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Abstract

This thesis summarizes guidelines for the design and control of a highly integrated,
multi-modal, and intuitive teleoperation system that can be used to perform a variety of
di erent manipulation tasks requiring bimanual and multi- ngered interactions as well as
the collaboration of multiple operators. Hereby, exclusively teleoperation systems using
admittance-type devices are investigated. Bimanual 6 DOF manipulations with high inter-
action forces are realized by newly developed admittance-type haptic interfaces, which are
mounted on a mobile platform and thus also allow performance of manipulations in large
remote environments. Taking into account a large number of mechatronic requirements, a
novel, enhanced, and highly integrated teleoperation system consisting of redundant haptic
interfaces and telemanipulators as well as a stereo-vision-system is developed. Dextrous

ne manipulations are realized by a multi- ngered telemanipulation system, whereby ef-

cient position and force mapping algorithms are used to map human hand motions to
gripper motions and to provide a realistic force feedback. The usage of admittance-type
devices instead of classical impedance-type devices poses new challenges on the control
concepts. Di erent types of bilateral control algorithms suitable for admittance-type de-
vices are proposed and robust stability of them is analyzed by using the parameter space
approach. Further improvements are achieved by incorporating human factors in the de-
velopment process. E ects of varied human movement control on task performance and
feeling of telepresence are analyzed by means of experimental evaluation and new design
guidelines for a user-friendly teleoperation system are derived. Finally, di erent types of
collaborative teleoperation architectures are proposed, application scenarios are described,
and challenges on the control of these systems are formulated. In particular, robust stabi-
lity of a bimanual, a multi-user, and a cooperative teleoperation system is investigated in
detail. A variety of laboratory experiments, characterized particularly by their very high
complexity, serve for the evaluation and validation of all proposed software and hardware
developments.
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Zusammenfassung

In der vorliegenden Dissertationsschrift werden Richtlinien zum Entwurf und zur
Regelung eines hoch integrierten, multi-modalen und intuitiven Teleoperationssystems
zusammengefasst, welches zur Durchfuhrung von Tele-Manipulationsaufgaben herange-
zogen werden kann, die sowohl beidhandiger als auch mehr ngriger Interaktion, sowie
der Kollaboration mehrerer Operatoren bedurfen. Dabei werden ausschlie lich Teleop-
erationssysteme naher untersucht, die Manipulatoren vom Admittanz-Typ verwenden.
Beidhandige Manipulationen in sechs Freiheitsgraden bei denen zudem hohe Interaktions-
krafte auftreten werden dabei mit Hilfe von neu entwickelten haptischen Eingabegeraten
vom Admittanz-Typ realisiert. Diese sind ihrerseits auf einer mobilen Plattform montiert,
um auch Manipulationen in ausgedehnten entfernten Umgebungen zu ermoglichen. Unter
Berucksichtigung einer Vielzahl mechatronischer Anforderungen, wird ein neuartiges, wei-
terentwickeltes und hoch integriertes Teleoperationssystem, bestehend aus redundanten
haptischen Eingabegeraten und Telemanipulatoren, sowie einem Stereo-Sichtsystem ent-
wickelt. Feinmotorische Manipulationen werden mit Hilfe eines mehr ngrigen Telemanipu-
lationssystems durchgefuhrt, wobei e ziente Algorithmen zum Positions- und Kraftmap-
ping herangezogen werden, um menschliche Handbewegungen auf einen Greifer abzubilden
sowie einen realistischen Krafteindruck zu vermitteln. Die Verwendung von Manipulatoren
des Admittanz-Typs im Gegensatz zu klassischen Geraten des Impedanz-Typs bringt hier-
bei neue Herausforderungen an die Regelung dieser Systeme mit sich. Verschiedene Arten
von bilateralen Regelalgorithmen, welche sich speziell fur Manipulatoren des Admittanz-
Typs eignen, werden vorgeschlagen und deren Robustheit mit Hilfe des Parameterraumver-
fahrens untersucht. Zusatzliche Verbesserungen werden erzielt, indem auch menschliche
Faktoren in den Entwurfsprozess einbezogen werden. E ekte variabler menschlicher Be-
wegungssteuerung auf die Aufgabenperformanz und das Teleprasenzemp nden werden mit
Hilfe experimenteller Evaluation analysiert und neue Entwurfsrichtlinien fur ein benutzer-
freundliches Teleoperationssystem davon abgeleitet. Schlie lich werden unterschiedliche
Arten kollaborativer Teleoperationssysteme vorgeschlagen, entsprechende Anwendungs-
felder beschrieben, sowie Herausforderungen an die Regelung dieser Systeme formuliert.
Insbesondere wird die robuste Stabilitat eines beidhandigen, eines Multi-User, sowie eines
kooperativen Teleoperationssystems naher untersucht. Eine Vielzahl an Laborexperi-
menten, welche sich insbesondere durch ihre hohe Komplexitat auszeichnen, dienen zur
Evaluation und Validierung der vorgeschlagenen Soft- und Hardwareentwicklungen.
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Notations

Abbreviations
DOF degrees of freedom
FK forward kinematics
IK inverse kinematics
1JC independent joint control
CT computed torque
CAD computer aided design
RPY roll, pitch, yaw
RRB real root boundary
CRB complex root boundary
IRB in nite root boundary
UDP user datagram protocol
HSI human-system interface
TOP teleoperator
HMD head-mounted display
LED light emitting diode
PaFa position-based admittance control with force-position exchange
FaPa position-based admittance control with position-force exchange
FaFa position-based admittance control with force-force exchange
SOSR single operator, single robot system
MOMR multiple operator, multiple robot system
MOSR multiple operator, single robot system
SOMR single operator, multiple robot system

ViSHaRD7 Virtual Scenario Haptic Rendering Device with 7 actuated DOF
ViSHaRD10 Virtual Scenario Haptic Rendering Device with 10 actuated DOF

Conventions

Scalars, Vectors, and Matrices

Scalars are denoted by upper and lower case letters in italic type. Vectors are denoted by
lower case letters in boldface type, as the vector X is composed of elements x;. Matrices are
denoted by upper case letters in boldface type, as the matrix M is composed of elements
M;i; (i-th row, j-th column).
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scalar

vector

matrix

scalar function

vector function

equivalent to Sx and & x
estimate of X

root mean square of x
Euclidean norm

X X
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XX XX =h =h

~ 3

Subscripts and Superscripts

Xqg  desired value of x

X¢  target value of x

Xa  Value x associated with actuator

Xt  Vvalue x associated with the computed torque controller

Xe  Vvalue x associated with end-e ector or environment

Xg  value x associated with the extended kinematics formulation
X¢  Vvalue x associated with force

Xn  value x associated with the human operator

Xj  value x associated with the independent joint controller

Xm Vvalue x associated with master device

X,  Vvalue x associated with rotational coordinates

Xp  value x associated with translational coordinates or position
Xrot Value X associated with rotations

Xs  Vvalue x associated with slave device

Xx  Vvalue x associated with task coordinates

Sx  value x expressed in coordinate frame S
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Symbols and Abbreviations

A system matrix
a polynomial coe cient
scaling variable
: Euler angles
input matrix
damping
output matrix, sti ness matrix
sti ness
feedthrough matrix, matrix of derivative control coe cients
damping coe cient
unity matrix
error
vector part of Quaternion
force
scaling factor
-stability
rotation angle
performance criterion
height
wrench including forces and torques
vector of coriolis, friction and gravity forces
scalar part of Quaternion
elbow angle, rotation angle
BarrettHand motor angle
Jacobian
matrix of proportional control coe cients
control parameter
link length
eigenvalue, generalized frequency
mass matrix
mass
step length of gradient
torque vector
operating domain
parameter vector
0 set angle
Quaternion
vector of joint coordinates
rotation matrix
radius
0 set vector, axis of rotation
coordinate system
covered distance
time constant
time
translation vector
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1 Introduction

Nowadays more and more tasks and functions which some time ago were exclusively re-
served to humans, are passed to robots. Especially in the eld of manufacturing many
tasks are by now executed by robots. This is mainly due to the fact, that in contrast to
humans, robots are able to operate over a long time period with constant precision and
velocity and thus guaranteeing constantly high quality at low costs. Moreover, robots are
able to carry heavy objects and operate with a precision which is below the range of hu-
man hand tremor. Both are necessary in many assembling tasks. Other applications again
require the operation in human-unfriendly or hazardous environments. Thus, at present,
typical application elds for robots can be found in areas where human physical abilities
are exceeded or the usage in human-inaccessible or unfriendly environments is necessary.

As long as the tasks are characterized by very structured and repeated motion sequences
in well known environments, fully automated robots can be used to interact with the
environment in a pre-programmed manner. But if the task requires to operate in variable,
unstructured, unknown, and dynamic working environments, the robot has to adapt to
sudden changes by taking decisions and adapting plans appropriately. Researchers have
been trying to provide robots with cognitive facilities already for a long time. Especially
in recent years, this eld enjoys great popularity, which might be partly ascribed to the
continuously increasing computational power that allows realization of complex programs
not implementable at an earlier stage. But nevertheless, human reasoning and decision-
making ability is to date by far not reached by any technical system.

On this account, so called telepresence and teleaction systems have been developed,
which combine skills as human adaptability and decision-making ability with the advan-
tages of robotic manipulation. Using such a teleoperation system the human operator is
not any more in direct contact with the environment, but interacts with it by means of
technical systems. In doing so, the human operator uses a human-system interface, which
allows her/him to control a robot, the teleoperator, that interacts in her/his place with
the environment, see Fig. 1.1. Hereby, the human-system interface provides multi-modal
feedback in form of visual, auditory, and haptic information and is used as control input
for the teleoperator, which executes the commands. All command signals and sensory
information is hereby transmitted over an appropriate communication channel. Di erent
barriers, like distance and scaling, can be overcome in that way by still preserving the
cognitive abilities of a human being.

In the past years several application areas for such telerobotic systems have been pre-
sented, see [110, 116]: space and underwater exploration, surgery, plant maintenance,
micro-assembly, toxic waste cleanup, telemanufacturing, training as well as entertainment.
In the following some of these applications are explained in more detail: Using a teleop-
eration system for space or underwater exploration, see e.g. [102, 103], prevents exposing
humans to dangerous environments such as outer space and the deep sea. Dangerous
repairs on spacecrafts can for example, be performed by teleoperating a robot from the
inside the space-shuttle or from earth. Barriers typically exist hereby in the hazardous
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Figure 1.1: Multi-modal telepresence and teleaction system

environmental conditions or/and the large distances to the remote location. Large dis-
tances also play an important role in surgery or plant-maintenance, when a specialist is
not located at the site of the patient or plant. In this case, a teleoperation system allows
transference of the specialist’s knowledge and facilities to the required location without
need to travel. In the eld of minimal-invasive surgery the barrier exists in the skin of the
human body, which restricts the available space and degrees of motion available for the
surgeon. Also in this case a teleoperation system can help to overcome this barrier, see
[23, 97] for some examples. Finally, an application area should be mentioned, where the
scaling causes severe di culties: In micro-assembly really precise and small scale manip-
ulations are needed, which a human cannot perform without further technical assistance.
A teleoperation system like [101] can help in performing these small scale manipulations.

What all applications have in common is the demand of a very realistic display of the
remote environment not being a ected by technical systems. Ideally, the human operator
should not perceive any di erence between direct interaction with the remote environment
and interaction via a teleoperation system. In this ideal case, the system is called trans-
parent and the corresponding measure transparency [77, 139]. If the system is transparent
and thus the human operator is not restricted by the telerobotic system in any sense, an
intuitive interaction with the remote environment is possible. In order to achieve such a
high-quality teleoperation, appropriate design and control concepts must be developed and
human factors must be incorporated in the development process. Providing multi-modal
feedback is hereby of special importance. While the visual and auditory modality are al-
ready rather advanced and several high quality devices are available on the market, the
haptic modality needs further attention.

Although research in the eld of telerobotics dates back to the early nineteenth century,
the design and analysis of haptic feedback systems became popular only in recent years. As
a result, a huge variety of haptic interfaces designed for and adapted to speci ¢ application
scenarios has been developed, see [19, 87] for an overview. Hereby, basic devices of so called
impedance and admittance type can be distinguished. While impedance-type devices are
characterized by a very lightweight design, which ensures low friction and inertia as well
as a high backdrivability and bandwidth, admittance-type devices are featured by a large
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workspace and high force capability [29]. Most telerobotics literature focuses hereby on
the usage of impedance-type devices, which allows the implementation of high-quality
force controllers. The usage of admittance-type devices is only rarely studied, although
these kind of devices are characterized by completely di erent properties and approaches
developed for impedance-type devices cannot be simply transfered to them. As will be
shown in this thesis, the high inertia and friction of admittance-type devices requires
di erent control approaches to realize a high degree of transparency.

This thesis aims to design and control a highly integrated, multi-modal, and intuitive
teleoperation system using admittance-type devices, which can be used for di erent kind
of tele-assembling tasks, ranging from very simple to more complicated manipulations
requiring both hands and multiple ngers. Fixing of a broken tube is hereby used as
benchmark scenario throughout this work. As not all tasks can be carried out by a single
person, typically multiple users share their facilities and capabilities to achieve a common
goal. On this account, also di erent types of collaborative teleoperation architectures are
analyzed in detail.

1.1 Problem De nitions and Challenges

The development of an intuitive admittance-type teleoperation system as described above
requires solving di erent design and control problems, which should be shortly addressed
in the following:

A teleoperation system typically consists of devices used as a human-system interface
as well as a teleoperator. Focusing rst on the human-system interface, devices for visual,
auditory and haptic feedback can be distinguished. While for the visual and auditory
feedback o -the-shelf devices such as a head-mounted display or stereo-projection system
can be used, only a few haptic feedback systems are available on the market. Since most
of them are limited in their degrees of freedom (DOF) and have only a small workspace or
a low output capability, they do not enable an intuitive interaction with the remote envi-
ronment. Moreover, most haptic interfaces are xed to the ground and thus do not allow
any locomotion of the human operator. This thesis aims to face these problems by devel-
oping a new bimanual admittance-type haptic interface, which full Ils the aforementioned
requirements. The presented concept foresees mounting of two haptic interfaces (with a
workspace size of the human arm reach) on a mobile platform. In doing so, the workspace
of the haptic interfaces can be extended to nearly arbitrary large remote environments.
The realization of such a device requires the design of appropriate haptic interfaces and
control algorithms that realize the required behavior.

In order to extend this system to a telemanipulation system, further design requirements
must be taken into account which concern the single devices as well as the whole telema-
nipulation system. Looking at the telemanipulator, it is known that an anthropomorphic
kinematic structure signi cantly enhances the feeling of telepresence. This reveals a re-
dundant kinematic design with link lengths adapted to the human arm reach. As these
requirements di er signi cantly from the requirements formulated on the haptic interface,
also di erent kinematic designs result. But, when coupling two manipulators with di er-
ent kinematics, new complications arise. One of the reasons is the di erent location of
kinematic and algebraic singularities in the workspace of the single devices. To not restrict
the overall workspace, measures to avoid kinematic and algebraic singularities must be
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adopted. In addition, both workspace sizes have to be matched to avoid fatiguing indexing
and shifting techniques, which would deteriorate the feeling of immersion.

If further dextrous manipulation tasks are required, systems for multi- ngered telema-
nipulation must be installed. Since anthropomorphic hands, see e.g. [31, 62, 106], are
mostly very bulky, they cannot be mounted at the end-e ector of the telemanipulator. At
the development stage only simple three- nger grippers were available on the market [1],
which had an acceptable weight and package size. Using such a three- nger gripper in a
telemanipulation setup requires an appropriate motion and force mapping between human
and gripper ngers. Hereby, human nger motions have to be measured and mapped to
gripper nger motions and measured interaction forces have to be fed back to the human
operator. Despite of the non-anthropomorphic structure of the robotic grippers the to be
developed mappings have to be intuitive, easy to predict and understand. To be further
able to perform a variety of manipulation tasks a number of di erent grasp types ranging
from precision to power grasps [32] must be covered.

A typical attribute of a telemanipulation system is the coupling of single components and
the corresponding energy exchange. In order to avoid instabilities caused by this energy
exchange, an adequate control architecture has to be selected and implemented. While
the literature provides many possible solutions for impedance-type devices, coupling of
two admittance-type devices is typically not considered. Usage of classical two-channel
force-position or position-force architectures, see [57], requires the implementation of force
control on either haptic interface or telemanipulator. But as a consequence of the high
inertia and friction of admittance-type devices, force control can only be realized with
a very poor performance and thus other types of controllers, so called admittance-type
controllers, have to be implemented. Coupling of di erent admittance-type controllers
has to be investigated and stabilizing control parameter sets have to be determined. As
the human operator can behave in very di erent ways and possible remote environments
range from free space to hard contact, special attention must therefore be paid on robust
stability of the implemented controllers. Controllers have to be selected in such a way that
they provide a high degree of transparency and simultaneously guarantee stable interaction
despite changing human operator and environment impedances.

Beside optimization of the mechatronic design and control architectures, a teleoperation
system can also be improved by incorporating human factors in the development process.
Having developed a telemanipulation system which allows manipulation of objects in all 6
DOF it is of interest whether the number of freed DOF should be varied depending on the
actual task to be performed to increase e.g. task performance and feeling of telepresence.
Such behavior can be simply achieved by freezing certain motion axis by control. Current
statements in the literature do not provide a clear answer to this question. Thus, it is
investigated whether human movement control is driven by intuition or task performance,
and how varied human movement control in uences e ciency and feeling of telepresence.
Depending on the ndings of this analysis, the control of haptic interface and telema-
nipulator has to be modi ed in an appropriate manner to simultaneously increase task
performance and the feeling of telepresence and consequently increase the intuitiveness of
the interaction with the teleoperation system.

If the task to be performed requires more than one person, some people have to collabo-
rate to achieve the required result. As a teleoperation system separates the human operator
from the environment she/he interacts with, di erent structures of collaboration can be
realized. The following combinations, for example, are possible: each person controls a
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corresponding teleoperator, multiple persons control only one teleoperator, or a teleop-
erated robot interacts with collocated humans. Depending on the architecture, di erent
challenges on the control can be formulated. Stability of the overall system, which has to
be guaranteed despite changing kinematic con gurations, is hereby of special interest. In-
teractions of one manipulator arm with the remote environment as well as the interaction
of two or multiple arms over an object, for example, must be considered. In this context,
especially closed kinematic chains between single entities play an important role, since they
may cause instability. On this account robustly stabilizing controllers that are able to deal
with di erent kind of kinematic con gurations must be selected and implemented.

1.2 Main Contributions and Outline of the Dissertation

The main goal of this thesis is the design and control of an integrated, multi-modal, and
intuitive teleoperation system using admittance-type devices, which can be used for the
execution of di erent kind of tele-assembling tasks. Depending on the complexity of the
task to be performed, only one or multiple users are hereby considered. While teleoperation
systems composed of impedance-type devices are intensively studied in the literature, this
thesis is dedicated to the design and analysis of teleoperation systems using admittance-
type devices.

The thesis is organized in seven chapters. Chapter 2 and 3 are related to research
issues concerning the design of the teleoperation system. Chapter 4 deals with control
problems of bilateral teleoperation systems with special focus on admittance-type devices.
Chapter 5 analyzes e ects of varied human movement control on task performance and
feeling of telepresence. Finally, chapter 6 concentrates on di erent types of collaborative
teleoperation systems. The thesis concludes with chapter 7, which summarizes the most
important results and formulates directions of future research.

In chapter 2 the concept of a new bimanual mobile haptic interface which enables a
proprioceptive perception of locomotion is presented. In contrast to already existing hap-
tic interfaces, it is characterized by its large workspace and its high output capability.
The large workspace is hereby achieved by mounting two haptic interfaces on a mobile
platform and by controlling these components in a coordinated manner. In this thesis,
the design and control concepts of the manipulator arms mounted on the mobile platform
are intensively discussed. After formulating requirements on the design of them, a de-
tailed description of the chosen kinematic structure is given. To simplify the interaction
between mobile platform and manipulator arms, a special kinematic structure has been
chosen, which enables decoupling of translational from rotational movements. No simi-
lar approach has been reported to date in the literature. Also di erent types of inverse
functions and motion controllers are analyzed and compared with each other. Depending
on the results design guidelines for the implementation of them are formulated. Further,
the e ects of di erent human arm impedances as well as actuator and sensor dynamics
on the stability of the haptic interface are investigated and reasons for unstable behavior
of admittance-type haptic interfaces are reported. These results lead to a deeper under-
standing of the implemented control architectures and explain e ects visible in the real
hardware experiment. Finally, an extensive evaluation of the developed device has been
carried out concerning the Cartesian position tracking performance and the impedance
display delity. To determine the speci cations of the device the following performance
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measures are analyzed: dexterous workspace, output capability, and backdrivability. All
these speci cation data are typically not available for haptic interfaces developed by other
research groups.

Chapter 3 deals with the development of a multi-modal teleoperation system, which
integrates components for visual and auditory feedback, as well as haptic interaction. In
the rst step, mechatronic design requirements for this system are formulated. While
state-of-the-art teleoperation systems cannot meet all presented requirements at the same
time, the newly developed system is of superior performance. The single components the
system is composed of are presented in detail, and their integration into one high- delity
teleoperation system is described. Dextrous telemanipulation is further made possible by
using a multi- ngered teleoperation system. Special mapping algorithms are developed,
which map the human hand con guration to the robotic gripper and provide adequate
force information.

One of the main challenges in telerobotics is the selection of control architectures and
control parameters, which are able to robustly stabilize the overall teleoperation system
despite of changing human operator and environment impedances. In chapter 4 robust
stability of di erent types of bilateral control algorithms is analyzed. While other works
mostly deal with teleoperation systems composed of impedance-type devices, the main
focus of this chapter is on the analysis of di erent types of bilateral control architectures
using admittance-type devices. Hereby stability of the system is investigated by using the
parameter space approach, which allows the analysis of uncertain systems with varying
plant parameters. Simple linear models are assumed for human operator, human-system
interface, teleoperator as well as remote environment. The parameter space method is
used for controller design as well as for robustness analysis. Stability of the presented
architectures is evaluated for two di erent types of mechatronic teleoperation systems.
Finally, some experimental results are reported, which show the validity of the presented
simulations.

Chapter 5 analyzes the e ects of varied human movement control on task performance
and feeling of telepresence by using the developed integrated teleoperation system. While
it is well known that humans are able to coordinate and integrate multiple degrees of
freedom, the focus of this chapter is on how humans utilize rotational degrees of freedom
provided by a human-system interface. For the analysis, a telemanipulation experiment
with varying freed degrees of freedom has been conducted and analyzed. The main aim
hereby is to improve the interaction with the teleoperation system by incorporating also
human factors into the development process.

Chapter 6 is devoted to collaborative teleoperation systems. After giving a de nition, a
classi cation of possible collaborative teleoperation systems is presented and ve di erent
architectures are derived. Out of these ve architectures three of them are analyzed in
more detail: a bimanual, a multi-user, and a cooperative teleoperation system. In the sta-
bility analysis di erent types of interactions between the single components are considered.
Simulation results are veri ed by real hardware experiments using the developed integrated
teleoperation systems. These multi-user teleoperation experiments are world-wide unique
as no similar experiments have been conducted and presented before.

Finally chapter 7 summarizes the main results of this thesis and elaborates directions of
future research.
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Supplementary information in form of videos and publications can be found at the
institute’s web page http://www.Isr_ei.tum.de.



2 Design, Control, and Evaluation of an
Admittance-Type Haptic Interface

The design of an integrated, multi-modal teleoperation system, which does not restrict
the human operator in the execution of tasks, begins with the design of an appropriate
human-system interface. Typically, such a human-system interface consists of devices for
visual, auditory, and haptic feedback systems. In contrast to visual and auditory devices
which are unidirectional and transfer information only from the remote environment to
the human operator, haptic interfaces can be described as bidirectional devices. On the
one hand they provide the operator with force/torque information from virtual or remote
environments, and on the other hand they are used to read the operator’s motion/force
input. This input is used to manipulate the remote environment.

While visual and auditory devices are relatively advanced and commercially available,
the design and analysis of haptic feedback systems became popular only in recent years:
They found their way into applications such as medical training, rehabilitation, virtual
prototyping, telesurgery, telemaintenance as well as micromanipulation. However, most
existing haptic interfaces are limited in their degrees of freedom (DOF), have only a small
workspace and/or a low output capability (velocity, acceleration, and/or force/torque ca-
pability). Thus, tasks which require 6 DOF manipulations with high interaction forces
(high output capability) in extended remote or virtual environments (large workspace)
cannot be carried out with them.

In order to increase the workspace of such devices, usually hand controlled input devices,
such as a joystick or a mouse, are used [80] or some indexing technique is applied. If
control by the operator’s hand is not possible, as in the case of bimanual manipulation,
these devices are also substituted by a special kind of foot pedal [21, 162].

Since the operator cannot move around, none of these approaches provides a propriocep-
tive perception of locomotion. As shown in [33], such incomplete or false proprioceptive
cues result in a deterioration of the natural orientation and navigation capabilities of a
human operator.

More realistic locomotion interfaces, such as treadmills and tracking systems for human
operator locomotion, can be found in the eld of virtual reality applications [58, 113].
These systems allow the human operator to freely move around in the remote environment,
but do not provide any force feedback information. Thus, simultaneous manipulation and
locomotion is not possible.

A known approach to circumvent this problem is to use body grounded haptic interfaces,
such as exoskeletons. However, as reported in [109], working with exoskeletons is very
fatiguing since the range of human arm movements is restricted and/or long time operations
are not possible because of the high weight of the system. In addition, mounting application
speci ¢ end-e ectors is extremely di cult.

A much more advanced locomotion interface has been proposed in preceding works at
our institute, see [95, 96], and later adapted by [45]. Hereby a haptic interface is mounted
on a mobile platform. Since in this case the weight of the haptic interface is fully supported
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by the platform, the operator fatigue can be signi cantly reduced. However, these systems
allow only one-handed manipulations and their haptic interfaces are limited to either 3 or
4 DOFs. The rst bimanual mobile haptic interface for haptic grasping in large virtual
environments has been presented in [99], but again haptic interfaces with only 3 DOFs
were used. Moreover, due to the small workspace of the haptic interfaces, the platform
has to move even for very small size manipulations. This again means that the maximum
manipulation velocity is restricted by the maximum platform velocity.

In order to overcome all these limitations, this work aims to develop new haptic inter-
faces which are mountable on a mobile platform, allowing bimanual manipulations in a
workspace of the human arm reach and providing high interaction forces. In the following
sections, the design and control concepts of these new haptic interfaces are intensively
discussed.

This chapter is structured as follows: Sec. 2.2 addresses the design concepts of the haptic
interfaces, whereby requirements on the design are formulated and a detailed description
of the selected kinematics is given. Sec. 2.3 deals with control issues. The admittance
control architecture is introduced and di erent kind of inverse kinematics and motion
controllers are presented and compared. Stability of the haptic interfaces is analyzed in
Sec. 2.4 by evaluating asymptotic stability. Hereby, the e ects of di erent human arm
impedances as well as actuator and sensor dynamics are investigated. The second part
of this chapter is devoted to the evaluation of the newly developed devices. Di erent
performance measures are listed in Sec. 2.5. While for most haptic interfaces only very few
speci cations are available, Sec. 2.6 provides a variety of evaluation results concerning the
Cartesian position tracking performance and the impedance display delity. In addition,
the following performance measures are analyzed: dextrous workspace, output capability,
and backdrivability. In order to reduce the measurement e ort, some of these measures
are determined by model-based, others by measurement-based performance evaluation.

2.1 State-of-the-Art

Haptic interfaces that achieved a su cient development status are mostly characterized by
highly lightweight mechanical designs requiring no active force feedback control to provide
a good backdrivability, e.g., the PHANToM family [89] belongs to that kind of system.
Only a few devices, e.g., the PHANToM Premium, as well as, the DELTA haptic device
[49] show an improved, yet still moderate, output capability. If the device size increases,
friction and inertia also increase and thus force sensing is necessary to compensate for these
e ects. The HapticMASTER [131] is an example for such a haptic device which provides
100 N continuous force, but is limited to 3 DOF. The 6 DOF device Mirage F3D-35 haptic
system satis es the force requirements (peak forces of about 100 N), but is limited to a
quite small workspace. More advanced haptic interfaces are the Virtuose 6D40-40 with
30 N continuous force and a workspace of the human arm reach, as well as the INCA 6D
of Haption with 40 N continuous force and an almost unlimited operational workspace.
While the former is very bulky, and thus cannot be mounted on a mobile platform, the
latter seems to be only suitable for one handed operations. A broader overview of existing
haptic interfaces can be found in [19, 87].

Summarizing, it can be stated that at the moment no adequate haptic interface with 6
DOF, a large workspace, and a high output capability, which is furthermore suited to be
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mounted on a mobile platform, is available on the market. In order to bridge this gap, a
new bimanual admittance-type haptic interface called ViSHaRD7 has been developed.
As it is mountable on a mobile platform, this device is not restricted only to desktop
applications but also enables bimanual manipulation tasks with high interaction forces in
extended remote or virtual environments.

2.2 Design of New Haptic Interface

2.2.1 Requirements

The new haptic interface should be used to perform bimanual 6 DOF tele-assembling
and tele-manipulation tasks in large remote environments. Hereby, sti objects such as
tubes, handwheels, and metal parts of several kinds should be handled and mounted by
using tools like screwdrivers and pincers. The following design objectives of this new
haptic interface were chosen in accordance with this application scenario: workspace of the
human arm reach free of singularities, high payload to accommodate various application-
speci cend-e ectors as, e.g., an exoskeleton or data glove system for the human hand, high
output capability, redundancy to avoid user interferences and kinematical singularities, and
possible dual-arm haptic interaction with full 6 DOF capability.

To compensate for di erent dynamic properties of the haptic interface and the mobile
platform, the workspace of the haptic interfaces should be of the size of the human arm
reach. On this account, manipulation tasks which require only a small workspace can be
performed without moving the platform. Fig. 2.1 visualizes a typical human arm reachable
workspace based on the physiological model presented in [73]. Since most manipulations
take place in front of the human operator, only this part of the workspace which can be
approximated by two intersecting hemispheres is considered as design criteria.

To achieve the aim of allowing also bimanual manipulation tasks, the workspace of the
haptic interfaces must overlap. Fig. 2.1 clearly shows the overlapping areas of left and
right hand, which must be covered by the haptic interface.

To be able to extend the manipulation capabilities to a large remote environment, in
addition the following requirements must be ful lled: First, the device must be compact
and lightweight so that it can be mounted on a mobile platform, and second, the kinemat-
ical design must be chosen in such a way that the interaction of the mobile platform and
the haptic interfaces becomes feasible.

Extending the workspace of the haptic interfaces to very large scale environments re-
quires coupling of haptic interfaces and mobile platform. Di erent optimization strategies
can be used to position the platform in such a way that the manipulability of the haptic
interfaces is maximized. This optimization is simpli ed when using a special design con-
cept to decouple translational from rotational movements of the haptic interfaces. The
advantage of such a design is the possibility to compute an o ine manipulability mea-
sure for the bimanual setup. This again signi cantly simpli es the control algorithms that
manage the interaction between mobile platform and haptic interfaces, but as a drawback,
a redundant kinematical design of the haptic interfaces is necessary.

In the following section, a more detailed description of the new haptic interfaces is given.

10
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Figure 2.1: Reachable workspace of a typical human arm [73, 107], top-left: reachable
workspace of left arm, down-left: reachable workspace of both arms, right: side and
front view of reachable workspace of both arms
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Figure 2.2: Kinematic model of ViSHaRD7

2.2.2 Design Description

The kinematic structure of one of the haptic interfaces, called Virtual Scenario Haptic

Rendering Device with 7 actuated DOF (ViSHaRD7), is illustrated in Fig. 2.2. It shows

the reference con guration with all joint angles g; (i = 1:::7) de ned to be zero. The

corresponding link length design is summarised in Tab. 2.1 and a typical operational con-
guration is shown in Fig. 2.4.

The rst joint has been designed as linear axis and enables vertical motions in zy-
direction. Joint 2 and 3 are arranged in a selective compliance assembly robot arm
(SCARA) con guration and allow positioning in the xN-yn plane. As known from lit-
erature, see e.g. [141], the maximum manipulability of such a two-link planar arm can be
achieved for a construction with equal joint lengths. Thus, the link lengths two and three
have been set to I, = I3 = 0:35 m.

The SCARA part is in a singular con guration when link 2 and 3 are collinear. Hence,
con gurations near the base have to be omitted. Since the device would collide with itself,
this can be easily realized. Joint 4 is used to prevent singular con gurations in the wrist
formed by joints 5, 6, and 7. Singularities in the wrist arise when the axes of joint 5 and
7 are collinear, which can be avoided by a rotation of joints 4 and 6. An adequate inverse
kinematics algorithm must be implemented to guarantee singularity-free operation.

ViSHaRD7 has been designed in such a way that joint 4, 5, 6, 7 intersect in a single
point, where the angular DOFs are mechanically decoupled from the translational ones.
As mentioned already in [169], such a mechanical decoupling of the angular from the
translational DOF has several advantages: The natural dynamics of the orientational DOFs
is reduced and the torque capability of the rotational actuators can be chosen to match
the capability of a human wrist so that no additional safety mechanisms are required. In
the case of designing a mobile haptic interface consisting of two independently working
components (haptic interface and mobile platform) such a construction can furthermore

12
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Figure 2.3: 3D-CAD model of ViSHaRD7

signi cantly simplify the algorithms that take care of the interaction between these two
components as the complexity of the before mentioned optimization task is reduced.

The link length design guarantees a reachable workspace of almost a half cylinder with
radius and height of 0.7 m. Thereby, possible collisions with the arm itself and the platform
have to be considered. In contrast to this reachable workspace, the speci cations of the
dextrous workspace of the device are given in Table 2.2.

The haptic interface is built using commercially available components combined with
aluminum construction elements. The actuation torque of all rotational joints is provided
by dc motors coupled with harmonic drive gears o ering zero backlash. The motors and
gears have been selected to meet the speci cations summarised in Table 2.2. The corre-
sponding motor, power ampli er, and gear speci cation data can be found in appendix A.
For the linear axis, an LM Guide Actuator of THK has been chosen, which guarantees
high rigidity and high accuracy. A brushless dc motor, which carries the whole weight of
all movable parts, is used to drive this linear axis. Since brushless dc motors usually have
better thermal properties than comparable dc motors, this results in a more compact de-
sign [19]. An additional brake holds the haptic interface in a xed position when no motor
currents are provided. While all dc motors of the rotational joints are supplied by Copley
ampli ers con gured in torque mode, the brushless dc motor is driven by a 4QEC servo
ampli er DES 70/10 of Maxon motor with sinusoidal commutation and digital current
control.

In order to provide force feedback, the device is equipped with a six-axis JR3 force-
torque sensor mounted at the tip of the end-e ector with a bandwidth of 8 kHz. The joint
angles of the rotational joints are measured by digital MR-encoders with a resolution of
4096 counts per revolution, resulting in a high position resolution when multiplied with
the gear ratio. The position of the linear axis is measured at the drive end by using a
Scancon Encoder with a resolution of 30000 counts per revolution (quadrature encoder).

13
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Table 2.2: Speci cations of ViSHaRD7

Property Value
h=0:6m d
transl. workspace d=0:1m @ T%
rr=0:2m lh 1
r,=0:6m
rot. workspace pitch, roll: 360
yaw: 60
peak force vertical: 533 N
horizontal: 155 N
peak torque pitch, yaw: 11 Nm
roll: 4:8 Nm
trans. velocity vertical: 0:895 m/s
horizontal: 1:1 m/s
rot. velocity pitch, yaw: 4:3 rad/s
roll: 8:9 rad/s

trans. acceleration vertical: 9:2 m/s®
horizontal: 13:5 m/s

rot. acceleration pitch, yaw: 183 rad/s’
roll: 318 rad/s’

maximum payload 34 kg

mass of moving parts 13 kg

numbers refer to a device controlled by inverse function,
see Sec. 2.3.3
calculated for zero steady state human operator input force

The combination of a slope of 10 mm/round of the linear axis and a maximum motor speed
of 5370 rpm allows translational velocities of up to 0.895 m/s. The maximum payload of
the linear axis is 340 N and is calculated considering the limit of the average torque of the
motor, the slope of the linear axis, and the mass of all moving parts.

Matlab/Simulink Real-Time-Workshop is used to automatically generate code from
Simulink models (representing the control of the haptic interface), which is then executed
on a RTAI real-time operating system. All models run with a sampling rate of 1 kHz.
Data acquisition is performed by using Sensoray S626 PCI-1/0 boards.

2.3 Control

Realization of a human haptic interaction with a remote environment requires control-
ling the motion-force relation between the operator and the haptic interfaces. This can
be achieved by either controlling the interaction force of the device with the operator
(impedance display mode) or the device motion (admittance display mode).

14
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Figure 2.4: Bimanual mobile haptic interface consisting of two ViSHaRD7 mounted on a
mobile platform

In order to provide e ective compensation of the disturbances due to friction and
the natural device dynamics, an admittance control strategy has been implemented for
ViSHaRD?7. In contrast to impedance control, which is frequently used for light and
highly backdrivable devices, admittance control is particularly well suited for robots with
high inertia and nonlinearities. The high-gain inner control loop closed on motion allows
for an e ective elimination of the nonlinear device dynamics, see [29]. A more detailed
analysis of haptic control schemes can be found in [128].

The implemented admittance control is illustrated in Fig. 2.5. The interaction force hy
of the human operator is measured by a force-torque sensor and subtracted from hg, which
can be the measured interaction force of a telemanipulator with a remote environment or
alternatively a force generated by a virtual environment.

The master dynamics relates the force h to the reference end-e ector velocity Xg.
An algorithm for inverse kinematics solution calculates the reference joint velocities gg.
Alternatively, the mapping of the end-e ector to the joint motion can be realized at the
position, velocity or acceleration level. The joint angles g, are the reference input to a
conventional position control law, e.g., independent joint controllers (1JCs) or a computed
torque (CT) scheme.

In the following subsections, the main components of this admittance control scheme
are discussed in detail.

2.3.1 Master Dynamics

Using an admittance control scheme, stability of the overall system can only be guaranteed
if a minimum target inertia is implemented. When the human operator touches the device

15
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Figure 2.5: Admittance control scheme

and free space motion is rendered, the device needs to accelerate very quickly. This again
implies very high control gains, which causes potential stability problems during free space
motion. Thus, in free space motion, a minimum target inertia is necessary for stability.
While the translational inertia M, is realized in form of a double integrator

NEF =M Nx; (2.1)

the implementation of the minimum rotational inertia M, is based on the well known
Euler’s dynamical equation of rotation:

B =MLB1+ B MBI Br: (2.2)

In this context the indices N and B refer to the Newtonian frame fNg and the body
coordinate frame fBg de ned in Fig. 2.2.

2.3.2 Motion Controller

From the huge variety of motion controllers that are known in literature, two di erent
approaches were implemented: 1JCs as well as a CT scheme [70], see Fig. 2.6. While the

rst approach neglects the nonlinear behavior of the plant and cross couplings between the
linkages, the latter linearizes and decouples the system in a series of double integrators,
which can be controlled independently. Thus, the IJCs are more conservative since the
control gains depend hardly on the nonlinearities in the system which change according
to the actual working position. In order to compensate for this e ect the CT scheme has
been used.

The corresponding control laws for both types of controllers are given by

=Dj@y 9 +Kjag ) (2.3)

for the 1JCs and
= M@ uq+hn(g;9); (2.4)
U; = dq+De(dg a)+Ke(dg ) (2.5)

for the CT scheme, where M (q) and RN (Q; ) denote estimates of the mass matrix, coriolis,
friction and gravity forces and Dj, Kj, D¢, K are control parameters.
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Figure 2.6: Computed torque scheme and servo compensator [141]

2.3.3 Inverse Kinematics

The inverse kinematics, the mapping of the end-e ector to the joint motion, can be either
realized on the position or on the velocity level

q=Ff(X) or g=*F(X); (2.6)

whereby g, g2 R" are the joint angle and velocity and X, X2 R™ the end-e ector position
and velocity. Since for ViSHaRD7 n > m the manipulator is redundant with respect
to the end-e ector task. This redundancy allows changing of the internal con guration
without changing the position and orientation of the end-e ector. This implies that no
unique solution for the inverse kinematics problem given by (2.6) can be derived.

To solve this problem for ViSHaRD?7, two di erent approaches are investigated:

an inverse function for the whole haptic interface,
a combination of inverse function and pseudoinverse control.

It should be noted that the decoupling of translational from rotational movements is com-
mon for both approaches. This simpli es the interaction with the mobile platform as shown
in our original work [160].

Inverse Function

A possible approach to solve the redundancy is to de ne a single inverse function giving the
joint angles for each point of the end-e ector space. A simple inverse function is de ned
when using the following mapping from joint angles to Cartesian positions:

2
W = - Z (2.7)

0:.01 .

X2 + y?
g, = arctan2(y;x) +cos * S A (2.8)
2l x2+y?
1 x* +y?

Qs = COS 1 o + (2.9)
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where (X, y, z) is the end-e ector position with respect to the haptic interface base coor-
dinate system Sy, g; are the joint angles of thelj,-th joint, and | is the link length of link
2 and 3. By setting joint angle 4 to g4 =04, fzz (i, @ decoupling of translational and
rotational motions can be achieved. It should be noted that this special inverse function
implies a singular con guration at the point x =y = 0, which has to be omitted.

For the rotational part, an inverse kinematics solution operating at the angular velocity
level has been applied. In a rst step, the time derivative of the end-e ector orientation

by means of yzx-Euler-angles [ ; ; ], can be calculated from the angular velocity of the
By
ende ector =1 O 1 O . cos an 1
- Cos Cos
@ _A=@0 sin cos ABI; (2.10)
1 sin_ cos sin_sin
- Ccos Ccos

Choosing the Euler angles in such a way that they correspond to the joint angles gs; g¢ and
7 the inverse function for the rotational part is given by

B = (2.11)
0 = + =2; (2.12)
47 = (2.13)
This inverse kinematics solution has a singular con guration for = k =2 with k 2 N,

which, however, can be easily avoided by introducing a joint limitation for gs. The
drawback of this measure is obvious: The available rotational workspace is restricted to
2] =2 =2.

Partitioned Inverse Kinematic Solution

To overcome this drawback and to enlarge the rotational workspace of the device, a par-
titioned inverse kinematic solution has been implemented. This solution uses the already
mentioned inverse function for translational movements, but applies a pseudoinverse con-
trol [84] for the rotational part.
Using pseudoinverse control, a solution to the inverse problem given by (2.6) can be
formulated as follows:
q=J%x+[1 J37J]q,; (2.14)

where the Moore-Penrose generalized inverse 3% =37 JJT ' of the Jacobian matrix is
used. While the rst term describes the minimum norm joint velocity solution, [I 3% J]q,
represents the homogeneous solution of (2.6), which projects an arbitrary joint velocity
vector g, onto the nullspace of 3. The homogeneous solution can be used to improve
the device performance when choosing g, to optimize a performance criterion H(q), a
scalar function of the joint angles. Redundancy can then be solved by substituting g, with
rH(qg) resulting in
g=J"x+[l J7J] rH(q); (2.15)

with  the step length of the gradient.
Replacing the Moore-Penrose generalized inverse J* by a weighted pseudo inverse

Jt=w 37 Jgw 37 ‘! (2.16)
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2.4 Stability Analysis

with W the weighting matrix, the in uence of certain joints on the end-e ector motion
can further be increased or penalized (for further information see singularity-robust inverse
in [90]). This can be of interest in the case of di erent joint velocity capabilities or mass
distributions amongst the joints.

Unger all these assumptions and considering that g/, = q, 05 g¢ ¢7 with g, =
Qa+ o, 0 (2.15) becomes
Qrot = Jrot ! + 1 JIioedvot] rotM Hror (2.17)

where ! is the rotational Cartesian velocity command and J,.: 2 R® # the Jacobian relating
Qrot tO 1.

In order to avoid singularities, one of the manipulability indices m = f(J) reported in
[169] can be chosen as a performance criterion. However, the most convincing results in
terms of predictability of motions, could be achieved using a rather simple performance
criterion:

H=0¢ o: (2.18)

It tries to keep the 6th joint xed to =2, which is the position farthest away from the
singular con guration.

If other criteria as e.g. collision avoidance with the human operator as well as of the
robot with itself are also of interest, additional performance criteria can be de ned. The
overall performance index to be considered in (2.17) then consists of a weighted sum of all
single criteria. See [150] for further details.

2.4 Stability Analysis

As it was already mentioned in Sec. 2.3.1 and is well known from experiments, in admit-
tance control the minimum target mass and inertia of the haptic interface is bound by
stability. This e ect is analyzed in detail in this section. On this account simple linear
models are assumed for haptic interface, as well as human operator and stability is analyzed
by testing asymptotic stability of the overall system.

De nition (asymptotic stability): A linear time invariant system described by the
state-space model
X = AX+Bu; (2.19)

y = Cx+Du; (2.20)
is asymptotic stable, if for all eigenvalues ; of the system matrix A holds:
Ref i(A)g= i<0 8 1i: (2.21)

2.4.1 Models for Haptic Interface and Human Operator

Below, two di erent types of linear models for the haptic interface are presented: a rigid
and a compliant model. While the rst assumes the haptic interface to be rigid, the latter
takes into account the structural compliance of the robotic arm, which is mainly due to
the elasticity of the harmonic drive gears. Typical values for the sti ness of harmonic drive
gears are namely in the range of 1000 to 15000 Nm/rad, which is far below the structural
sti ness of the aluminum elements used to connect them.
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2 Design, Control, and Evaluation of an Admittance-Type Haptic Interface

Rigid model

A very simple way to model a haptic interface is to use a mass-damper system [139] as
shown in Fig. 2.7. In this context m,, means the haptic interface mass and b, the damping
coe cient. The actuator force is modelled by f,.

Since the human operator interacts with the haptic interface also a simple model of the
human arm is needed. According to [78] a simple mass-spring-damper model can be used.
In this context m;, means the human arm mass, ¢, the human arm sti ness and by the
human arm damping. The factor 2 [0;1] is used to take into account variable human
arm impedances. The exogeneous force applied by the human operator is modelled by f;,.
Finally me,, means the end-e ector mass and fs,, the force measured by the force-torque
sensor located at the tip of the haptic interface.

fom

fh fm
e e
1 m
T—/W—
1 T
/
7 11 bm
bh Mp + Mem Mm
—>
Xm

Figure 2.7: Rigid model of haptic interface and human operator

The overall system described in Fig. 2.7 is represented by the following di erential equa-
tions:

0 = fsm  Fn + MpXm + bmXm:

Compliant model

If the haptic interface cannot be assumed to be rigid, an advanced model as proposed
by [74, 94] can be used, which assumes that the compliance of the haptic interface is
concentrated in a single spring-damper system cn,, bm2. This advanced model is shown in
Fig. 2.8.

f
fh s_»m -~ fm
—_— —
y Ch Cm
Y M —
7
1T T
. 11 11 D1
bn My, + Men Mm2 bm2 Mm1
= —
Xm2 Xm1

Figure 2.8: Compliant model of haptic interface and human
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2.4 Stability Analysis

Again the system can be represented by a series of di erential equations:

0 = fr+Tsm  ( Mp+ Mey) Xm2 bhXm2 ChXm2; (2.23)
0 fsm  Fn + MmaXm2 +bmz Xm2 Xm1) + Cm Xm2  Xma) ;
0 Mm1Xma1 + bm2 ()_(ml )_(mz) + Cm (Xml sz) + bml)_(ml:

2.4.2 Actuator and Sensor Dynamics

In order to reproduce e ects visible in the real hardware experiment, the non-ideal actuator
and sensor dynamics have to be considered. As actuators, dc or brushless dc motors are
used in the experiment. The time constant introduced by these components is given
by their electrical time constant T,, which can be derived from the quotient of motor
inductance and resistance. A simple low-pass Iter is used to model this e ect:

1
fi, = s _ (2.24)

Basically two types of sensors are used in the hardware experiment: incremental encoders
as position sensors and a force-torque sensor. While the process of the encoder information
is really fast (T <0.1 ms) and thus this time constant is negligible, the measurements of
the force-torque sensor are typically very noisy and have to be Itered appropriately. In
the experiments, a low pass Iter with time constant T¢ has been used, which leads to the
following model:

1
fom = fom i o7, (2.25)

2.4.3 Simulation Results

Using the models presented above, asymptotic stability is analyzed for an admittance
controlled haptic interface. The analysis for ViSHaRD7 is simpli ed, when the cross-
couplings between the linkages are assumed to be compensated by a CT control scheme,
so that each DOF can be evaluated separately. Moreover, in order to reduce the number
of control parameters, the low level position controllers are assumed to be already tuned.
The resulting control law can be formulated as follows:

fn = Dxm Xam  Xm) + Kum Xam ~ Xm) ; (2.26)
fsm = MgXdm + DaXam; (2-27)

whereby K, and Dy, mean control parameters of the low level position controller and
Mgy, by denote the minimal mass and damping parameters necessary to guarantee stability.
The stability boundary is determined by applying a bisection algorithm, which tries to

nd for a given mass mqy the corresponding damping by, which keeps the system on the
stability boundary. All simulations are carried out by using the model parameters reported
in appendix C.

Fig. 2.9 shows the simulation results obtained by using the rigid model, whereby the hu-
man arm impedance is varied. As expected, instability occurs for small mass and damping
coe cients my and by. If no damping is assumed, a minimum target mass has to be imple-
mented, which guarantees stability of the overall system. Moreover, a strong dependency
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Figure 2.9: Rigid model: Stability bound- Figure 2.10: Rigid model: Stability bound-
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man arm impedance

T, = 0:003 s).

(T¢ = 0:0015 s,

= 1).

aries in the (myg, by)-plane for varying ac-
tuator time constant T, (T¢ = 0:0015 s,

on the human arm impedance can be observed. The higher the arm impedance, the higher
is the required minimal mass. As a consequence instability occurs when the human opera-
tor grasps the device very strongly. Interestingly, increasing the sti ness ¢, of the human
arm does not a ect the stability boundaries, so that the e ect mentioned before can be
clearly ascribed to the mass of the human arm which is coupled to the system. This again
implies that stability can be in uenced by mounting end-e ectors with di erent weights.

Figure 2.11: Rigid model: Stability boundaries in the (mg, bg)-plane for varying force
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2.4 Stability Analysis

Since it is expected that the dynamics of actuators and sensors also in uences the stabi-
lity region, stability is analyzed for di erent actuator and force Iter time constants. The
corresponding results are reported in Fig 2.10 and Fig. 2.11. It can be observed that the
actuator time constant T, signi cantly in uences the stability region. The bigger the time
constant, the bigger the instability region. Increasing the force Iter constant T¢ results
initially in an enlargement of the instability region, but Itering even more surprisingly
enhances stability of the overall system.

The same simulations were carried out with the compliant model of the haptic interface.
As already observed when using the rigid model, stability increases with decreasing human
arm impedance, see Fig. 2.12. But, in contrast to the rigid model, the actuator time
constant T, does not a ect stability and a bigger force Iter constant always has a negative
e ect on stability, see Fig. 2.13. Very interesting is the e ect of the structural sti ness on
stability. As can be seen in Fig. 2.14 an increasing sti ness increases the instability region.
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: ; : : : 1 == Tg=0002s
15F - R T ] A5 i —_— _— —
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Z 10 n,. T T T T Z 10 ‘ e . .N\. . .......................
- \ : : : = \ : -l : :
< N stable = v b - stable
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N \l Y
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\ RN \ \
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Figure 2.12: Compliant model: Stabil- Figure 2.13: Compliant model:  Sta-

ity boundaries in the (mg, bg)-plane bility boundaries in the (mg, by)-
for varying human arm impedance plane for varying force Iter constants
(T¢ = 0:0015 s, T, = 0:003 s, T¢ (Ta=10:003s, cn =30000 N/m,
Cm = 30000 N/m). =1).

To summarize, it can be stated that a small target mass and damping always results in
instability of the overall system. Moreover, a bigger human arm impedance increases the
instability region, independently of the model used for simulation. A force Iter constant
has mostly a negative e ect on stability and the e ect of the actuator dynamics is depen-
dent on whether the haptic interface is rigid or compliant. If the haptic interface can be
considered as rigid, an increasing actuator time constant requires a higher target mass to
guarantee stability.
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Figure 2.14: Compliant model: Stability boundaries in the (myg, bq)-plane for varying sti ness
constant ¢y, ( =1, T = 0:0015 s, T, = 0:003 ).

2.5 Performance Measures

While the prior sections mainly focused on the design and control of the new haptic in-
terface, the following sections are devoted to the evaluation of it. Di erent performance
measures and measurement procedures for the evaluation of haptic interfaces have been
proposed in the past, see [22, 55, 127]. In the following, the most common performance
measures will be reported. According to [127], basically two types of performance mea-
sures can be distinguished: hardware-related measures and, the so-called, closed-loop per-
formance measures.

Hardware-Related Measures: These performance measures depend on the hardware de-
sign of the haptic interface. The most important ones are as follows:

dextrous workspace: number and nature (translational or rotational) of DOF, transla-
tional and rotational workspace free of singularities;

output capability: maximum peak and continuous force, maximum velocity, maximum
acceleration, maximum payload;

sensorial capability: measured quantities and resolution at the human body interface.

Closed-Loop Performance Measures: Closed-loop performance measures depend on the
control of the device. The following criteria can be distinguished:

force precision: maximum steady state force error at zero motion;

dynamic force precision: force control frequency response;

backdrivability: minimum apparent mass and inertia at the tip, maximum force error,
impedance frequency response;

sti ness: apparent sti ness at the human-body interface;
smallest grating that can be rendered correctly.
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Instead of specifying the presented measures only for one special operating point, as
is common in the literature, [55] suggests specifying best and worst case gures over the
entire workspace of the device. Since this would result in a huge number of measurements,
[127] proposes obtaining some of the performance measures by a model-based performance
evaluation. In this work, some of the performance measures will be obtained by model-
based, others by measurement-based performance evaluation.

Di erent approaches have been proposed in the past to determine the above listed mea-
sures, but no general procedures have been established. The main reasons for that are
the high dependency of evaluation results on the operating point and the behavior of the
human operator, which is part of the system. In order to get reproducable measurement
conditions, the human operator has to be replaced by a machine which simulates the hu-
man grasping behavior. Unfortunately, in the literature, still no clear design speci cation
for such a system can be found.

2.6 Performance Evaluation

In the following sections, the evaluation results will be presented. Performance measures
such as dextrous workspace and output capability (maximum peak and continuous force,
maximum velocity, maximum acceleration, maximum payload) are obtained by model-
based, the backdrivability and some mechatronic device measures by measurement-based
performance evaluation. The results are based on the previously presented control algo-
rithms, the kinematic model shown in Fig. 2.2, the link length design summarized in Ta-
ble 2.1, as well as the hardware speci cations of gears and motors reported in appendix A.

It should be noted that considering the performance measures presented in Sec. 2.5,
di culties arrise when the system is redundant: Most of the known measurement and sim-
ulation procedures cannot be applied to such systems, because they act on the assumption
that a certain Cartesian position in space can be achieved only by one joint space con g-
uration. Thus, most of the following evaluation results have been carried out by using the
inverse function, as presented in Sec. 2.3.3.

2.6.1 Model-based Performance Evaluation
Dextrous Workspace

In order to analyze the input-output transmission of the device, the velocity manipulability
measure q

m(q) = det J(q)JI" (q) (2.28)

has been computed. The result is shown in Fig. 2.15 and 2.16. It can be clearly seen
that the manipulability measure decreases in the proximity of the singularities and the
boundaries of the workspace. Thus, the dextrous workspace of the device has been chosen,
as stated in Table 2.2, excluding the areas with low manipulability.

Furthermore, the form of the manipulability ellipsoids can be used as a measure for the
isotropic behavior of a device. The closer the ellipsoids to the sphere, the more uniform
the haptic interface can move in di erent directions. Fig. 2.16 shows the manipulability
ellipsoids in di erent positions of the translational workspace. Considering only the dex-
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trous workspace of the device, the ellipsoids do not di er very much in size and orientation.
This again reveals that the translational motion is very uniform over the whole workspace.

=
o

translational manipulability
-

rotational manipulability

Figure 2.15: Translational and rotational velocity manipulability

y [m]

Figure 2.16: Translational velocity manipulability ellipsoids

Output Capability

Typical performance measures which can be derived from model-based performance evalu-
ation are the output and sensorial capabilities of the device. These capabilities are directly
dependent on the hardware design and can be estimated using adequate kinematic and
dynamic models of the device, as well as considering the performance characteristics of
single components.
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In this work, the minimum output capability of the device has been computed according
to an algorithm introduced in [127], which allows analysis of the force/torque, acceleration
and velocity capability of the device. In contrast to other approaches based on the ma-
nipulability ellipsoid, see [60, 142], this approach follows a di erent strategy. The problem
to determine the minimum output capability of the device is formulated as optimization
problem. The basic idea is to nd in a given working point, the direction of manipulation
in which the performance of the device is worst. Extending this procedure over the whole
workspace allows the determination of the minimum output capability of the device.

The computation of the minimum output capability is based on the following equations,
which de ne the velocity, force, and acceleration of the device:

’!—‘ = Jq (2.29)
h= 3! : g=0 (2.30)
* = JIM'; gh=0 (2.31)

where J is the Jacobian, which relates the joint velocities g to the Cartesian velocity X
and the angular velocity ¥. Assuming the system is in a static case (g = 0) and gravity
and friction forces can be neglected, (2.30) shows the relation between the joint torques

and the translational and rotational forces h acting at the end-e ector. Finally, (2.31)
denotes the relation between the joint torques and linear and angular acceleration x and
1, whereby no external forces and torques are exerted on the system and M means the
mass matrix of the system.

Applying the aforementioned algorithm to ViSHaRD?7, the following constraints have to
be taken into account. Since ViSHaRD7 is redundant and the presented algorithm cannot
be applied to such systems, only the non-redundant case can be considered. Thus, the
redundancy of the haptic interface is solved by the inverse function presented in Sec. 2.3.3,
which decouples the rotational and translational movements of the robot. This again means
that the translational output capability will not be a ected by the rotational one and vice
versa. In the following paragraphs, the obtained evaluation results are presented.

The continuous and peak force capability of the haptic interface is depicted in Fig. 2.17.
As the gure shows a constant value over the whole workspace, either joint 1 or 3 must
be in saturation. While the linear axis can attain a maximum continuous/peak force of
about 470=533 N, joint 3 can only provide about 27:9=154 N at the end-e ector. It must
be noted that the maximum forces of the second and third joint are nearly the same and
thus, these joints represent the bottleneck of the force output capability.

Fig. 2.18 (left) shows the horizontal translational velocity capability of the device. As
supposed, the velocity performance decreases in the vicinity of the singularity near to the
base and at the boundaries of the reachable workspace, whereby the asymmetry around the
base is a result of mechanical joint limitations. Fig. 2.19 (left) shows the corresponding
contour plot. Considering a dextrous workspace, as stated in Table 2.2, the maximum
translational velocity for a horizontal motion results in 1.1 m/s. The maximum vertical
velocity depends on the maximum velocity of the linear axis, which is given by 0.895 m/s.
This indicates that the performance of the overall system could be signi cantly improved
by decreasing the dextrous workspace and using a motor with a higher maximum motor
speed for the linear axis. Unfortunately, no motor which meets also all other requirements
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Figure 2.17: Horizontal translational continuous and peak force capability

as high acceleration capability, low inertia, and high output torque, is available on the
market.

In order to determine the acceleration capability, a dynamical model of the device is
necessary. Such a model is created by extracting the inertial properties from the CAD
model of the device and computing the mass matrix with Autolev (see [63]). Fig. 2.18
(right) shows the horizontal translational acceleration capability of the system. It should
be noted that the acceleration performance decreases signi cantly in the vicinity of singu-
larities. Considering the dextrous workspace stated in Table 2.2 and Fig. 2.19 (right), the
worst case horizontal acceleration capability is given by 13.5 m/s®. The maximum vertical
acceleration can be calculated by dividing the peak force of the linear axis through the
mass of all moving parts. Thereby, the inertia of the axis itself (831 10 7 kgm?), the rotor
of the motor (291 10 7 kgm?), and the coupling mechanism between motor and linear axis
(18 10 7 kgm?) have to be considered. This can be realized by computing an equivalent
mass (45 kg) and adding it to the mass of all moving parts (13 kg). Thus, the vertical
maximum acceleration is given by 9.2 m/s?

For the analysis of the rotational output capability of the device the geometrical Jacobian
has been used. Fig. 2.20 shows the rotational output capability against the Euler angles

and , which correspond to the joint angles gs and gs. Using the inverse function
presented in Sec. 2.3.3, the haptic interface has a singularity when = =2. Thus, the
range of the angle signi cantly in uences the results on the rotational output capability.
To this extent the analysis of angular velocity and acceleration has been carried out for
di erent ranges of the Euler angle . Finally the results for = 60 have been chosen as
speci cations of ViSHaRD?7.

The limits of the torque capability of the device can be easily determined: Since the
device is controlled by the inverse function described in Sec. 2.3.3 and the Euler angles
are chosen in such a way that they correspond to the joint angles gs, gs, and g, the torque
capability is given by the maximum torque of the corresponding motor/gear combination
(see Table 2.2).
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Figure 2.19: Contour plot of maximum horizontal translational velocity and acceleration ca-
pability

2.6.2 Measurement-Based Performance Evaluation
Backdrivability

Since in admittance control, the inner position control loop compensates for the natural
device dynamics and friction e ects, the evaluation of the backdrivability can be reduced
to the determination of the minimum translational and rotational inertia M, and M,
that can be commanded without producing instability, see Sec. 2.3.1 for more details. As
shown above, the admissible lower bound for mass and inertia is strongly dependent on the

rmness of the grasp of the human operator. In order to determine numbers for this lower
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2.6 Performance Evaluation

bound, the human operator tried to produce instability of the device by grasping it very
strongly or pushing against it in di erent positions of the workspace. The target inertia
was reduced as long as no point in the workspace could be found which causes instabilities.

Depending on the position control structure and the inverse kinematics, di erent lower
bounds for the inertia can be obtained. In the experiments, simple 1JCs of PD-type were
compared with a more sophisticated position controller based on a CT scheme and acceler-
ation feedforward. Concerning the inverse kinematics, two di erent solutions, the inverse
function and the partitioned inverse kinematic solution, see Sec. 2.3.3, were compared. To
make the results comparable the motion controllers (1JCs and CT scheme without accel-
eration feedforward) were tuned to have the same step responses. In order to do so, the
following procedure was used: After selecting critical damped control parameters for the
CT scheme, the device was positioned in its working position, steps of 5 cm respectively
5 degrees were performed for each joint, and the control parameters for the 1JCs were
adjusted in such a way, that the step responses of both controllers became the same. The
obtained control parameters are listed in Table 2.3.

Table 2.3 nally shows also the measurement results of the backdrivability experiment.
For each architecture, the control parameters as well as the mimimum mass and inertia
are given. Please note that independently of the type of inverse kinematics, the advanced
position controller with CT scheme allows to signi cantly reduce the minimum mass and
inertia. Among the two types of inverse kinematics small di erences in the minimum
inertia can be observed. Considering that the two types of inverse kinematics move the
corresponding joints in a di erent way, these e ects can be explained by the slightly dif-
ferent inertias of the moving parts.

Using pseudoinverse control, the motion behavior of the rotatory part of the display can
be signi cantly in uenced by choosing an appropriate weighting matrix. The weighting
matrix, which has been used in the experiments, is given in Table 2.3. It has been empiri-
cally found and is chosen in such a way that motions around joint 5 and 7 are encouraged
while motions around joint 4 are penalized. This prevents really fast motions around joint
4, which may result in collisions with the mobile platform or the human operator.

Mechatronic Device Performance

In order to de ne measures of the mechatronic device performance two experiments were
performed: The rst experiment evaluates the Cartesian position tracking performance and
the second experiment aims to investigate the impedance display delity of the device.
To measure the tracking performance of the device, it was positioned in its working
position and step responses for every task space coordinate were recorded. Since the
velocity and acceleration capability of the device are limited (see Table 2.2), a smooth
approximation of a rectangular pulse was used
A N atan(B(t tp)) A N atan(B (t t))

51 =2 2 1 =2

u= (2.32)
where u 2 fx;y;z; ; ; g denotes a Cartesian coordinate, A and B are constants, which
de ne amplitude and rising time of the step, and t;, t, mean the moment of rising and
falling edge, respectively. The parameters A and B of this function are chosen to meet the
target speci cations of the device: For the translational part, A = 0:1 m and B = 20, and
for the rotational part, A = 0:087 rad and B = 100 have been set. In doing so, a maximum
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Table 2.3: Minimum mass and inertia for di erent inverse kinematics and motion controllers

| Inverse kinematics | Control | Control parameters | Minimum mass and inertia
1IC K; = diag (80000; 16; 14, 2; 3; 1:8; 0:5) M, = diag (3:5; 3:5;6) kg
Inverse function D; = diag (8000; 1;1;0:2;0:2; 0:1; 0:03) M, = diag (0:008; 0:04; 0:03) kgm?
cT K = diag (400; 1000; 1000; 500; 1500; 1500; 1500) | M, = diag (2:5; 3; 3) kg
D = diag (40; 63:3;63:3;44.7, 77:5; 77:5; 77:5) M, = diag (0:0015; 0:02; 0:02) kgm?
Partitioned inverse 1IC K; = diag (80000; 16; 14, 2; 3; 1:8; 0:5) M, = diag (4;4;6) kg
kinematics D; = diag (8000; 1; 1; 0:2; 0:2; 0:1; 0:03) M, = diag (0:01; 0:04; 0:03) kgm?
Wz = diag (3;0:2;1;0:1) cT Kt = diag (400; 1000; 1000; 500; 1500; 1500; 1500) | M, = diag (2:5; 3; 3) kg
rot = 1 D = diag (40; 63:3;63:3;44.7, 77:5; 77:5; 77:5) M, = diag (0:0008; 0:01; 0:01) kgm?
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