m
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We can see that the arm demonstrates a stiffer impedance along the Y direction, which agrees with

the findings of [6]. We can write Z, as

80.552
3.3795+25.15+ ) 5

L= 112.617 (4.60)
0 0.518s 4 12.96 4 =

4.5.1.2 Linear Approximation of the Master Robot Dynamics

By applying a persistent perturbation to the master robot, we can identify the coefficients @ ... o5
of (4.14), (4.15) and (4.16) as

e a1 = 0.0556, ay = 0.0969, o3 = 0.0687, ay = 0.0942, a5 = 0.0731

As we can see the resulting robot dynamics based on (4.13) are nonlinear while our analysis (Fig.
4.4) on the teleoperation system follows a linear approach requiring a linear transfer function for
Zy. This issue can be addressed by taking into account the fact that the robot moves around the zero
position (8y,, ~ —9° and 6,,, ~ 0°, as discussed in Section 4.3) in the considered task. Remember
that 6y,, # 0° because we wanted to keep a safe distance between the 1st link of the master robot
and its own frame. Therefore, we will approximate the sin(01, — 62m) in (4.14) by -0.1574 and the
cos(Oym — Byy) termin (4.15) by 1 (when q is small, sin(q) ~ g and cos(q) ~ 1). As a result,

M o 0.079- o
m = (4.61)
0.079 - o o3

which is now a constant. Further, we can group Cy, - @, and f,, in (4.13) together because they

now both only depend on the joint velocities:

'(12922m+(1491m

Cm-Om+frm > (4.62)

-(12912m+(1592m

N = | =

We can further simplify (4.62), which is a 2-by-1 vector with each each entry made up of the sum of
one first order term and one 2nd order term with respect to joint velocity, by ignoring the 2nd order

velocity terms because in practice their contribution to Cy, - @ + fry is much smaller than the 1st

order terms. As it can be seen in Fig. 4.10, for a typical peg-in-the-hole insertion task the 1st order
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FIGURE 4.10: A comparison between the first order terms with respect to joint velocity and the
total sum of the first order terms plus second order terms in Cy, - @y + frm for a typical peg-in-hole

task.

terms can approximate very well the total sum. Therefore,

06491m

Cm-om—l—frmf*_v

s 0o

(4.63)

Combining the above with (4.61), we have the simplified linear dynamics of the master robot:

o 0.079- (xz-
_0.0?9 1)) o3

0.0556  0.0077
5
0.0077  0.0687

0

0
S—I—m4
0 o5

(00942 0 ]

(4.64)
0.0731
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4.5.1.3 Linear Approximation of the Slave Robot Dynamics

As for the slave robot, the numerical values for the parameters in the robot dynamics (4.17) lead us

to

1.35+0.22sin(6ys)  0.086+0.11sin(621)]
0.086 4 0.11sin(655) 0.086) )

0.11 D0 0.11cos(82)(01s+62)] . [153 0
c0s(82:)82s 0. 11cos(820) (Bhs +6) .os+[ 0 9 ]'os=c5+cp (4.65)

—0.11cos(625)015 0

By following a similar approach as we did with the master robot, we can approximate the nonlinear
slave robot dynamics with linear dynamics. After taking into account the zero position (resulting in
sin(By) =~ 0 and cos(By5) = 1) and neglecting the higher order dependencies on @, we obtain the

following linear impedance model for the slave robot:

1.35 0.086 153 0
Zs= s+ (4.66)
0.086 0.086 0 95

4.5.1.4 Desired Impedance

Now, we have all the elements to calculate Z4 in (4.46). The calculation is first done in Maple
software (Maplesoft”™, Ontario, Canada) and then the polynomial parameters from the diagonal
entries of Z4 (non-diagonal terms are ignored as discussed in Section4.4 in order to respect pas-
sivity requirements in Theorem 1) are passed directly into MATLAB for model-order reduction
optimization based on the process described in Section 4.4. For optimization (4.58) and (4.59), we
sweep the frequency range of interest (low frequency) from @; = 0.005 Hz to @y = 20 Hz with
steps of Aw = 0.005 Hz. The optimization yields

077 0

My = ? (4.67)
|0 123
(18056 0

By — (4.68)
| 0 6082
2316.20 0

Ky = (4.69)
0 360.233
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which can be directly applied in (4.43) for impedance control during the TOOL phase. The opti-
mization results are validated by comparing the frequency response of each diagonal entry of Zqg
obtained from (4.46) and the corresponding entry of Mg -s+ By + ~4 obtained from model-order
reduction optimization. The comparison plots are shown in Fig. 4%11. As it can be seen, after
meeting all the constraints, Mg, Bq and Kq approximate well the Zgq removed of its non-diagonal

entries.

4.5.2 TOOL Phase

In the TOOL phase, the slave robot is programmed to demonstrate the desired impedance (4.42) via
the controller (4.43). M is selected to be

- [25 0
M, = (4.70)
l 0 0.3]

by gradually increasing the values until the impedance-controlled robot starts to display instability.
Under such circumstances, the TDE approach will have the fastest estimation convergence while
ensuring the system stability. We repeated the peg-in-the-hole insertion task in the absence of the
therapist for a dozen of times. The task was completed successfully with the slave robot alone. If

the robot impedance was not controlled properly, the robot could yield to pressure from the patient
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FIGURE 4.12: Comparison between simulated positions based on force measurement and the ac-
tual positions during TOOL phase in (a) X direction, (b) Y direction

and the task would fail. The impedance control implementation is validated by comparing the actual
robot position in both X and Y directions with what the target impedance model predicts based on
the measured forces. A good match in both directions is shown in Fig. 4.12. The desired behaviour
has therefore been successfully mapped from the therapist to the slave robot during the TOOL phase
for the 2-DOF peg-in-the-hole insertion task.

4.6 Conclusion

In this chapter, we demonstrated the proposed LAR telerehabilitation concept for a 2-DOF peg-
in-the-hole task. We first showed that we could complete the therapy task successfully in 2 DOF
through teleoperation while measuring the therapist’s arm impedance in two directions. We also
incorporated the entire system’s dynamics into account to derive the desired impedance matrix used
for impedance control implementation on the slave robot during TOOL phase. An appropriate
optimization algorithm was also designed. In the end, we were able to complete the impedance
control in 2 DOF and demonstrated feasibility of the proposed L AR telerehabilitation paradigm on
the 2-DOF peg-in-the-hole task.
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Chapter 5

Telerehabilitation System Stability

Analysis

In this chapter, we investigate the stability analysis issues arising from introducing active operator(s)
into the teleoperation system. This is particularly pertinent to telerehabilitation because the thera-
pist’s assistive role during the therapist-in-loop phase of the proposed telerehabilitation paradigm
can be active [59] (also as discussed in Chapter 4). At the same time the therapist’s resistive role
can be strictly passive that can be used to relax stability criteria for enhanced transparency in the
teleoperation system. On the other hand, multiple active operators may be present in multilateral
teleoperation systems. For example in robot-assisted mirror therapy with therapist assistance, which
is a special case of trilateral teleoperation, 1, 2 or 3 terminations can be active[45]. Therefore we
are interested in improving existing teleoperation stability analysis tools, which assume the simple

passivity of operators, to be able to deal with multiple active or strictly passive operators.

5.1 Introduction

Haptic teleoperation and haptic interaction systems (collectively, haptic systems) have seen increas-
ing applications in recent years. In particular, a multilateral haptic teleoperation system can be mod-
eled as a multi-port network representing a teleoperator (consisting of the robots, their controllers
and communication channels), connected to one-port network terminations modeling the dynamics
of the human operators and/or the environments. Similarly, a multilateral haptic interaction system
can be modeled as a multi-port network representing a haptic virtual environment (HVE), connected

to one-port network terminations modeling the dynamics of the human operators. The analysis of
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stability of such coupled systems can be difficult because the exact physical properties of the hu-
man operators and environments are typically unknown, uncertain or time-varying, thus making
the classical approaches such as the Routh-Hurwitz criteion, inapplicable. In the presence of these
uncertainties, the concept of absolute stability is often utilized. In the case of a two-port network,
the absolute stability criterion ensures the coupled system’s BIBO (bounded-input/bounded-output)
stability for two passive but otherwise arbitrary terminations [60]. Closed-form absolute stability
conditions involving the two-port network’s immittance parameters are given by a well-known cri-
terion proposed by Llewellyn [61]. Thus, in traditional bilateral teleoperation, Llewellyn’s criterion
has been widely used for stability analysis, based on the assumption that both the human operator
and the environment are linear time invariant (LTT) and passive [12, 62]. In trilateral teleoperation,
which is seeing emerging applications in telerehabilitation [43], collaborative surgical training [63]
and cooperative multi-robot systems [64], our research group has developed a similar approach for

absolute stability analysis based on the same passivity assumption on terminations [65].

For the human arm, although this assumption of passivity is valid when considering tasks involving
a relaxed arm (or relaxed grasp) [66], it can be violated in tasks involving posture-maintenance (or
rigid grasp) [6]. This could be the case in a bilateral telerehabilitation system for telepresenting a
hospital-based therapist to a home-based patient in order to enable home-based rehabilitation. The
reasons for considering both the therapist and the patient as active terminations are as follows. First,
the therapist would be required to execute complex motor control tasks. For instance, the therapist
might exert resistive forces against a patient to build muscle strength — this task bears resemblance
to the rigid grasp task, which was shown in [6] to involve activity. Second, inter-muscular feedback
with unequal gains has previously been linked to the arm impedance activity [67] making it possible
that the patient also demonstrates an active impedance. The degree of activity can be described by

the concept of shortage of passivity (SOP) defined mathematically later.

From another perspective, the assumption of having an arbitrary passive termination can lead to
conservative stability conditions on the teleoperator. This happens if a termination is strictly input
or output passive. For example, a mass-spring-damper system is output strictly passive in the ad-
mittance domain with an excess of passivity (EOP) equal to the system damping [68]. Excess of

passivity of a termination can be used to design teleoperation systems with higher performance.

In order to derive effective stability conditions for multi-port networks involving active or strictly
passive terminations, we can utilize prior knowledge concerning EOP or SOP values on the hu-
man operators or/and environments. Past work includes using Mobius transformation to map the

impedance of one termination to the driving point impedance seen at the other port connected to an
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unknown LTI passive termination [9]. This approach, however, is limited to considering only one ac-
tive or strictly passive termination for a two-port network while the other termination is simply pas-
sive. Wave variables and scattering parameters have also been used to relax Llewellyn’s criterion on
bounded passive terminations [11], but not for active terminations. Also, in this work, S-parameters
are needed, but a stability condition expressed directly in the immitance (e.g. impedance) domain
is more desirable, because S-parameters are most accurately measured for systems with higher fre-
quency such as microwave circuits while impedance parameters can be measured accurately for
mechanical systems. The approach proposed in this chapter will rely solely on the impedance rep-
resentation. Another approach to relax conservatism during application of Llewellyn’s criterion is
the series-shunt approach [62, 69]. These papers allow taking into account the lower and upper
bound on the impedance of a passive termination. However, the human operator and environment
were still assumed to be passive. All of the above are limited to bilateral teleoperation systems and
do not offer stability criteria for trilateral systems. In this chapter, we will utilize the series-shunt ap-
proach to take into account different topologies of passive and active terminations to derive explicit
stability conditions on the teleoperator, both in two-port network (bilateral) and three-port network

(trilateral) cases. The same approach is applicable to n-port networks with larger n.

The chapter is organized as follows. First, passivity and activity are defined mathematically, and
existing absolute stability criteria for two-port and three-port networks are reviewed in Section 5.2.
In Section 5.3, the series-shunt approach is applied to two-port and three-port networks to derive
stability conditions when one or multiple terminations are active or strictly passive. Although the
conditions derived in Section 5.3 are general, they are applied to bilateral and trilateral teleoperation
systems in Section 5.4. Closed-form conditions on controller parameters under position-error-based
(PEB) control paradigm and experimental results are presented. Finally Section 5.5 contains con-

cluding remarks.

5.2 Definitions and Absolute Stability Criteria for Two-port and Three-
port Networks

In this section, we review the definitions of passivity and activity as well as the existing stability
criteria for two-port and three-port networks. Different passivity/activity topologies will be defined
including input strictly passive (ISP), input non-passive (INP), output strictly passive (OSP), output
non-passive (ONP), and disc-like non-passive (DNP).
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5.2.1 Definitions and Lemmas of passivity and activity

Definition 1. [70] A system with input «(.) and output y(.) where u(r),y(r) € R™ is passive if there
is a constant 8 such that

]0 'V (Du(t)dr > B G.1)

for all functions «(.) and all + > 0. The constant f3 is the energy stored in the system at time r = 0.

If further, there exist positive constants é and € such that

[ @u@ar=p+5 [ @uwac+e [ @y 52

for all functions «(.) and all r > 0, the system is ISP if § > 0,6 =0, and OSP if € > 0,8 = 0. The
values of & and ¢ are the EOP for the ISP and OSP systems, respectively.

A system is non-passive (active) if it is not passive. Based on the above definition, we can have the

corresponding definition for different non-passivities:

Definition 2. In Definition 1, if < 0 then the system is INP with SOP of n = —§; if € <0 then
the system is ONP with SOP of p = —e.

Im 4 Img Im 4

@ (b)

(d) (€) 0

FIGURE 5.1: Nyquist diagram regions of (a) a passive system, (b) an ISP system with EOP of &,
(c) an OSP system with EOP of g, (d) an INP system with SOP of 7, (¢) an ONP system with SOP
of u, (f) a DNP system with SOP of p.



Chapter 5. Telerehabilitation System Stability Analysis 62

When a single-input/single-output (SISO) system is represented in the frequency domain by a trans-
fer function, the following lemmas establish the connection between different types of passivity and

the region covered by the transfer function’s Nyquist diagram (Fig.5.1):

Lemma 5.1. [70] A system represented by an LTI rational transfer function G(s) with all poles
having negative real parts is passive if and only if Re(G(jw)) > 0,V (Fig. 5.1(a)).

Lemma 5.2. [70] A system represented by an LTI rational transfer function G(s) with all poles
having negative real parts is ISP with EOP of & if and only if Re(G(j®)) > 6,V (Fig. 5.1(b)).

Lemma 5.3. [70] A system represented by an LTI rational transfer function G(s) with all poles
having negative real parts is OSP with EOP of € if and only if Re(G(jw)) > €|G(jo)|,V, i.e. the
Nyquist diagram of G(j®) is contained in a circle with center on the real axis at 1/2€ and with a

radius of 1/2¢€ (Fig.5.1(c)).

By the same token, the SOP of INP and ONP systems can be related to their Nyquist diagrams in
Fig. 5.1(d) and Fig. 5.1(e) respectively. Finally, we define a DNP system with its transfer function:

Definition 3. An LTI system G(s) is called DNP with SOP of p (not based on (5.2) but) if |G(j@)| <
1/2p, ie., the Nyquist diagram of G(s) is contained in a circle centered at the origin with a radius
of 1/2p (Fig. 5.1(f)).

The reason for considering these passivity/activity topologies is their direct physical relevance in the
immittance domain. For example, the impedances of the human arm in rigid and relaxed grasping
tasks have been shown to be INP and ISP, respectively [6]. Given the reciprocal relationship between
impedance and admittance, it is easy to see that an INP termination in the impedance domain is ONP
in the admittance domain and vice versa, while an ISP termination in the impedance domain is OSP
in the admittance domain and vice versa. Thus, the admittances of the human arm in rigid and
relaxed grasping tasks are ONP and OSP, respectively. Also, due to the limited co-contraction of
human arm muscles, there is an upper bound on the magnitude of the arm impedance, which means
the arm can always be modeled by a DNP impedance. Therefore, there is a need for considering
the effect of INP, ISP, ONP, OSP and DNP immittance on stability. Note that although the rest of
the chapter is based on impedance parameters, the results derived here will apply to any immittance

representation.

5.2.2 [Existing absolute stability criteria for two-port and three-port networks

We review two absolute stability criteria in the literature that we will later use to derive stability

conditions with different termination impedance topologies. Immittance-based stability criteria lend
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themselves well to our extension of the series-shunt approach. Therefore, first we consider an LTI

two-port network which can be modeled by its impedance (Z) parameters as

Vils) | _ |Zu(s) Zn(s)| | hi(s) (5.3)
Va(s) Zo1(s) Za(s)| | L(s)
where the effort/flow pairs (V1,V,) and (I1,/,) denote the voltages and currents at the two terminals. A

three-port network’s impedance matrix relationship incorporates three pairs of effort/flow variables:

Zi(s) Zi(s) Ziz(s)
21 (S) Z2(s) Zp3 (S) (5.4)
731 (S) Z32(s) Za3 (S)

Lemma 5.4. [60] The two-port network (5.3) is absolutely stable if and only if

1. Z11 and Z2 have no poles in the right-half plane (RHP),

2. Any poles of Zy and Zy) on the imaginary axis are simple with real and positive residues,

and
3. For all real positive frequencies o,
Re(Z11) >0

Re(Zyn) >0
2Re(Z11)Re(Z22) —Re(Z12Z21) — | Z12Z21| > 0 (5.5)

Lemma 5.5. [65] The three-port network with the impedance matrix Z in (5.4) satisfying the sym-
metrization condition

2132y 23y — Z12Z93231 =0 (5.6)

is stable if and only if
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Re(Z;) >0, (5.7
Re(Zy;) >0, (5.8)
Re(Z33) > 0, (5.9)
2Re(Z11)Re(Z22) — |Z12Z21| + Re(Z12Z21) > 0, (5.10)
and

2Re(Z11)Re(Z22)Re(Z33)

—Re(Z11)(|Z23Z32| + Re(Z23Z32))

—Re(Z2)(|Z13Z31]| +Re(Z13Z31))

—Re(Z33)(|Z12Z21| + Re(Z12Z21))
+4Re(\/Z12Z21)Re(\/Z13Z31)Re(v/Zp3Z3,) > 0 (5.11)

5.3 Main Results

In this section we consider the two-port and three-port networks described by (5.3) and (5.4).

5.3.1 Decomposition of terminations into series/parallel impedances via Mobius trans-
formation

New Teleoperator

Teleoperator

||
Impedance I
I

+

Matrix

FIGURE 5.2: Decomposition of termination Z, into a passive impedance Z, in parallel connection
with Z; and series connection with Z;.

In order to utilize information on the topology of termination impedances so that we can derive
less conservative stability conditions for overly passive terminations and valid conditions for active
terminations, we propose to first decompose a given termination impedance into a passive (but
arbitrary) impedance in series/shunt connection with other to-be-determined impedances. Consider

a termination impedance Z, in Fig. 5.2, the impedance topology of which is known, i.e., we know
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whether it is passive, active (INP, ONP or DNP with a given SOP), or strictly passive (ISP or OSP
with a given EOP). We decompose it into a passive impedance Z, in parallel connection with an
impedance Z; and then the total in series connection with an impedance Z;. The goal is that the
overall impedance will represent the topology characterizing Z,. Note that despite the fact that
Z, and Z, are complex impedances, we have Z;,Z; € R; we will see later that they will be able
to map the passive impedance Z, to different regions shown in Figure. 5.1. Now, Z; and Z; (for
each termination) can be assimilated into the original two-port (or three-port) network impedance to
make an augmented network, such that Lemma 5.4 and 5.5 can be applied to the new coupled system
consisting of the passive Z, (for the corresponding termination) and the augmented network. Fig.5.2
only shows the case for one termination, but the teleoperator can be augmented to incorporate Z;
and Z, for as many terminations as needed. This approach for decomposing termination impedances
is illustrated with INP/ISP, OSP and DNP examples in the following.

5.3.1.1 Decomposition of ISP/INP terminations

In the case of ISP and INP terminations, the complex plane regions in Fig. 5.1 (b) and (d) with EOP
of & and SOP of n, respectively, are obtained by a translation of the RHP along the real axis by & or
-1. Therefore Z; = oo, reducing the termination to a series connection of Z, and Z, with Z, taking

the value of 6 or -7).

5.3.1.2 Decomposition of OSP terminations

If Z, in Fig. 5.2 is OSP with EOP of €, we can set the value of Z; to 0 and the value of Z; to 1/¢.
The combined impedance Z, will be

Za_Zp+1/£ (5.12)
Which, as argued below, can characterize a given OSP impedance with EOP of £. In fact, this is a
Mobius transformation [71] with regard to Z,; recall that Z, is any arbitrary impedance in the RHP.

The transformation (5.12) consists of four steps:
1. Horizontal translation by 1/¢€ of the region of the impedance Z,, which is the RHP (Fig.
5.3(a) to Fig. 5.3(b)); ie., fi(Zp) =Zp+ 1/
2. Inversion of the result of step 1 (Fig. 5.3(b) to Fig. 5.3(c)); i.e., f2(Zp) = 1/f1(Zp)

3. Scaling the result of step 2 by a factor of —1/82 (Fig. 5.3(c) to Fig. 5.3(d)); ie., f3(Z,) =
—f2(Zp) /€
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4. Horizontal translation by 1/¢ (Fig.5.3(d) to Fig.5.3(e)) ; i.e., fa(Z,) = f3(Z,) + 1/¢.

It is easy to see that f4(Z,) is the same as Z, in (5.12). Therefore, with Z; = 1 /& and Z; = 0 we can

recover the OSP termination with an EOP of €.

Im‘&\\\\\\i\\k Img NN Im 4
I hRE N RQ._RE \\}Q ._Re
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FIGURE 5.3: Step-by-step Mobius transformation of the RHP to OSP topology

5.3.1.3 Decomposition of DNP terminations

From Fig. 5.1(f), it can be seen that a DNP impedance with SOP of p can be obtained by applying
a horizontal translation of —1/2p to the region covered by an OSP impedance with EOP of p.
Therefore, we can set the value of Z; to 1/p and Z; to —1/2p to recover the region covered by a

DNP termination in the Nyquist plane.

5.3.1.4 Decomposition of ONP terminations

Similar to the DNP termination, from Fig. 5.1(e) it can be seen that an ONP impedance with SOP
of i can be obtained by applying a horizontal translation of —1/u to the region covered by an OSP
impedance with EOP of u. Therefore, we can set the value of Z; to 1/u and Z» to —1/u to recover

the region covered by a DNP termination in the Nyquist plane.
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5.3.2 Augmented teleoperator impedance with different termination combinations

After termination impedance decomposition in Section 5.3.1, we can incorporate the Z; and Z;
associated with each termination into the teleoperator impedance matrix to form a new teleoperator

impedance matrix.

5.3.2.1 Bilateral teleoperator case

In the two-port network case, the new teleoperator impedance matrix calculation can be systemati-
cally carried out by first calculating the equivalent chain matrix for the two-port network comprised
of the Z; and Z; combination at each termination. Then, the new teleoperator can be expressed
in terms of its chain (ABCD) parameters by calculating the product of the chain matrices of the
individual two-port networks as the three two-port networks are in cascade connection (Fig. 5.4)
[60]. The reason for utilizing the chain matrix instead of, say, the impedance matrix representation
for each two-port network is this very ability to multiply the matrices of the cascaded networks to
get the matrix for the total network. Finally, the equivalent impedance matrix of the augmented
teleoperator can be obtained by performing a parameter conversion from the total chain matrix to

impedance matrix.

Two-port Network 1 Two-port Network 2 Two-port Network 3
r— = I r—----- |
I |

! [z, | I I
T 1 x|t

I |

| | | Teleoperator || !

z,| !ln | Impedance | I |z,

| I | I
| I | I
| l I l
| I I I

FIGURE 5.4: Cascade connection of two-port networks 1-3, consisting of the original teleoperator
two-port network and two equivalent two-port networks from termination decompositions

Next, the INP, OSP and DNP terminations are considered to form different termination combina-
tions for the two ports of the two-port network and their corresponding augmented teleoperator
impedance matrices are reported in Table 5.1. Due to the symmetries, only six distinct cases exist:
INP-INP (i.e., ports 1 and 2 are connected to INP terminations that are not necessarily the same),
OSP-OSP, DNP-DNP, INP-OSP, INP-DNP, and OSP-DNP. We take termination 1’s EOP/SOP to be
a and termination 2’s EOP/SOP to be b. Note that it suffices to change the sign of the SOP of an

INP termination in order to get the results for an ISP termination.
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Stability criterion for each combination can be then derived by applying Lemma 5.4 to the new

teleoperator impedance. An example will be studied in Section 5.4.

5.3.2.2 Trilateral teleoperator case

Following a similar approach, the augmented teleoperator impedance matrix can be derived for a
three-port network. While a total of 35 distinct combinations exist if we consider all the termination
impedance topologies mentioned so far (ISP, INP, OSP, ONP and DNP), for brevity we only report
the augmented impedance matrix for one case: the three terminations are INP with SOP values of

a, b, and ¢, respectively. The impedance matrix is

Ziw—a Zp Z13
ot In—b  In3 (5.13)
731 Zy  Zz—c

Again, stability criteria can be derived for the three-port network by applying Lemma 5.5 to the
new teleoperator impedance matrix given that we have incorporated activity or excessive passivity
of the terminations into the teleoperator, leaving the terminations with only passive impedances. An
example will be studied in Section 5.4. Note that if the symmetrization condition (5.6) is satisfied
for the original impedance teleoperator matrix (5.4), it is still satisfied for the augmented impedance

matrix (5.13).

5.4 Case Studies: Application of Proposed Approach to Bilateral and

Trilateral Teleoperation

In this section, we apply the proposed approach for stability analysis with non-passive operator/en-
vironment to both bilateral and trilateral teleoperation systems, although the approach described
above can be used for any multi-port network. As discovered in [6], human arms can exhibit INP
impedance behaviors under rigid grasping conditions. Therefore, in both bilateral and trilateral
cases we consider the presence of at least one INP termination. In practice, the level of activity/pas-
sivity can be determined using a similar approach in [6] where the time-domain force and velocity
data are examined and definitions in Section 5.2 are applied. Stability criteria for each case will
be derived in terms of the teleoperator impedance parameters, followed by derivation of closed-

form conditions on the control gains within a given control architecture. Finally experiments are
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performed to verify the stability criteria. Note that although we applied the proposed approach to
INP terminations only, it can be applied to any considered termination topology to derive stability

conditions.

5.4.1 Bilateral teleoperation under two INP terminations

Consider a bilateral teleoperation system where the two operators acting on the master and slave
robots demonstrate INP impedances of with SOP values of « and b, respectively. As discussed in
5.1 this could be the case in a telerehabilitation setting. Now by applying Lemma 5.4 to the bilateral

teleoperator matrix for the INP-INP case in Table 5.1, the condition set (5.5) is revised to

Re(Zj1) > a
Re(Z») > b
2(Re(Z11) —a)(Re(Z2) — b) —Re(Z12Z21) — |Z12Z21| > 0 (5.14)

Note that by setting a or b to zero, the stability theorem derived in [9], where only one port is termi-
nated to an INP termination while the other port is terminated to an arbitrarily passive termination,
can be recovered. However, our approach is equally applicable to bilateral teleoperation systems

with one or two active terminations.

Now consider a bilateral teleoperation system under position error based (PEB) control. For details
of the control architecture, readers can refer to [26]. The impedance matrix representing the system

can be expressed as:

Im+GCn  Cn
Cs Zs+Cs

(5.15)

Where, in the force-velocity domain, the master and slave robots are modeled as Z, = My,s + Bp,
and Z; = Mjs + Bs, and the local position controllers for the two robots are Cy, = Ky + Kpm/s and
Cs = Kys+ Ky /s. We assume Ky, K5, Kpp, Kpg > 0. Assume the operator on the master side
can be characterized by an INP impedance with SOP value of a while the operator on the slave side
can be characterized by an INP impedance with SOP value of b. By applying (5.4.1) to (5.15), we
have the following closed-form stability condition to be satisfied involving the controller gains for

a given set of robot parameters:
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Kyn+Bm > a
Kys+Bs > b

(KpmKvs — KymK ps)*

5.16

(Kym+Bp —a)(B;—b) + Kys(Bpy—a) >

Master

Virtual Active
Operator 1

FIGURE 5.5: Bilateral teleoperation experimental setup with both the master and slave robot cou-
pled to virtual active operators.
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FIGURE 5.6: Schematic of the bilateral teleoperation experimental setup. The virtual systems are
distinguished from physical systems by being shaded in orange.

Next, we perform experiments to compare the stability conditions derived directly from (5.5) and
(5.4.1); recall that (5.4.1) led to (5.4.1) and (5.5) would lead to the same with « = b = 0. Bilateral
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teleoperation is set up as shown in Fig. 5.5 using a pair of 3-DOF Phantom Premium 1.5A haptic
devices (Geomagic Inc., Wilmington, MA, USA). Only the first joint of each robot is teleoperated,
and the other two joints are controlled to be locked in place by using high-gain control. The sam-
pling time is 1ms. The robot dynamics are identified as mass-damper with M,, = M; = 0.015 and
B,, = By = 0.01822 in joint space [72]. The active operators are realized in the virtual environment
with the transfer function m The reason why we use virtual operators is that they allow us
to have control over the exact SOP of each active operator, which is beneficial in verifying our sta-
bility analysis approach. Plotting the Nyquist diagram of the transfer function can show an SOP of
a =b = 0.01 for the terminations. A detailed schematic of the experimental system is presented in
Fig. 5.6, where 7 and 6 denote torque and angular position, respectively. Also subscripts 21,42, m,s
denote operator 1, operator 2, the master and the slave respectively. Two sets of experiments are

conducted, with the following control gains:

1. Km :O.l?Kpm == ZO)KPS == 12,Kps :0.1;

2. Kym =0.1,Kppm =32,K, = 10,K,, =0.1;

For the first set of control gains, both (5.5) and (5.4.1) predicted stability. As the experimental result
in Fig.5.7(a) show, the bilateral teleoperation system is indeed stable in the presence of a persistent
sinusoidal input of amplitude 0.08 Nm and frequency 5 rad/s. For the second set of controller gains,
(5.5) predicted stability while (5.4.1) predicted instability. The experimental results in Fig.5.7 show
that the robot positions in the teleoperation system diverge if we release the robots from two different
initial conditions. Overall, the conclusion is that with active operators, Llewellyn’s theorem cannot

be used for controller design while the new approach can be.
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FIGURE 5.7: Bilateral master-slave joint position profiles for the first set (a) and the second set (b)
of control gain.
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5.4.2 Trilateral teleoperation under one INP termination

Consider a trilateral teleoperation system coupled to an active environment characterized by an INP
impedance with a SOP value of ¢. The trilateral system considered here is a dual-user teleoperation
system, consisting of two master robots and a remote environment. The two users collaboratively
control a robot to perform a desired task. This type of trilateral systems is seeing emerging applica-
tions such as collaborative surgical training where a novice (operator 1) is trained by an experienced
surgeon (operator 2) to perform a surgical task on the remote environment. In the case of beating
heart surgery, for instance, the remote environment (the beating heart) is active, introducing the
necessity of a stability analysis capable of dealing with non-passive environments in trilateral tele-
operation. Also, motor complex tasks from either operator lead to activity of that termination for

the trilateral teleoperator.

Using the three-port network model of the trilateral teleoperator and applying Lemma 5.5 to (5.13)
while assuming the two users are passive (a = b = 0) but the environment is INP with a SOP value

of ¢, conditions (5.9) and (5.11) are revised to

Re(Z33) > ¢ (5.17)
2Re(Z11)Re(Z)(Re(Z33) — )

—Re(Z11)(|Z23Z32| + Re(Z23Z32))

—Re(Z22)(|1Z13Z31| + Re(Z13Z31))

— (Re(Z33) — ¢)(|Z12Z21| + Re(Z12221))
+4Re(v/Z12Z21)Re(v/Z13Z31)Re(\/Z23Z32) > 0 (5.18)

As discussed in [73], the desired position for each robot is obtained by calculating the weighted
sum of positions of the other two robots. The parameter & determines this weight, which can be
interpreted as the relative authority of each operator over the slave robot’s position. By adopting the
PEB control architecture in [73] and the aforementioned complementary-linear-combination (CLC)

authority sharing laws, we have the following impedance matrix representing the system:

Cm1 +Mmis _(1 - a)Cm] —0Cp1
—oCyp Cop+Myps —(1—a)Cyp (3.19)
—Cps —(1—0)Cps  Cps+Mjs

where the robots are modeled as Z,,; = My,;s and Z,;» = M,ps on the users side and Z; = Ms

on the environment side. Similar to the bilateral teleoperation case in Section 5.4.1, local position
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controllers are Cy = K1 +Kpm1 /s and Cypp = Kypp +Kpma /5 on the users side and Cy = Kys+ K5 /5
on the environment side. We assume Kym1, Kym2, Kvs, Kpm1, Kpm2, Kps > 0. Note that in order to
satisfy the symmetrization condition (5.6), & has to take the value of % By applying the revised
Lemma 5.5 to (5.19), we can get the following sufficient frequency-independent stability conditions

for the trilateral teleoperation system:

K>
Kymi o Kym2
Kpmi B Kpm2
5Kys — 6¢ — 21/ 6KZ — 15Ky5¢ + 92 < KuKpm
Kys o KpsKva
< 5Kys—6c+24/ ifgs — 15K,5¢ +9¢2 (5.20)
Vs

Operatorl Operator 2
()

Virtual Active
Environment

FIGURE 5.8: Trilateral teleoperation experimental setup with the slave robot interacting with vir-
tual active environment
Finally, we put the previously-derived theoretical stability conditions to test by performing a 1-DOF
trilateral teleoperation experiment. The two Phantom Premium 1.5A haptic devices used in Section
5.4.1 are used here as the two master robots. The slave robot at the environment side is a Phantom
Omni haptic device (Geomagic Inc., Wilmington, MA, USA) (Fig. 5.8). Two master robots are
actuated with (human operators modeled by) persistent sinusoidal inputs of amplitude 0.07 Nm,
frequency 5 rad/s and phase 1.5 rad. The active environment is implemented as a virtual environ-
ment with transfer function m, giving an SOP value of ¢ = 0.1 on the remote environment.
Based on (5.20), we chose the following stabilizing control gains (according to the theoretical sta-
bility condition): Kpp =4, Kyp = 0.1, Kpma =4, Ky = 0.1, Ky = 8, and K,,; = 0.2. The result

is shown in Fig. 5.9, which shows the stability of the teleoperation system in this case.
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FIGURE 5.9: Robot joint positions for environment INP, dual-user PEB control.

The above demonstrates that the proposed approach can be used to provide effective controller

design guidelines in the presence of active operator/environment in trilateral teleoperation.

5.5 Conclusions

In this chapter, we demonstrated the proposed series-shunt for stability analysis in the presence
of strictly passive or active operators/environments for bilateral and trilateral teleoperation systems.
Different from previously proposed approaches, this approach can effectively deal with strict passiv-
ity/activity in any number of terminations, easily apply to both bilateral and trilateral teleoperation,
and rely solely on immittance parameters, which are relatively easy to obtain for mechanical sys-
tems. We detailed the approach for termination impedance decomposition for different impedance
topologies and applied the approach to PEB bilateral and trilateral teleoperation with one or more
INP terminations. Experiments were performed to verify the stability criteria and demonstrate the

difference between the newly derived stability criteria and the traditional ones.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis develops both practical implementations of task-oriented telerehabilitation therapy tech-
nologies aiming at partially automating the rehabilitation process and thus time-sharing a therapist.
It also presents theoretical stability analysis tools for teleoperation systems with two or more hu-
man operators such as telerehabilitation systems. Remember that in the telerehabilitation context,
a hospital-based therapist is haptically linked and telepresented to a home-based disabled patient in
order to effectively simulate traditional in-hospital therapies, e.g., those in which a therapist physi-

cally helps and cooperates with a patient in performing therapy tasks, over a distance.

In Chapter 3, we proposed and demonstrated a novel telerehabilitation approach: The learn-and-
replay (LAR) paradigm. We first introduced our experimental telerehabilitation system and a 1-DOF
therapy task involving driving a woodscrew into a wooden plate held by an industrial manipulator.
Robot kinematics and teleoperation control were carefully considered. Next, we introduced the
therapist arm impedance identification technique, which was able to detect force perturbation on-
sets based on the time profile of mechanical energy absorption of the arm. The identification method
had the advantage of not introducing external disturbances and not restricting the therapist’s pos-
ture. Then time-delay estimation (TDE) based impedance control was introduced as an appropriate
control method for our industrial manipulator. Finally, results from a successful LAR session was

shown for the 1-DOF screwdriving task.

In Chapter 4, the LAR paradigm was applied to a 2-DOF peg-in-the-hole insertion task. During the
therapist-in-loop (TIL) phase, the therapist held the peg still in two directions through teleoperation
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so that the patient could put the hole onto the peg. The therapist’s arm impedance was measured
in the two directions during the TIL phase. Next the measured impedance was ajusted taking into
account the teleoperation system’s 2-DOF dynamics in order to obtain the desired impedance for
impedance control of the slave robot during the TOOL phase. In the TOOL phase, the impedance
control was successfully implemented on the slave robot and the therapist’s role in the 2-DOF peg-
in-the-hole insertion task was replicated by the slave robot with success. Together with Chapter
3, this showed the feasibility of the proposed LAR telerehabilitation paradigm and its potential in

time-sharing a therapist and thus partly automating the rehabilitation therapy.

In Chapter 5, we first reviewed the need for a teleoperation system stability analysis approach that
can take into account strict passivity or activity information of one or multiple terminations. Tradi-
tional Llewellyn’s stability analysis approach requires that all terminations are passive, which can be
violated in telerehabilitation as the therapist becomes active during assistive therapy. Then different
termination categories were defined, including input strictly passive (ISP), output strictly passive
(OSP), input non-passive (INP), output non-passive (ONP) and disk-like non-passive (DNP). We
showed that the series-shunt approach can be applied to a teleoperation system involving one or
more of the aforementioned terminations. Explicit stability criteria were then drawn during case
studies for a bilateral teleoperation system with two INP terminations and a trilateral teleoperation
system with one INP termination. The stability criteria were validated with experiments involving
virtual operators. The series-shunt approach was thus shown to be able to effectively deal with strict

passivity or activity in any number of terminations.

6.2 Future Work

For the proposed LAR telerehabilitation paradigm presented in Chapter 3 and Chapter 4, future

work can take the following steps:

1. DEVELOPMENT OF MORE CLINICALLY RELEVANT THERAPY TASKS SUITABLE FOR THE
PROPOSED LAR PARADIGM. With the involvement of therapists and clinicians, new multi-
DOF tasks that are closely related to current rehabilitation practices for upper-limb rehabilita-
tion can be designed. The tasks need to be closely related to activities of daily living (ADL).

Currently candidates include

(a) Door opening task where the slave robot can be equipped with a doorknob-shaped end-
effector that the patient can turn with his/her their wrist while the therapist “holds™ the

door via teleoperation
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(b) Jar lid opening task where the patient tries to open a jar lid held by the slave robot with

the help of the therapist who uses the teleoperation system to stabilize the jar.

(c) Vacuum cleaning task where the patient practices vacuuming a space by manipulating
the slave robot’s handle-shaped end-effector, while the therapist carries the weight of

the vacuum cleaner via teleoperation.

In all of these proposed tasks, during the TIL phase the therapist can provide different degrees
of difficulty for the specific task by modulating his/her impedance.

2. DEVELOPMENT OF MORE SOPHISTICATED ARM IMPEDANCE IDENTIFICATION TECHNIQUES.
Advanced on-line arm impedance identification can be developed in order to capture the pos-
sibly varying impedance of the therapist’s arm over a spatial trajectory such that tasks that
require different impedance characteristics of the therapist’s arm or significant arm displace-

ments can also be incorporated into the proposed LAR paradigm.

3. CLINICAL STUDIES. After achieving the previous two goals and making sure that a reliable
LAR system both in software and hardware is built, clinical patient-oriented studies can be
carried out to study the usefulness of the proposed paradigm in real clinical settings. Patient
and therapist user experience, as well as LAR system reliability for various tasks will be the

focus of clinical studies.

For the telerehabilitation stability analysis with termination activity/strict passivity work presented

in Chapter 5, future work can be performed in the following directions:

1. USE OF PHYSICAL SYSTEMS FOR EXPERIMENTAL VALIDATION. The implemented active
virtual operators can be replaced with robots under impedance control, so that we have a
physical energetically active system demonstrating desired active impedances. Such experi-
ments will provide more convincing evidence of the practical value of our proposed stability

analysis approach in dealing with real physical systems.

2. IMPLICATIONS OF IMPROVED STABILITY ANALYSIS ON TELEOPERATION TRANSPARENCY
AND THUS HUMAN TASK PERFORMANCE. To further demonstrate the usefulness of our
stability analysis, studies can be done with regard to the impact of relaxed stability conditions

on teleoperation task performance in the presence of strictly passive terminations.

3. MULTI-DOF MULTI-LATERAL SYSTEMS. Although Chapter 5 only considered 1-DOF robots,
which can only engage in 1-DOF teleoperation tasks, the proposed series-shunt approach can
be extended into multilateral teleoperation systems with multi-DOF robots. Such studies will

further enrich the series-shunt approach.
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Appendix A

Yaskawa Motoman SIASF Robot

Kinematics

In this Appendix we first detail the Yaskawa Motoman SIASF original robot kinematics. Its dimen-
sions, link frames and Denavit-Hartenberg(DH) parameters will be presented in Section A.1. Then
we will derive a simplified version from the full kinematics, with which we will derive the inverse

kinematics used in Section 4.2 of Chapter 4 to jog the slave robot to a specified home position.

A.1 SIASF dimensions and DH parameters

The detailed dimensions of the Motoman SIASF robot is shown in Fig. A.1(a), taken from the
product manual. This is the robot’s default home position (different from the home position that we
defined in Chapter 3 and Chapter 4). The length measurements are in mm. DH frames are attached
to the robot according to [74]. The frames are shown in Fig. A.1(b). Based on the DH frames and

the robot dimensions, we can derive the DH parameters for this home position shown in Table A.1.

Now based on the robot’s home position, let’s define for each axis i, the joint rotation angle to be
g; in degrees. Orientations for some of these joint angles are shown in Fig. A.1. Taking this into

account, we can have the DH parameters for all configurations allowed by the robot’s workspace
shown in Table A.2.
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TABLE A.1: Denavit-Hartenberg parameters for the Motoman SIASF robot at its home position
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TABLE A.2: Denavit-Hartenberg parameters for the Motoman SIASF robot at its home position
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FIGURE A.2: Illustration of the “put down” Motoman robot in the Xp and ¥ plane (a) before
moving joint 1, 4 and 6 (b) after moving to the specified home position detailed in Section 4.2 of
Chapter 4

A.2 Inverse Kinematics For a Specified Home Position in Section 4.2
of Chapter 4

In order to get the Motoman SIAFS robot into the configuration shown in Fig. 4.2(b), we first take
q2 to be 90° and g3 to be 90° to “put down” the Motoman robot into the plane formed by Xp and yp.
From now on we lock the joint angles of ¢ and g3 and g5 at their current values and only actuate
41, g4 and g to move the robot into the desired home position as shown in Fig. 4.2(b). Now the
slave robot’s geometry in the Xp and yo plane can be shown in Fig. A.2(a). We define the distance
between Oy and Oy in this plane to be /; (while the distance in the 7y direction is ignored), the
distance between O4 and O to be /4 and the distance between O¢ and O7 to be lg. From Fig. A.1(a)
and Table A.1 we have

I} = \/270% + 852 — 283.06 mm (A1)
ls = /602 +2702 = 276.59 mm (A2)
le = 145 mm (A.3)

(A4)

Next we denote the angles from /; to yp to be 10 + g1, from /; to 4 to be gap + g4 and from /4 to
l7 to be g0 + g6- g10. 40 and g0 are the values of these angles just after putting down the robot,

before any changes are applied to the joint angles of joint 1, 4 and 6. Therefore in the configuration
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of Fig. A.2(a), g1 = g4 = g¢ = 0. From the robot dimensions shown in Fig. A.1(a), we have

85
q10 = cos—l(T} =1.27 rad (A.5)
1
qa0 = —Cos_](?—f)+(g—q10) = —1.05 rad (A.6)
g0 = 0—q10 — qa0 = —0.22 rad (A7)

Now the objective is to find g1, g4 and g¢ such that the robot is arranged in the specified home
position in Section 4.2 of Chapter 4, illustrated in Fig. A.2(b).

Now we introduce a new base frame, ¥ and y which is obtained by rotating the Xp and ¥y frame
around Oy counter clockwise 90°. The position of point Og in the vecx and vecy plane, (x,y)”, can

be expressed as

x =11 -cos(q1+q10) +la - cos(q1 + q10+ q4 + qa0) (A.8)
y =l -sin(q1 +q10) + L4 - sin(q1 + q10 + g4 + qa0) (A.9)

Let cos(q1 + q10) = c1, cos(qa + qao) = ca, cos(q1 + qio + ga + ga0) = c1a, sin(q1 + q10) = s1,
sin(qa + q40) = s4 and sin(q1 +q10 + g4 + q40) = s14. We have

Py =B+ B+2-lilses (A.10)
from which we can derive
x2+y2—!%—f§
c4 = 3 ils (A.1D)
sp=—y/1-63 (A.12)

Note that s4 is negative because as can be seen in Fig. A.2, g4 + qao is always negative. Finally we
have

g4 = atan(sy,¢3) — qao (A.13)

given x and y.

Now let’s find ¢ as a function of x and y as well. (A.8) and (A.9) can be rearranged into

x=kiec1 —kasq (A.14)
y=kis1 +kacy (A.15)
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where

ki =11 +lscq (A.16)
ky = lgs4 (A.17)

Take r = 4 fk% +k§ and y = aran2(k2,k1), we can parameterize k1 and k; as

k1 =r-cos(y) (A.18)
ky = r-sin(y) (A.19)

Then (A.14) and (A.15) can be written as

; = cos(Y+q1 +q10) (A.20)
§=Sin('r+q1 +4q10) (A.21)
Therefore,
q1+q10= aranZ(z, f) — vy = atan2(y,x) — atan2(ka,k1) (A.22)
r'r
Finally, | can be expressed as
q1 = atan(y,x) — atan2(lssa, 11 + laca) — q10 (A.23)

From the illustration in Fig. A.2(b), we can see that /s is perpendicular to yp. Therefore,

T

g6 = —E—QI —q4 (A.24)

Given the description in Section 4.2 of Chapter 4, the specified home position is (x,y)" = (L15,0)" =
(254 mm,O)T. By applying the numerical values into (A.13), (A.23) and (A.24), we obtain finally
qq4 = —1.1525, q; = —0.1887, g6 = —0.2296.

To recapitulate, the Motoman SIASF robot can be arranged into the specified home position (in
comparison with its default home position) in Section 4.2 of Chapter 4 by taking the joint angles in
Table A.3.



Appendix A. Yaskawa Motoman SIASF Robot Kinematics

TABLE A.3: Joint angles that move the Motoman SIASF robot into the specified home position in
Section 4.2 of Chapter 4

g; value (rad)

g1 -0.1887
i

q2 3
T

q3 3

q4 -1.1525

qs 0

g6 -0.2296




Appendix B

Teleoperation System Detailed Layout

In this appendix we show the detailed layout of our teleoperation system in Fig. B.1, which repre-
sents the information flow between different software and hardware with arrows. Data exchanged
through the Ethernet network flow through the “Ethernet switch™ block. The Ethernet network is
based on UDP protocol and can be realized in C++ using Winsock API with the class that is provided
in Appendix C.

The master robot is controlled via the custom built Quanser rehabilitation robot controller that han-
dles the analog signals from/to the robot on one hand and digital signals to/from the Quarc robot
control application software on the other hand. The Quarc robot control application is written in
the Quarc software, which is developed by Quanser Inc. On the same PC that we name “Quanser
PC”, a C++ communication application receives data from the force sensor mounted on the master
robot and from the SIASF robot control application on the Agile Planet PC. It then relays those data
to Quarc robot control application via shared memory for master robot control. It also receives the
master robot’s position data via shared memory from Quarc robot control application and relays that
via UDP to the Agile Planet PC.

On the Agile Planet PC, the CPU is divided between two separate operating systems: WinCE sys-
tem and Win7 system. WinCE system is in charge of controlling the Motoman SIASF robot via
communicating with the servo packs. It also reads the slave robot force sensor data via UDP and
sends the robot positions together with the force sensor data to the C++ communication application
on the Quanser PC. Slave robot control programs that are run in WinCE system are developed in
Win7 System. It is linked to the WinCE system via a virtual machine framework and thus allows

users to interact with the programs on WinCE system during execution.
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FIGURE B.1: Teleoperation system layout

The entire system runs at 1kHz.
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Appendix C

C++ Code For UDP Communication

The following “UDP” class based on the Windows Winsock API is used for building the Ethernet
network for teleoperation. It is used to exchange data between the ATI Gamma Net force sensors,
the WinCE machine, and the Quanser PC (see Appendix B).

ifdef WIN32

typedef int socklen_t;
#include <Winsock2.h>
#endif

#ifdef WINCE

typedef int socklen_t;
#include <Winsock2.h>
#endif

#include <string>

#define NO_FLAGS_SET 0

class UDP
{
public:
UDP (unsigned short _portNo, const std::string _destIP, const
std::string _locallP);
“UDP () ;
virtual int Initialize();
int Disconnect();
void InitializeAsyncEventAndSelect();
int Send (charx data, unsigned int length);
int Recv (charx data, unsigned int length);
int RecvNonblocking(char* data, unsigned int length, unsigned int
timeout);
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unsigned int GetPortNumber () const

{

return portNo;

}
SOCKET GetSocket () const

{

return Socket;

}
std::string GetIP() const

{

return destIP;

}

protected:
unsigned short portNo;
SOCKET Socket;
HANDLE hWSAEvent;
std::string locallIP, destIP;
unsigned long destAddr, localAddr;
SOCKADDR_IN destSockAddr, localSockAddr;
int slen; //size of destSockAddr

}i

SITTTIITIIT P IPP I 7 TP 7T E PP i h i Er 7 r il irrririririlirrriririlririrgi
//

// Methods for UDP connection
!/

SITTTIITIIT P IPP I 7 TP 7T E PP i h i Er 7 r il irrririririlirrriririlririrgi

#include "UDP.h"
#include <iostream>

#define MSG_WAITALL 0x8
#define NAGLE OFF

void DisplayError (const std::stringé&);

void DisplayError (const std::string& errString)
{

std: :cout << "UDP Communication Error : " << errString <<
std::endl;

}

JITILITT TP P DIl 77l il i i i i rr 77 i rr 7 r iy il
//Method declarations for UDP class

SITTIITTTL TP TP LTI PP LT P P AP 7 777 PP i r 777 i i r i ir i riiriririrlririrgi

//constructor, assign port number and destination IP address in the
string format
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UDP: :UDP (unsigned short _portNo, const std::string _destIP,

std::string _locallP)

{
portNo = _portNo;

destIP = _destIP;
destAddr = inet_addr( _destIP.c_str());
localIP = _locallP;

localAddr = inet_addr( locallIP.c_str());
}

//close socket, returns 1 if succeeded, -1 if failed
int UDP::Disconnect ()
{
int retVal = 1;
retVal = closesocket (Socket);
if(retval == -1)
{

const

//DisplayError ("UDP::Disconnect, error during close\n");

return 0;

}

return retVal;

//destructor, closes socket and cleanup WSA
UDP:: "UDP ()
{
Disconnect () ;
#ifdef WIN3Z2
if (WSACleanup() == SOCKET_ERROR) {
DisplayError ("UDP:: UDP, WSACleanup failed\n");

}
#endif

//initializes WSADATA, UDP socket
int UDP::Initialize()
{

WSADATA Dataj;
int status = WSAStartup (MAKEWORD (2,2), &Data);
if(status != 0)
{
DisplayError ("WSAStartup unsuccessful\n");
return -1;

}

//setup destination address structure

//memcpy (&destSockAddr.sin_addr, &destAddr, sizeof (destAddr));

destSockAddr.sin_addr.s_addr = destAddr;

destSockAddr.sin_family = AF_INET;
destSockAddr.sin_port = htons (portNo);
//get address size

slen = sizeof (destSockAddr);



Appendix C. C++ Codes for UDP Communication

//create socket
Socket = socket (AF_INET, SOCK DGRAM, IPPROTO_UDP);

if (Socket == INVALID_SOCKET)

{
int WSErrorCode = WSAGetLastError();

std::cout << "WSErrorCode = " << WSErrorCode << std::endl;
DisplayError ("UDP::Initialize failed on socket creation \n");
return -1;

//memcpy (&localSockAddr.sin_addr, &localAddr, sizeof (localZddr));
localSockAddr.sin_addr.s_addr = localAddr;
localSockAddr.sin_family = AF_INET;

localSockAddr.sin_port = htons (portNo);

slen = sizeof (destSockAddr);

//bind
if (bind(Socket, (struct sockaddr *) &localSockAddr,
sizeof (SOCKADDR IN)) == SOCKET ERROR)

{

DisplayError ("UDPServer: Initialize failed on binding\n");
closesocket (Socket) ;
return -1;

}

return 1;

void UDP::InitializeAsyncEventAndSelect ()
{

hWSAEvent = WSACreateEvent ();

if (NULL == hWSAEvent)

{
printf ("UDP AsyncEvent: Failed to create Event. Err =

Sul\r\n", WSAGetLastError());
}

else

{
if (SOCKET_ERROR == WSAEventSelect (Socket, hWSAEvent,

FD_WRITE|FD_READ|FD_CLOSE)) //FD_READ: recv, FD WRITE: send
{

printf ("AyncSocketComms: Failed to select. Err =

Sul\r\n", WSAGetLastError());
WSACloseEvent (hWSAEvent) ;
hWSAEvent = NULL;

else

printf ("UDP: Async socket ops ready.\r\n");
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int UDP::Send(char* data, unsigned int length)

{

int numsnt = sendto(Socket, data, length, 0, (struct sockaddr

*) &destSockAddr, slen);
if ( numsnt == SOCKET_ ERRCR)

{
int WSErrorCode = WSAGetLastError();

std::cout << "WSErrorCode = " << WSErrorCode<< std::endl;
DisplayError ("UDP:: sendto error");

return -1;

}

return numsnt;

int UDP::Recv(char* data, unsigned int length)

{

int numrec = recvfrom(Socket, data, length, 0, (struct
sockaddr*) &destSockAddr, &slen);
if (numrec == SOCKET_ ERROR)

{
int WSErrorCode = WSAGetLastError();

std::cout << "WSErrorCode = " << WSErrorCode<< std::endl;
DisplayError ("UDP:: recvirom error");
return -1;

}

return numrec;

int UDP::RecvNonblocking(char+* data, unsigned int length, unsigned

int timeout)
{
int numrec= 0;
int flag = 0;
DWORD waitRes = 0;
DWORD lastErr 0;

if (NULL != hWSAEvent)

{
waitRes = WaitForSingleObject (hWSAEvent, timeout);

if (WAIT TIMEOUT == waitRes)

{
printf ("UDP RecvNonblocking: Wait for socket read timed

out.\r\n");
numrec = SOCKET_ERROR;

return numrec;

}

else if (WAIT FAILED == waitRes)
{
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printf ("UDP RecvNonblocking: Wait for socket read event
failed. Err = %d\r\n", GetLastError());
numrec = SOCKET_ERROR;
return numrec;
}

else

{
// __fallthrough to recv below.

numrec = recvirom(Socket, data, length, 0, (struct
sockaddr«) &destSockAddr, &slen);
lastErr = WSAGetLastError();
if ((numrec == SOCKET ERROR) && (WSAEWOULDBLOCK == lastErr))
{
//printf ("recv returned would block. skipping\r\n");
//printf ("numerc = %d \n", numrec);
return 0; //SOCKET ERROR =-1, if returned would stop receiving
thread. so return something else

}

if (numrec == 0)
{
printf ("UDP RecvNonblocking: Connection closed by peer.\n");
return -1;

if (numrec == SOCKET_ ERRCR)

{
printf ("UDP RecvNonblocking: socket error %d.\n", lastErr);
return -1;

}

return numrec;
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The following code is an example skeleton for using the UDP class to send data to a machine with
IP address HD2I P from the WinCE machine in a continuous loop.

char+* HD2IP = "192.168.0.1";
char* CEIP = "192.168.0.2";
unsigned short TeleOpPortSend = 18000; //specify which port to use

UDP* p_udpCESend = new UDP (TeleOpPortSend, HD2IP, CEIP); //create UDP
instance
struct SendData //data to send to HD2
{
double datal;
double dataZ2;
//etc etc

int wmain(int argc, wchar_t** argv) {

if (p_udpCESend->Initialize()==-1){ //initialize p_udpCESend
cout << "Could not create and bind send socket" << std::endl;

//error handling code
return 0;

// other initalizations

while ( ! (GetAsyncKeyState (VK_ESCAPE)&0x8000 ) ) // while 'Esc’ is
not pressed

{
// £ill sendData struct with the data to be transmitted

udpStatus = p_udpCESend->Send( (char«) &sendData,
sizeof (sendData));
if (udpStatus == -1)

cout << "Error in UDP sending!" << endl;
//error handling code here
break;

SleepTillTick(); // loop roughly every millisecond. A more
accurate timing method is used in actual experiments.

}
delete p_udpCESend;
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Appendix D

Arm Impedance Identification —
Participation Information Letter and
Consent Form

This Appendix presents the Participation Information Letter and Consent Form for any experiment
in this thesis research involving the human arm impedance identification with the Quanser rehabili-
tation robot.
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UNIVERSITY OF

ALBERTA |

DEPT OF ELECTRICAL AND COMPUTER ENGINEERING

Electrical and Computer Engineering Reseach Facility
Edmaonton, Alberta, Canada TéG 2Vé

Tel: 780.492.3332

Fax: 780.492.1811

www.ece ualberta.ca

INFORMATION LETTER and CONSENT FORM
Study Title: Measuring the mechanical impedance of the upper limb using a rehabilitation robot

Research Investigator:

Dr. Mahdi Tavakoli

Assistant Professor

Department of Electrical and Computer Engineering
Electrical and Computer Engineering Research Facility
University of Alberta

Edmonton, AB, T6G 2v4

E: mahdi.tavakoli@ualberta.ca
T: 780.492.8935

Background

You have been invited to participate in a research study that aims to develop techniques to accurately
measure the mechanical impedance (e.g., “stiffness”) of the human arm and wrist using data collected
by two rehabilitation robots (one for testing the arm and one for testing the wrist). The results of this
study will be shared at scientific conferences and published in scientific journals and theses of post-
secondary students who are assisting the Pl on this study. Should you choose to participate in this study,
your total time commitment will be under two hours,

This research is a component of a rehabilitation robotics research program in the Telerobotic and
Biorobotic Systems Group within the University of Alberta’s Department Efectrical and Computer
Engineering. This research program is a collaboration with Edmonton’s Glenrose Rehabilitation Hospital
and Quanser, Inc. The work is funded by the National Sciences and Engineering Research Council of
Canada and Alberta Innovates — Technology Futures, with in-kind contributions from the Glenrose
Rehabilitation Hospital and Quanser, Inc.

-

Purpose

Individuals who have suffered stroke, spinal cord injury, or other health complications that impair
movement often have irregular arm/wrist impedance compared to healthy individuals. Current
techniques to measure hand/arm impedance rely on a human expert observing a patient's motions and
scoring the impedance on an established ranking system. Since these assessments are based on
subjective observation, their accuracy and consistency can vary across clinicians. This creates a need for
development of sensitive methods for consistent, objective evaluation of impedance to track a patient’s
recovery and guide the rehabilitation process.
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Measuring the mechanical impedance of the upper limb using a rehabilitation robot

This study focuses on developing technigues to measure the arm and wrist impedance of healthy
individuals using data collected by two robots (one for arm assessment and one for wrist assessment). We
intend to develop measurement techniques that will supplement traditional clinical assessments of
human arm/wrist stiffness with highly sensitive, reproducible, and accurate quantitative measures. The
technigues we develop will eventually be evaluated on individuals with motor impairment in a future
project beyond the scope of this study.

Eligibility

To participate in this study, you must not have been diagnosed with neurological or musculoskeletal
ailments that could cause your arm and/or wrist to have different biomechanical properties than those of
healthy individuals.

Study Procedures
Part One: Background data collection (estimated time: 5 minutes)

All data collection will be completed in the Advanced Controls Laboratory (ECERF W4-050, University of
Alberta).

When you arrive at the laboratory, you will be given an opportunity to review this document and ask us
questions about the study. If you decide to participate, we will proceed to collect the following
background data: your height, weight, dominant hand, gender, and age. This information will be used to
check whether the arm/wrist impedance measurements we obtain for our participants show any trends
with respect to these factors. We will also measure the length of your right and left forearm, upper arm,
and your hand which is used in the calculation of your arm and wrist stiffness. For this reason, please wear
short sleeves when you come to the laboratory.

Part Two: Arm and wrist impedance measurements (estimated time: 90 minutes)

To measure your upper-limb impedance, two separate phases are considered. The first one is to measure
your arm impedance and the second one is to measure your wrist impedance.

For the first phase, you will be seated in front of an upper-limb rehabilitation robot shown in (Fig. 1). Your
arm may be secured to the forearm support with nylon safety straps, and a fabric sling suspended from
the ceiling will support the weight of your arm against gravity.

In each measurement trial, the robot will gently jiggle your arm (which can be your left arm or your right
arm) by applying a series of small position perturbations (no larger than 3 cm) or force perturbations (no
larger than 8 N) to your hand. Trials will be performed with your hand positioned at different locations.

For the second phase, you will be seated in front of a table-top haptic device (shown in Fig. 2) to examine
your wrist by providing small rotational movements and forces. The robot jiggles your wrist (which can be
your left wrist or your right wrist) by applying a series of small angular position perturbations (no larger
than 40 degree) to your wrist.
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Measuring the mechanical impedance of the upper limb using a rehabilitation robot

In total, including both first and second phases, approximately 45 trials will be completed, each lasting
from one to two minutes.

Note that slight modifications may be made to the experimental procedure based on what we learn as we
analyze the data from our first few participants. For instance, we may ask you to relax your arm/wrist in
some trials and hold it stiff in others. Sometimes we may ask you keep your arm in one position while the
robot jiggles it, and other times we may ask you to move your hand along a path.

In addition to the force (including hand force and grasp force) and motion data collected by the robot, we
will record videos of the robot jiggling your arm using a camera mounted to the ceiling. (This video will
not contain any direct facial images and no sound will be recorded.)

Figure 2: Experiment setup for wrist impedance measurement
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Measuring the mechanical impedance of the upper limb using a rehabilitation robot

Benefits

Beyond the opportunity to have hands-on experience with a brand new robotic technology, there are no
direct benefits available to you for participating in this study. However, we hope that this study will help
the scientific community to better understand how to accurately measure the impedance of the human
arm/wrist, enabling clinicians to more effectively track patients’ motor recovery and design therapy
programs that will help maximize motor recovery.

There are no financial costs or benefits involved in participating in this research.
Risk

We have taken every measure possible to ensure your safety and minimize any risks involved in
participating in this study. However, you should be aware of the following potential risk factors:

e You may find your arm/wrist becomes tired. If this should occur, please let us know so that we
can pause the data collection so that you may rest and relax your arm/wrist.

* There is always a small chance that the computer used to program the robot could crash during
the experiment. This would not cause the robot to move in an unsafe manner.

* |f appropriate safeguards had not been put in place, the robots would be capable of producing
sudden motions or exerting large forces which could potentially injure your arm/wrist. However,
we have taken multiple precautions to minimize the chance of this occurring:

1. The robots’ control software was programmed to ensure it interacts with humans in a
gentle manner. For instance, we have implemented processes to prevent quick
movements and have included safety checks to immediately turn off the robots’ motors
if sudden unexpected motion is detected.

2. We have electrically restricted the robots’ motors so that the robots cannot apply forces
higher than 20 N to your arm, which is about the force your arm feels when you pick up a
full 2 L carton of milk. Also the robots cannot apply moments (angular forces) higher than
2 N.m to your wrist which is about the force your wrist feels when you hold a full 2L carton
of milk in your hand when your hand is parallel to the ground.

3. The robots are positioned so that your torso is outside of the area they can reach. The
robots are also clamped to the table top to ensure they do not move out of their positions.

4. Finally, you will be given an emergency stop button to hold in your free hand. Should you
feel any discomfort while interacting with the device, a push of this button will instantly
turn off the robot.

Voluntary Participation

Your participation in this study is completely voluntary—you are under no obligation to participate. Should
you wish to opt out of the study at any point without penalty, you may do so by verbally informing us. We
will not collect any additional data from you if you choose to withdraw after participating in the study.
However, we may continue to use any data that we have already collected.

Confidentiality & Anonymity

After we analyze the data collected in this study, the results will be published in scientific journals, shared
at scientific conferences, and theses of graduate students assisting the principal investigator in this study.
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Measuring the mechanical impedance of the upper limb using a rehabilitation robot

These results will be presented in an anonymous manner so that you will not be personally identifiable. If
you agree to participate in this study, we will assign you a participant number. All data that is collected—
and any results we publish—will be labeled by participant number without reference to your name.

The digital data collected in this study (i.e., force and position measurements and video data) will be
stored on password-protected computers in our laboratory. Hard-copy data (i.e., handwritten tables with
your height, weight, age, etc.) will be stored in a locked filing cabinet in our laboratory. Only the Research
Investigator (Dr. Mahdi Tavakoli) and the Research Ethics Committee will have access to this raw data. We
do not plan to destroy the data collected in this study as we may use it future research projects.

If you would like to receive a copy of the published research papers produced from this study, please
mention your interest to us.

Further Information

If you have any further questions regarding this study, please do not hesitate to contact Dr. Mahdi
Tavakoli.

The plan for this study has been reviewed for its adherence to ethical guidelines by a Research Ethics
Board at the University of Alberta. If you have concerns about this study or questions regarding participant
rights and ethical conduct of research, please contact the Research Ethics Office at 780-492-2615. This
office has no direct involvement with this project.

Consent Statement

I have read this form and the research study has been explained to me. | have been given the opportunity
to ask questions and my guestions have been answered. If | have additional questions, | have been told
whom to contact. | agree to participate in the research study described above. I will receive a copy of this
consent form after | sign it.

Participant’s Name (printed) and Signature Date

Name (printed) and Signature of Person Obtaining Consent Date



108

Appendix E

Interaction with Yaskawa Motoman
SIASF Robot — Risk Assessment

In the experiments performed in Chapter 3 and Chapter 4, one human operator (the supervisory
investigator) interacted with the Yaskawa Motoman STASF robot via a tool (a screwdriver in Chapter
3 and the hole tool in Chapter 4). For this human-robot interaction, we have taken measures to
minimize the following identified risks to ensure the safety of the human operator:

* The human operator might get tired from performing tasks with the robot. If this should
happen, the operator can pause the experiment and relax at any time.

* There is a very slight chance that the human operator may be electrocuted due to the high
voltage (3 phase, 110V AC) operating on the robot controller. We have performed proper
grounding of the robot controller and it has passed ETL safety inspection by Intetek.

* There is a small chance that the software managing robot control and networking might crash.
This will not cause the robot to move in any unsafe manner.

* In the case that the robot goes into instability, it is possible that the robot will hit the human
operator and cause injury. To mitigate this risk, we have taken the following precautions:

1. The software that is used for controlling the robot (purchased from Yaskawa Innovation,
Inc.) has built-in safety mechanisms that monitor the robot velocity and acceleration,
so that the robot will be stopped immediately when sudden movements occur. For our
experiments, actuated robot axis velocity limit is set to be 20 °/s for the sixth robot joint
and 13 °/s for the second robot joint. The acceleration limit is set to be 375 °/s? for the
sixth robot joint and 255 °/s? for the second robot joint.

2. The robot is fixed to a heavy wooden table appropriately with bolts and nuts so it will
not move out of position.

3. The human operator also has an emergency stop button held in one hand at all times, so
that he can stop the robot at any moment that he judges unsafe.
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Appendix F

Mechanical Drawings for Hardware
Interfaces

In this Appendix we provide the drawings of some of the custom built mechanical parts used for the
experiments in this thesis.

The Motoman SIASF end effector and ATI Gamma Net force sensor interface (as shown in Fig. 4.2(b)
is comprised of two parts. Part 1 (shown in Fig. E.1) is first mounted onto the Motoman STIASF end
effector, then part 2 (shown in Fig. F.2) is mounted onto part 1. Finally the ATT Gamma force sensor
can be mounted onto part 2.

The peg used for the peg-in-the-hole insertion task in Chapter 4 is shown in Fig. FE.3. It is also used
for holding the wooden plate in the screwdriving task in Chapter 3 as shown in Fig. 3.2(b). It is
connected to the force sensor via the interface shown in Fig. F.4.

The hole used for the peg-in-the-hole insertion task in Chapter 4 is shown in Fig. E5. It can be
mounted onto the end effector of a Motoman SIASF robot via the interface shown in Fig. E.6.
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