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Abstract

Industrial robots have been widely used to perform well-defined repetitive tasks in
carefully constructed simple environments such as manufacturing factories. The
futuristic vision of industrial robots is to operate in complex, unstructured and
unknown (or partially known) environments, to assist human workers in undertaking
hazardous tasks such as sandblasting in steel bridge maintenance. Autonomous
operation of industrial robots in such environments is ideal, but semi-autonomous or
manual operation with human interaction is a practical solution because it utilises
human intelligence and experience combined with the power and accuracy of an
industrial robot. To achieve the human interaction operation, there are several
challenges that need to be addressed: environmental awareness, effective robot-

environment interaction and human-robot interaction

This thesis aims to develop methodologies that enable natural and efficient Human-
Robot-Environment Interaction (HREI) and apply them in a steel bridge maintenance
robotic system. Three research issues are addressed: Robot-Environment-Interaction

(REI), haptic device and robot interface and intuitive human-robot interaction.

To enable efficient robot-environment interaction, a potential field-based Virtual
Force Field (VF?) approach has been investigated. The VF? approach includes an
Attractive Force (AF) method and a force control algorithm for robot motion control,
and a 3D Virtual Force Field (3D-VF?) method for real-time collision avoidance.
Results obtained from simulation, experiments in a laboratory setup and field test

have verified and validated these methods.

A haptic device-robot interface has been developed for providing intuitive human-
robot interaction. Haptic devices are normally small compared to industrial robots.
Thus, the workspace of a haptic device is much smaller than the workspace of a big
industrial manipulator. A novel workspace mapping method, which includes drifting

control, scaling control and edge motion control, has been investigated for mapping a




small haptic workspace to the large workspace of manipulator with the aim of
providing natural kinesthetic feedback to an operator and smooth control of robot
operation. A haptic force control approach has also been studied for transferring the
virtual contact force (between the robot and the environment) and the inertia of the

manipulator to the operator’s hand through a force feedback function.

Human factors have significant effect on the performance of haptic-based human-
robot interaction. An eXtended Hand Movement (XHM) model for eye-guided hand
movement has been investigated in this thesis with the aim of providing natural and
comfortable interaction between a human operator and a robot, and improving the
operational performance. The model has been studied for increasing the speed of the
manipulator while maintaining the control accuracy. This model is applied into a

robotic system and it has been verified by various experiments.

These theoretical methods and algorithms have been successfully implemented in a
steel bridge maintenance robotic system, and tested in both laboratory and a bridge

maintenance site located in Sydney.
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Chapter 1 Introduction

1.1 Human-Robot-Environment Interaction: Research

Challenges

Industrial manipulators (or industrial robots)have been widely used in manufacturing
where they repeatedly perform pre-programmed routines and tasks in carefully defined
environments. With advances in robotics science, systems and techniques, industrial
manipulators have started to ‘move’ (with a mobile platform), to interact with unknown
or partially known environments, to undertake tasks in hazardous environments and to

assist people in daily living activities by augmenting human strength.

There are many challenges when applying an industrial manipulator, which is placed on
a mobile platform, in an unstructured, complex and dynamic environment. The
manipulator must have the ability to sense the surrounding environment, avoid
collisions and perform various tasks that are not repeatable. Examples of applications
and tasks include robotic sandblasting of a complex steel structure in steel bridge
maintenance, surveillance and rescue with the use of a mobile manipulator with camera
and other sensing equipment affixed, robotic painting of a large vessel and robotic

cleaning of a large tank, robotic drilling in coalmining.

Autonomous operation of a mobile industrial manipulator in complex, dynamic and
unknown/partially known environments is ideal but very difficult to achieve. One
example is robotic steel bridge maintenance, where a mobile industrial manipulator
conducts sandblasting (otherwise called grit-blasting) in complex steel bridge structures

with girders, trusses, frames and box girders. Some areas in a steel bridge are difficult




for a human operator to access. It is computationally expensive if a mobile industrial
manipulator is applied in these areas and operated autonomously. Due to sandblasting,
the steel bridge maintenance environment is normally very dusty which prevents the
use of sensors during blasting. Therefore, for difficult to access areas, semi-autonomous
operation or manual operation with human operator interaction is a practical solution,
using human intelligence and experience combined with the power and accuracy of an
industrial manipulator. Thus, Human-Robot-Environment Interaction (HREI)
framework and enabling methodologies for human-robot interaction need to be

developed.

When a human operator is required to be in the loop of robot manipulator operation, but
is not allowed to go into the environment where the industrial manipulator is operating,
remote-operation is the option. To effectively keep the human operator in the loop and
to utilise human intelligence and knowledge, sensory feedback should be provided to
the human operator. A haptic device can help a human operator to extend their
kinesthetic sense (i.e. sense of touch) to the manipulator operation and the remote
three-dimensional (3D) complex environment. To achieve effective and intuitive
human-robot interaction by means of haptic robotics, many challenging research issues

need to be addressed.

One challenge is environmental awareness, i.e. how the mobile robot manipulator
senses the environment. Proximity sensor networks or tactile sensor networks that
cover the entire manipulator can provide the means to detect obstacles which are in
close range. Additionally, some types of proximity sensors are affected by the
conditions in the environment; for example, airborne particles and dust will impede an
infrared or sonar sensor, and capacitive sensors are interfered by electrical field when in
proximity to high voltages [1]. Therefore, when a manipulator moves at high speeds or
is inside a very dusty environment, the proximity sensor network may not be able to
detect potential collisions. In order to predict possible collisions between a moving
manipulator and obstacles/environment, a 3D map of the environment is essential.
Hence, the surrounding environment of the manipulator must first be explored using

sensors in order to generate a 3D map by efficient exploration and mapping methods.




After the map of an environment is built, how the mobile manipulator interacts with the
environment is another challenge. Many path planning approaches can be used to
enable a manipulator to operate in a simple environment [2][3] or in an open space [4]
[5][6][7]. The available planning methods are not efficient enough for a manipulator
with over 6 degrees of freedom (DOF) to interact quickly with a complex environment.
Many researchers have been developing approaches for motion planning in the
Cartesian coordinate-based operational space (O-space); examples include the potential
field method [5][6][8] and the force field method [9][10]. However, for a multi-DOF
mobile manipulator operating in a complex 3D environment, practical operational and
environmental constraints (i.e. efficiency, speed and orientation) make motion planning

increasingly difficult.

In order for the operator to ‘feel’ the environment and the operation of a robot
manipulator in haptic-based human-robot interaction, three issues need to be studied:
force reflection, haptic rendering, and workspace mapping. Force reflection transfers a
(virtual) contact force, calculated on the distance between the robot manipulator and the
environment or obstacles from a (virtual) contact point, to the handle of the haptic
device using the kino-dynamic model of the manipulator. Haptic rendering concerns the
way in which haptic force/feedback is generated. Virtual spring approach is an effective
haptic rendering approach which can be applied to HREI. Workspace mapping is
another challenge when a small haptic device is used to control a big industrial
manipulator and simple haptic workspace scaling has been shown to be ineffective
[11][12] when precise manipulator control is required. The workspace spanning
approach [13] effectively expands the workspace for the haptic cursor. However, it is
not directly applicable to the control of a mobile manipulator because the approach
does not have a feature that can generate contact force between the manipulator and the

virtual environment.

Human factors have significant effect on haptic-based interaction when a human is in
the loop of robot control and this is another research challenge that needs to be
addressed in HREI research. The major performance indicators in HREI are(1) the
speed and accuracy of a movement made by the operator and the robot; and (2) the

level of intuitive haptic force feedback. Uniform motion between the operator’s hand




and the end-effector of the manipulator makes the interaction more natural. The latency
caused by communication between the haptic device and the robot hinders the natural
interface in haptic-based interaction. There is a direct relationship to a human cognition
and human movement; thus, human factor models including Fitts’s law and Steering

law [14][15] are directly applicable to haptic-based human-robot interaction.

1.2 The Targeted Application

This research aims to address the challenges in HREI stated above, develop efficient
methods for enabling effective HREI, and apply these methods in industrial

applications. Examples of such industrial applications are shown in Figure 1.1.

Figure 1.1 Examples of industrial applications in which operators can be replaced by a mobile
robot manipulator to interact with complex environments in hazardous workplaces: (a)
Sandblasting operation in steel bridge maintenance, (b) Vessel maintenance (from Broadbent’s,

Inc)

In this thesis, the industrial application targeted is robotic sandblasting in steel bridge
maintenance. The paint on steel bridges gradually deteriorates due to weather, time and
stresses on the bridge. Corrosion can cause major bridge failure; thus, steel bridges
require regular maintenance. Stripping and repainting provides protection from rust and
prolongs the lifespan of steel bridges, but manual stripping and repainting is hazardous

for workers and can cause fatigue, injuries, and occupational illness. Steel bridges are




often coated with lead-based paints and asbestos is sometimes present in the insulating
base paints. The dust that becomes airborne due to the sandblasting process can thus
contain highly toxic particles [16] which cause such diseases as asbestosis, silicosis and
lead poisoning. Additionally, the equipment used in sandblasting is often heavy. The
blasting abrasive is piped from a pressurised container (sandblasting pot) through the
nozzle at high velocity, and a large reaction force is generated from the blast nozzle, so
the blasting stream could cause serious injury or be fatal if it struck a human operator.
Finally, although engineering drawings exist for most steel bridges, the information is
not necessarily up-to-date, nor do they provide a detailed indication of the state of paint

deterioration or the rusted surfaces.
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Figure 1.2 Prototype of the sandblasting robotic system

A large team at the University of Technology, Sydney (UTS) has been working the
research project ‘A Robotic System for Steel Bridge Maintenance’ funded by the
Australian Research Council (ARC) and the Roads and Traffic Authority of New South
Wales (RTA). This project aims to develop a robotic system for complex steel bridge

maintenance with the ultimate objectives of reducing human exposure to hazardous and



dangerous debris (containing rust, paint particles, lead, asbestos and/or Chromium-6),
relieving workers from labour intensive tasks, reducing costs associated with bridge
maintenance and improving the safety of bridge maintenance operations. The current
prototype sandblasting robotic system (Figure 1.2) developed by the team consists of a
Denso® VM6083 industrial robot manipulator mounted on a rail-track mobile
platform, a sandblasting nozzle affixed to the end-effector, a sensor package and a
control system which includes all the modules developed to date. The manipulator is
approximately 1.6 m tall when fully extended. The effective range of the blast stream
from the nozzle tip to a blasting spot is from 100 mm to 500 mm. The mobile platform
is wheel-driven along a track, and every time the mobile platform is moved the
workspace surrounding the manipulator is changed. The robot must therefore be able to
explore the new environment, build a new map, and plan its actions safely and

efficiently.

Three operation modes have been developed for the sandblasting robotic system: an
autonomous mode which allows the robotic system to autonomously explore a bridge
maintenance environment, build a 3D map of the environment, plan the sandblasting
path and motion of the manipulator, and conduct sandblasting; a manual operation
mode; and a semi-autonomous operation mode which allows human operators to

interact with the robot.

This thesis, as part of the research project, addresses the research challenges in HREI in
the semi-autonomous and manual operation modes, and develops essential theoretical
algorithms and methods for effective human-robot-environment interaction. Algorithms
and methods are studied to make the robotic system easy to control and to interact.
These algorithms and methods are generic and can be used for many other applications

in which a mobile industrial manipulator is used in unstructured environments.

1.3 Scope

In a HREI system, interactions include robot-environment interaction and human-robot

interaction (Figure 1.3). When a haptic device is applied to enable natural human-robot




interaction, algorithms are required for the coordination of a haptic device with small
workspace and an industrial manipulator with a large workspace. The scope of this
research, therefore, is to develop methodologies that enable efficient human-robot-
environment interaction, apply the developed algorithms and methods in a robotic steel

bridge maintenance system, and conduct field testing and verification.
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Figure 1.3 Human-Robot-Environment Interaction (HREI) diagram

I. Robot-environment interaction: In order to enable the safe and efficient interaction of
a mobile industrial manipulator with a compact and complex 3D environment,
environmental awareness and real-time motion planning and collision avoidance need
to be addressed. Efficient algorithms for environmental exploration and robot collision-
free motion planning are therefore investigated by taking into account the complexity
of the environment, and the practical operational requirements/constraints such as
efficiency, robot speed and tool orientation. A potential field-based Virtual Force Field
(VF?) approach has been investigated. The VF* approach includes an Attractive Force
(AF) method and a force control algorithm for robot motion control, and a 3D Virtual
Force Field (3D-VF?) method for real-time collision avoidance. In this thesis, all tasks
are pointing tasks, that is, the manipulator must position a projection point from the end

effector, within the task constraints, onto a surface in the environment. Pointing tasks




generally must be completed in a specific order and must include both point-to-point

and contour motions.

2. Haptic-robot interface: This interface creates a channel for an operator and a robot to
perform collaborative tasks. The haptic-robot interface includes a workspace mapping
method and haptic control approach. Haptic devices are normally small compared to
industrial robots, thus the workspace of a haptic device is much smaller than the
workspace of a big industrial manipulator. A novel workspace mapping method is
investigated for mapping a small haptic workspace to the large workspace of
manipulator with the aim of providing natural kinesthetic feedback to an operator. To
reflect force and render the environment, a haptic force control approach transfers the
contact force and inertia of the manipulator to the operator’s hand through the force
feedback function of the haptic device. The fidelity of force reflection and force
rendering is affected by the communication latency between the master control system
(operator and haptic device) and the slave system (manipulator). In this thesis the
latency is very small because the master system and the slave system are assumed to be

in close proximity.

3. Human-robot interaction: Human factors have a significant effect on the performance
of haptic-based human-robot interaction. An extended hand movement model is
investigated in this research with the aim of providing natural and comfortable
interaction. The model is studied for increasing the speed of the manipulator while
maintaining control accuracy. Various experiments are conducted to verify the human

hand movement model.

1.4 Contributions

This research has made significant theoretic and practical contributions to research on
Human-Robot Interaction (HRI). The theoretical contributions include novel algorithms

and methods for enabling efficient HREI:



A Virtual Force Field (VF?) approach for efficient robot-environment interaction:
including a Three-Dimensional Virtual Force Field (3D-VF?) method for collision
avoidance in a 3D complex environment and an Attractive Force (AF) method for
motion planning.

A haptic force generation method and a workspace mapping method for
coordination of the operation of a haptic device and a robot.

An eXtended Hand Movement (XHM) model for natural and intuitive human-robot
interaction and a haptic Force-Speed Control (HFSC) method for operational
performance improvement in human-robot interaction.

The research outcomes have been implemented in a steel bridge maintenance
robotic system and tested in both the laboratory and on a bridge maintenance site. A
complete software component has been developed and used in the maintenance

robotic system.

1.5 Publications

1.5.1 Conference Papers

1.

P. Chotiprayanakul, D.K. Liu, D. Wang, and G. Dissanayake (2007), “A 3-
dimensional force field method for robot collision avoidance in complex
environments”, in Proceedings of the 24" International Symposium on Automation
and Robotics in Construction (ISARC 2007), 19-21 September 2007, Kochi,
Kerala, India, pp. 139-145. (Best student paper award)

P. Chotiprayanakul and D.K. Liu (2009), “Workspace mapping and force control
for small haptic device based robot teleoperation”, in Proceedings of 2009 IEEE
International Conference on Information and Automation (ICIA 2009), 22-25
June 2009, Zhuhai/Macau, China, pp. 1613-1618.

P. Chotiprayanakul, D. Wang, N.M. Kwok, and D.K. Liu (2008), “A Haptic base
human robot interaction approach for robotic grit blasting”, in Proceedings of the
25" International Symposium on Automation and Robotics in Construction(ISARC

2008), 26-29 June 2008, Vilnius, Lithuania, pp.148-154.




4.

P. Chotiprayanakul, D.K. Liu, D. Wang, and G. Dissanayake (2007), “Collision-
free trajectory planning for manipulators using virtual force based approach”, in
Proceeding of the International Conference on Engineering, Applied Sciences,
and Technology(ICEAST 2007), November 21-23, 2007, Swissotel Le Concorde,
Bangkok, Thailand,4 pages.

P. Chotiprayanakul and D.K. Liu (2011), “Performance Improvement in Haptic-
based Remote Operation of Sandblasting Robot by a Human Hand Movement
Model”, in Proceeding of the 28"International Symposium on Automation and
Robotics in Construction (ISARC 2011), Seoul, South Korea, 29 June-2 July
2011. Part 2, pp 590-596

P. Chotiprayanakul and D.K. Liu (2011), “Effect of View Distance and
Movement Scale on Haptic-based Teleoperation of Industrial Robots in Complex
Environments”, in Proceeding of the 28" International Symposium on Automation
and Robotics in Construction (ISARC 2011), Seoul, South Korea, 29 June-2 July
2011. Part 2, pp 413-418

1.5.2 Journal Papers

1.

P. Chotiprayanakul, D.K. Liu, and G. Dissanayake (2010), “Virtual Force Field
Approach to Haptic-based Control for a Sandblasting Robot in Complex 3D
Environments”, revised and submitted again to Automation in Construction, in

December 2011.

1.6 Thesis outline

Chapter 2 reviews HREI-related research, the current state-of-the-art, and the safety

issues inherent in HREI. Robot-environment interaction, motion planning algorithms

and collision avoidance methods for robotic manipulators are reviewed. Human-robot

interaction and robot teleoperation are reviewed with a focus on haptic-based operation.

Human factors in human computer interaction (HCI) are also reviewed for the purpose

of research on human-robot interaction.
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Chapter 3 describes robot-environment interaction and presents the Virtual Force Field
(VF?) approach, including a force control (FC) algorithm, an Attractive Force (AF)
method, and the Three-Dimensional Virtual Force Field (3D-VF?) algorithm. The AF
method generates an attractive force to drive the manipulator to a target position and
the 3D-VF? method generates repulsive forces for collision avoidance. The attractive
and repulsive forces are derived in O-space and the FC algorithm transforms these
forces from O-space into joint space and then controls the motion of a robot

manipulator. Several case studies are presented to validate these methods.

Chapter 4 presents the research on coordination of a haptic device (master device) and
a mobile industrial robot (slave device), including a workspace mapping method and a
haptic force generation method. Workspace mapping includes three key control
methodologies: drifting control, scaling control, and edge motion control, which enable
a small haptic device, with a relatively small workspace, to control a significantly
larger manipulator. A virtual spring approach is used to generate haptic force on a
haptic device. Occupancy voxel maps are used for reducing the computational time to

an acceptable level so that real-time interaction is possible.

Chapter 5 presents an extended human hand movement model, the development of
which is based upon human factors, for improving the performance of haptic-based
human-robot interaction. The novel contributions to the extended human movement
model are presented and experiments are performed to examine the parameters of the
extended hand movement model. This model is then implemented in the haptic-based

interaction system and is validated through experiments.

Chapter 6 summarises the research work and outcomes presented in this thesis. The
limitations of the approaches presented are also discussed. Conclusions are then drawn

with regards to this research and avenues for future work are proposed.

Appendices provide details of relevant methods which complement this thesis, along

with technical information about the equipment used in this research.
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Chapter 2 Literature Review

This chapter presents a literature review of Human-Robot-Environment Interaction
(HREI) with a focus specifically on human-robot interaction by means of haptic
robotics. Related work in the field of HREI includes physical Human-Robot Interaction
(pHRI), robot-environment interaction, robot motion planning including collision
avoidance, haptic-based teleoperation, and human factors and ergonomics. When a
robotic manipulator (or an industrial robot) is placed in a complex 3D environment to
perform a required movement, it must be able to avoid potential collisions with the
environment and with itself (self-collision). Therefore, to enable robot-environment
interaction (REI), a 3D map of the surrounding environment is needed so that safe
plans can be made for a robot manipulator. For collision avoidance and motion planning,

there is no obvious method/algorithm that is efficient enough to generate an effective trajectory

for 6DOF robot arm in such complex environments with real-time control.

The most important issue in human-robot interaction (HRI) is safety. One way to
address this issue is remote operation, which is particularly useful in applications such
as sandblasting where it is not recommended that workers carry out their tasks inside a
blasting environment for health and safety reasons. Interaction with a remote robot
manipulator can be facilitated by using haptic devices that provide kinesthetic
feedback, such that the operator can become aware of the operation of the robot and the
proximity of the robot to the remote environment. Many haptic force reflection and
rendering approaches for enabling high-fidelity have been studied; however, we found
it difficult to find an approach that can be directly applied in this research and in the
application of sandblasting in steel bridge maintenance. Furthermore, the effect of
haptic feedback, provided by a haptic device on the operational performance of

operators, needs to be studied through research on human factors. The study of human
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factors will result inefficient ways to improve the operational performance in haptic-

based human-robot interaction.

This chapter is organized as follows: Section 2.1 presents the state-of-the-art HREI
research. Section 2.2 introduces the motion planning and collision avoidance
approaches applicable to multi-DOF robot manipulators. Section 2.3 reviews the
important issues in HRI such as safe interaction, force control and safety standards.
Section 2.4 reviews haptic-based teleoperation. Finally, Section 2.5 details the human

factors in the context of interaction.

2.1 Human-Robot-Environment Interaction

There is a significant body of literature that describes the different aspects of HREI:
social aspects, multi-modal human robot interaction, human-robot interaction

architecture, and so on.

Research on human-robot interaction focuses on a contact (either physically or
remotely) between a robot and a human operator in order to enable the performance of
tasks. There are still many challenges that need to be addressed, such as safety and
dependability [17], before robots can be deployed in interactions with humans. For a
multiple DOF robot manipulator to perform tasks in a complex environment, it is
insufficient to use only a force sensor and an interaction control algorithm [131]; rather,
it is advantageous to maintain the operator in the control loop to take advantage of their

intelligence and skills in high-level reasoning.

According to current safety standards related to industrial robot operation [18-23],
human operators are not allowed to have physical contact with an industrial robot while
the robot is performing a task. Remote operation or teleoperation is therefore the most
:acceptable alternative when the robot is applied to perform a non-repetitive task in a
«complex, dynamic, partially-known, hazardous environment. The availability of high-
speed networks means that real-time teleoperation becomes possible. In order to

ffacilitate comfortable remote operation, kinesthetic feedback to the operator can be
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provided by using haptic devices [24][25][26]. This haptic feedback helps the operator

to control the robot manipulator operation safely in complex environments.

Haptic force feedback has been demonstrated to improve the performance (e.g.,
movement speed and positioning accuracy) of the remote operation of an industrial
robot [27][28]. A haptic device falls into the category of a pointing device, other
examples of which would be a computer mouse, touch pad, joystick, or game
controller. The international standard applied to a pointing device is ISO 9241-9 which
covers non-keyboard input devices and pointing devices (excluding voice input). ISO
9241-9 includes the usability, controllability, and conformability of pointing device
usage [14][29]. The fundamental principle of the ISO 9241-9 standard is Fitts’s Law
and the Steering law of human hand movement [14][30][31]. These laws describe
human hand movement models that are applicable to haptic devices. Although
standards for pointing devices exist, there is no specific section in these standards
which incorporates human factor models and addresses the effect of haptic force

feedback on operational performance.

2.2 Robot-Environment Interaction

2.2.1 Environmental Awareness

Industrial robots are typically used in manufacturing environments to perform pre-
programmed tasks such as painting, welding and to pick-and-place components. The
environments are carefully defined and structured. In field robotics, where mobile
industrial robots are deployed in an unstructured and dynamically changing
environment, an up-to-date map is required, and a 3D map of an environment must be
generated by using sensors, exploration and map building algorithms. However, the 3D
map of an environment may be incomplete due to the complexity of the environment
and the limitations of the exploration techniques used. Where the 3D map is only
partially complete, further exploration and map improvement are required, or
alternatively tactile sensor network or skin-type sensors may be used to improve the

safety of robot operation.
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2.2.1.1 Mapping a Complex 3D Environment

3D scanning sensors can generally provide information about the distance to surfaces in
a surrounding environment, and the intensity of each scan ray which reflects back from
the surrounding surfaces. In robotics literature, a 3D map of an environment
[32]]33][34] is generally represented as a point cloud (Figure 2.1) or as a surface mesh
model [35]. The intensity of the reflected scan ray, which a 3D scanner can provide, has

been shown to allow for classification of surface material-types [34][36][37].

Figure 2.1 a) A mobile robot with 3D scanner, b) 3D local map of a mine corridor, ¢) 3D

virtualisation of a volumetric mine map [32][33]
2.24.2 Tactile Sensors

Many sensors can be used for robot environmental awareness. A tactile sensor can be
used in robotics to mimic the human sense of touch. There are two common types of
tactile sensors: the pressure sensor (e.g., resistive sensor, piezo sensor, strain gauge
sensor) and the proximity sensor (e.g., infrared sensor, ultrasonic sensor, capacitive
sensor). Figure 2.2 shows examples of sensors. A resistive tactile sensor cell [38],
which is made from an electrode board and a piece of conductive polymer, decreases its
resistance between electrodes when the conductive polymer is pressed. Force sensing
registers [39] are used for measuring touch force. Proximity-type sensors, such as
capacitive sensors [40], have been tested in a manipulator-based system to detect the
presence of surrounding objects. Capacitive sensors measure the change in electrical
capacitance between the electrodes when the sensor is close to an object. Tactile
sensors can be connected in an array matrix, and then used as a skin-type sensor that
covers the links of a manipulator. Thus, the signal and location of the contact point

could be used to improve the control strategy.

15



Pressure Sensor (FSR sensor)

X Six-axis
Force Torque
Sensor

Resistive Sensor

Robot Arm
covered with
Seneitive Skin

Figure 2.2 Manipulator covered skin-type sensors [38][39][41].
2.2.2 Collision-free Motion Planning

Industrial robots are designed to manipulate objects with high precision, repeatability
and speed. Path and collision-free motion planning has been widely investigated and
many algorithms have been developed. However, when a mobile robot manipulator is
used in a compact and complex 3D environment for performing non-repeatable tasks,
efficient on-line motion planning and collision avoidance are still challenging research

issues.
2.2.2:1 Motion Planning in Configuration Space

TLozano-Perez proposed a motion planning approach in discrete Configuration Space
(C-space) [2][3], which uses polyhedrons to represent the geometry of a robot
manipulator and the geometry of a static environment(€) (Figure 2.3). A pose q of the

manipulator is defined by angles of the joints q; g2 ... g.: q=1[q:q> ... gn)-
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(a) (b)

Figure 2.3 (a) Various intermediate configurations (b) Path found between start (1) and geal (4)

configurations [3]

The geometry of a robot manipulator and the geometry of a static environment are used
to generate a C-space map (C) in the joint space (R,") where » is the number of joints
of a manipulator. In a C-space map, a manipulator pose is represented by a point. A
motion planner is then used to plan a continuous motion through the free space(Cy).
Thus, planning in C-space does not need to consider the physical properties of the

manipulator.
2.2.2.2 Sampling-Based Planning Approaches

Sampling-based planning is a motion planning approach using a C-space map. A
network of road fragments through C-space is generated for a manipulator or a mobile
robot that covers the free-space (Cy). A search is conducted through the connected
network to determine the shortest motion path. An example of a sampling-based
planning approach is the roadmap method [42]. This method generates a network of
links by building a graph which connects all the vertices of the polygonal obstacles
with the lines that do not cross the obstacles. However, the generation of the links can
be easily trapped by bottle-necks created in the roadmap due to obstacles. To overcome
this bottle-neck problem, Brooks [4] proposed an extension known as the freeway
method. Brooks’ freeway method finds obstacles that face each other and generates a
freeway to passing between them. This path segment is a generalised cylinder. A
freeway is an elongated piece of free-space that describes a path between obstacles.

This freeway may be described as overlapping cones; it is essentially composed of
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straight lines with free-space on both sides, which could easily be inverted. A
generalised cone is obtained by sweeping a two-dimensional cross section along a

curve in space, called a spine, and deforming it according to a sweeping rule.

Figure 2.4 (a) shows the probabilistic roadmaps method [43][44], which is another
popular way of building a roadmap in sampling-based planning. Nodes or links are
randomly generated in the free-space (Cy), and are linked to each other by lines that do
not cross obstacles. This enables a roadmap network to be built. A search is then

conducted to find the shortest path.

Figure 2.4 (b) shows a 2D example of the Rapidly-exploring Random Tree (RRT)
method [46] which is used extensively for planning in high-dimensional space. The
concept of the RRT is to incrementally construct links from the current node to the next
random nodes like the branches of a tree. The node that is generated closest to the

target will then be defined as the next node for generating new branches.

Figure 2.4 (a) Probabilistic roadmaps [43] [44], (b) RRT method [46]
2:2.2.3 Potential Field Method

The Potential Field (PF) method is widely used for collision-free motion planning in
the Operational space (O-space): the Cartesian coordinate space. The PF method was
first proposed by Khatib [5][6] for manipulators and mobile robots. Researchers have
developed different methods based on the concept of PF [5](47]. In this method, a
manipulator or mobile robot is attracted by a target point which is the minimum
potential point on the field and it is repulsed by the high potential points which are

closed to obstacles. A potential field [S] is represented as U,,..(x)which includes the
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attractive potential field as U,,(x) and the artificial potential field U,(x) as shown in

Figure 2.5.
Ugre(x) = de(x) + U, (x)

Uy () = >k (x = x4)?

P Po
0 if p>po

v = (G-2) iresp

2.1)

2.2)

2.3)

where x is the current position of the robot and x, is the goal position and k, is a

position gain.p represents the shortest distance between the robot and an obstacle and

po denotes the influence distance of the potential field. n is a constant which determines

the magnitude of the repulsive potential.

Qbstacle

Obstacle

e
Goal configuraion

(2)

Figure 2.5 An example of a 2D potential field [S]:(a) Operational space of a robot, (b) Attractive

potential field, (c) Artificial potential field, (d) Potential field
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Based on the concept of PF, Juang [47][48] applied polyhedrons to represent a
manipulator and a potential field method to dynamically control the manipulator. Lin
and Chuang [49] used potential fields in a 3D workspace to generate a collision-free
path by locally adjusting the robot configuration for the minimum potential. Xie [50]
used spheres covering a robot and converted the repulsive forces to joint torques by
inverse kinematics to find a collision-free trajectory. Inverse kinematics for force
control can generate jerky movements to the robot at singularity poses. The PF method
can also be applied to C-space planning. A manipulator that is represented as a vector q
in C-space can be guided to the target point passing through a C-space map by using a
potential field method [51].

2.2.2.4  Elastic Strip Method

Brock and Khatib [7] presented an elastic strip framework. The concept of the elastic
strip is developed from the elastic band method [4] which supports a higher DOF
mobile manipulator. The elastic strip is a combination of a pre-planned paths and

motions that enables real-time collision avoidance.

Figure 2.6 Elastic tunnel: configurations are selected from pre-planned path. The union of

protective hulls of these configurations forms an elastic tunnel. [7]
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A manipulator is covered by a virtual protective hull (Figure 2.6). The configuration of
the protective hull is changed along the pre-planned path due to obstacles. During
operation, the set of continuous protective hulls along a pre-planned path (i.e. elastic

tunnels) will deform automatically depending on how the environment changes.
2.2.2.5  Weight Voxel Map Approach

Greenspan and Burtnyk [52][53] modelled a manipulator and obstacles with sets of
spheres. By measuring the distances with a weighted voxel map, they demonstrated
successful collision avoidance and on-line path planning in an open space (with few
obstacles). However, the method still needs to be tested if it is to be used in compact

and complex environments.
2.2.2.6  Optimal Pose Selection Method

A pose selection method [54][55] uses forward kinematics to generate a set of possible
manipulator joint configurations. A search is then done on the set to find the optimal
solution according to predefined constraint functions. This method is normally an
offline and discrete pose selection method, and is not focused on online collision-free
path planning. Applying this method for on-line motion planning is difficult,
particularly if there are many obstacles located around the manipulator operating in a

compact and complex environment.

2.3 Human-Robot Interaction

Human-Robot Interaction (HRI) research aims to enable a robot to interact with people
either through direct and physical contact (physical interaction) or remote and indirect
contact (e.g., gesture and verbal based interaction).HRI has attracted a lot attention
from researchers. To achieve safe, intelligent and intuitive interaction there are still

numerous research issues that need to be addressed.
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2.3.1 Physical Human-Robot Interaction

In physical Human-Robot Interaction (pHRI), a human operator has physical contact
with a robot. The robot responds to the human operator’s intentions, which can be

identified by sensors such as force sensors, cameras, and so on.
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Figure 2.7 (a) System overview of multipurpose robot for installing construction materials [56]{57],

(b) System overview of PowerMate robot for gearbox assembly [S8]

Fujisawa et al. [59] and Fukuda et al.[60] presented an assistant mobile manipulator for
lifting and moving a heavy object. Two force sensors were used to weigh objects and to
measure the pulling force of an operator. A ‘ratio of intent’ is then used to classify an
operator’s command in this research. Wu [61] designed a 12DOF force sensor to
measure the interaction forces, and to determine the mass of a grasped object. Esteves
[62] presented a motion planning algorithm for human and mobile manipulator
cooperation in a slab lifting task. Kobayashi [63] presented a novel force estimation

technique which was shown to work without a multi-DOF force sensor. For robots in
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construction, Lee [56][57] presented a Multipurpose Field Robot (MFR) for installing
construction materials (Figure 2.7a) and a sophisticated motion planning algorithm for
heavy material installation. In PowerMate [58] (Figure 2.7b), a 6DOF force sensor is
used to control a manipulator in the assembly of an automotive rear gearbox. Recently,
ABB launched two commercial programs called RobotWare Assembly FC and
RobotWare Machining FC [64]. These programs interface with a 6DOF force sensor
and the position controller of a manipulator to plan the motions of a manipulator

performing assembly tasks.
2.3.2 Force Control Method

The force control method [65] has been studied for motion control of industrial robots.
In this method, an external force, F, from an operator (e.g., a push or pull force) or a
virtual force from an obstacle (e.g., a virtual repulsive force generated based on the
distance of the robot from an obstacle)is converted to control signals for controlling the
motion of a robot manipulator. Force control can be achieved by using the dynamic

model of an industrial manipulator:

A(Qq +b(q,q)+9(q) =T (2.4)

where b(q, q), g(q), and T'represent the centripetal and Coriolis effects matrix, gravity
torque vector, and generalised joint torque/force vector in joint space, respectively.
A(q) is the joint-space inertia matrix. q,q,and § are the joint angles, joint angular
velocities, and joint angular accelerations of the manipulator, respectively. The

transformation from a Cartesian force to a joint force is given by
I =]"(q)F (2.5

where J' is Jacobian transpose matrix of the manipulator. Therefore,

A(Q)q+b(q,q) +g9(@ =1"(qF (2.6)

More details of the force control method are presented in [65][78][79].
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2.3.3 Safety in HRI

2.3.3.1 Safety Standards in Robot Operation

Standards for safe robot operation [18-23] in factories and industrial environments that
were established in the 1980s prohibited close contact between humans and operating
robots. In order to enable safe pHRI these standards have been regularly updated, but
human operators are still not allowed to be in the work envelope of an operating
industrial robot when it is working. Some of the international standards which are used

today include:

e ANSI/RIA R15.06-1999 Industrial Robots and Robot Systems - Safety
Requirements (American National Standard)

e EN775:1993 Manipulating Industrial Robots-Safety (European Countries)

e [SO 10218-1:2006 Robots for Industrial Environments-Safety Requirements
(International Organization for Standardization)

e AS2939:1987 Industrial Robot Systems-Safe Design and Usage (Australian
Standard®)

2.3.3.1 HRI Safety Research

Safety is an important issue in HRI, particularly in physical interaction. Safety and
dependability in HRI are discussed by Alami in [17]. In general, research on safe HRI
has focused on both an active approach and a passive approach. The active approach
aims to prevent an accident, and the passive approach seeks to minimise any possible

loss due to an accident.

Some researchers have conducted research on an active approach to safe HRI. The
Collaborative Advanced Robotics and Intelligent Systems (CARIS) Laboratory at the
University of British Columbia in Canada has studied human robot interaction and its
safety strategies based on human monitoring [80][81]. Kulic and Croft [9][82]
estimated a level of danger for a motion plan by monitoring a user with robot vision.
This research also used the physiological measurements (i.e. electromyography) to

detect a user’s level of anxiety and emotion [83].
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Oberer [84] shows a simulation system of a crash test by swinging the arm of a
manipulator into a dummy’s torso, neck, or head (Figure 2.8). The simulation program
Comau SMART NS16 [85] is the same program used in car crash simulation and

severe injury index values are collected from simulation and analysis.

Figure 2.8 Robot-dummy crash simulation setups [84]

To facilitate safe interaction in physical HRI, lightweight manipulators have been
developed to meet the Head Injury Criterion (HIC) [85]. Examples include the Kuka-
DLR light weight robots, and the WAM robot from Barrett Technology Inc [86].
Research has also been conducted in new actuations [88] and flexible compliant

joints[89].

2.4 Haptic-based interaction

Haptic technology has been developed in Human-Computer Interaction (HCI) that
allows a user to explore a virtual world, and haptic devices have been applied to control
robots remotely. A force feedback haptic device is used in this thesis to enable HREI.
By providing an operator with kinesthetic perception using a haptic device, the operator

is able to remotely control a robot more safely and accurately.

There are two main types of haptic devices providing force feedback: a parallel-
mechanism (Stewart platform), and a serial-link mechanism [90]{91]. The available
haptic devices generally have a smaller workspace than a typical industrial robot
manipulator; thus, workspace mapping algorithms are required. Workspace mapping

should allow relatively small movements made by the operator's hand in the haptic
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workspace to control relatively large manipulator movements. Additionally, this

mapping should not distort the kinesthetic feedback.
2.4.1 Haptic Force Reflection

A simple method for haptic force reflection is to use a haptic device which has the same
configuration (i.e. type of mechanism) as a manipulator [92] (Figure 2.9), but they may
not be the same size, i.e. the haptic device usually smaller than a manipulator. The
haptic device will thus have the same pose as the robot. Once the robot is running close
to an obstacle and stops, the haptic device will stop at the same pose. This simple
method has been shown in some applications [94][95]; however, it can not be easily
applied in a system in which the haptic device has different configuration from the

manipulator.

Figure 2.9 Haptic force reflection (rearranged figure from [92])

A virtual spring approach [96][24] is a popular haptic force reflection approach (Figure
2.10). The virtual spring [94][98][100][101] is used to enable a haptic cursor (avatar) to
be virtually connected to the end-effector of a manipulator. A virtual tension force,
generated by the virtual spring, can be considered to be the pulling force for a
manipulator. This force is proportional to the distance between the haptic cursor and the

virtual robot end-effector [94][100][101]. The virtual tension force is then translated to

26



a haptic force by a haptic device, and is fed back to the operator’s hand. In the case
where ‘contact’ is required between the operator and the remote environment
[26][58][102], sensors may be installed on the manipulator to enable objects in the
surrounding environment to be sensed, and then transmitted to the operator by haptic
feedback. A virtual touch approach [98] has been applied to haptic force rendering [34],

where the sensor used was a 3D scanner.

Free
space

Reaction
/ force
—
Real avatar
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wall

Figure 2.10 Virtual spring conceptual diagram [96]
2.4.2 Workspace Mapping

There are several different types of haptic devices with different sizes, payloads,
degrees of freedom, resolutions and internal mechanisms. The workspace of a haptic
device is normally smaller than the workspace of a robot manipulator. Building a large
haptic device [103] or an exoskeleton device [104] that has a workspace which matches
the workspace of an industrial robot manipulator is generally not an option. Therefore,
in haptic-based teleoperation, a transformation that includes scaling, rotating and
translating is required to ‘map’ a haptic device workspace and a robot manipulator
workspace. However, workspace transformation affects the perception of a human
operator, and the resolution and precision of haptic-based remote control [11].
Spanning a large workspace [13] has been shown to enable the haptic cursor to

effectively reach a large workspace, but the operator may perform unnecessary
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movement when approaching a target; therefore, the spanning algorithm must be

carefully formulated.
2.4.3 Computation Time and Time delay

Communication and computational time in haptic-based human-robot interaction and
teleoperation are important considerations when a high-quality haptic force reflection is
required. In order to provide high-fidelity feedback to a human [90][91], a feedback
force with at least a 1kHz refresh rate is needed. Furthermore, the display refresh rate
of the surveillance camera, the animation or the simulation should be more than 30
frames per second, and time delay should be lower than 50ms to avoid the latency

effect.

Another important consideration is the operational performance which is indicated by
transparency of a teleoperation system [95][105][106]. The transparency (Z) is given by
the ratio of impedance of the master system - haptic device (Z;=F»/Vy) to the
impedance of the slave system - manipulator (Z.=F./V.)[95]. F, and V), are the force
and the speed of the haptic handle applied by the operator. F, and V, are the haptic
force and the speed of the haptic cursor occurring when the haptic cursor contacts the
environment. A model of the master-slave system with time delay is shown in Figure
2.11. Three significant factors that affect transparency are the computation time of the
master system (Tj), the computation time of the slave system (T.), and the
communication delay time (T,). These time factors are presented in Equation 2.11. For

the ideal case (Z=1 or Z,=Z};) [106], time delay and computation times must be zero.

Master Systemn  Communication Network  Slave System
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Figure 2.11 A model of the master-slave teleoperation system with computation time and

communication delay time.
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Z = G1,61,62,62, e~ CTnt2Te42Ta) (2.10)

From the transparency function, Deng [107] analysed the stability of time-delay
teleoperation systems. The results from [25][107][108] indicate that the stability of a
time-delay teleoperation system is dependent on the time delay and force frequency

generated by the master system.

2.5 Human Factors in Haptic Interface and Haptic-based

Human-Robot Interaction

The study of human factors seeks to understand human psychomotor behaviour along
with human capability. Psychomotor behaviour concerns the collaboration between the
mind, eye, brain, and body. In computer interfacing, when a human looks at a target
point and the current cursor position of the pointing device in a monitor, the brain
receives information from the eyes and sends commands to the hand muscles to
compensate for positional difference. A simple pointing task or Point-and-Click task is
common when interfacing with a Graphic User Interface (GUI) and for a human
interfacing with a robot in 2D and 3D environments. For HREI by means of haptic
device, a haptic device is used to control the robot and to provide kinesthetic feedback
to an operator. However, an operator still needs to locate the position of the robot with
their eyes in a virtual map or virtual environment. The most popular model of human
psychomotor behaviour is Fitts’s law of human hand movement [14], which was first
presented by P. M. Fitts in 1954. Fitts’s law has been used to predict movement time
and indicate the difficulty of using computer-input devices. This law has been
mathematically formulated upon empirical evidence gathered from experiments which
include a single dimension movement testing method and a circular testing method. In
1997, Accot and Zhai [31] presented a well-known extension to the Steering law of
human hand movement. The Steering Law takes the geometry of the travelling path

(i.e. a path width and a travelling distance) and hand movement into consideration.
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Accot and Zhai derived an index of difficulty for Fitts’s law in an integral form, which
can be used to test movements along a 2D tunnel path. Accot-Zhai’s Steering
law[15][31][30] is now widely used to evaluate GUI design in computer applications,
operating systems and computer-console games. The two most common design
guidelines for software and hardware interaction are ISO 9241-920:2009-3: Ergonomic
of Human System Interaction for Tactile and Haptic Hardware and Software
Interaction, and ISO 9241-9: Virtual Display Terminals (VDTs) - requirements of non-
keyboard input device [29].

Teleoperation is wusually conducted through multi-level workspaces that need
coordinate transformations to map the workspace of the operator and the workspace of
the robot agent. A coordinate transformation, which is also known as a workspace
transformation, includes scaling, zooming, rotating, translating, mirroring, and other
irregular transformations. The transformation might affect an operator's performance in
terms of their accuracy and control ability. The distance between the observing camera
and the operational space causes jitter [117], i.e. cursor vibration due to the instability
of human hand movement and the resolution of an input device (e.g., haptic device). A
low-pass filter is often applied to reduce the jitter effect, but this solution can magnify
the latency effect [117]. The scaling and zooming effect was investigated by
researchers such as Accot and Zhai [30] in 2001, Guiard and Lafon [118] in 2004, and
Casiez [12] in 2008. Their research showed the effect of Control-Movement (CM)
scaling and Control-Display (CD) scaling on the movement time for pointing tasks. In
2009, Munoz and Casals proposed an adaptive multi-space transformation for
improving the human-robot interface [11], which showed the relationship between the

workspace and the accuracy of a manipulator when teleoperated by a joystick.

2.5.1 Fitts’s Law

According to Fitts’s law [14], human psychomotor behaviour is formulated as a human
hand movement model for a pointing task. The human hand movement model is useful
when describing tasks such as hand-writing and computer interaction in a virtual 3D
environment. The movement time (MT) of a point-to-point task, disregarding the

trajectory, is a function of the geometry of a task and the characteristics of the
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movement exhibited by an operator. The geometry of a task, which includes the size of
the target (¢) and the travel distance (s) (examples are shown in Figure 2.12), indicate

the difficulty of the task.

¥

Figure 2.12 Common target patterns for performance testing of pointing tasks by Fitts’s law

MT =a+bID 2.11)
ID = log, (% +1) 2.12)

Where a is the start/stop time, b is the inherent speed of the operator hand movement,

and ID is index of difficulty (a function of the geometry of the task).
2.5.2 Steering Law

In Steering law [31][15], a 2D contour path is created by moving a target along a
desired path (s) in » steps, where every step moves ds. The path width of the contour

isg. Therefore, the Fitts’s law equation has been modified by [31][15] and presented as

MT = limgg_o (8 (@ + b log, (%j— +1))) 2.13)

MT = a+b [ limgs_ (log, (% +1)) 2.14)

ID =b [ limgs._y (log, (5 +1)) (2.15)
(nCe+1))

If x=ds/@¢,lim,_,, = 1, the Fitts’s law equation becomes,

X
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_ b rds
D=r-f% (2.16)

b . . .
Let s be represented by b’ and then the equation of human movement in Steering law

is given by
MT=a+Bf§ 2.17)
h Y
5
g
ds das
8s)
@ ®)

Figure 2.13 (a) Path width does not change, (b) Path width changes with path length

If the width of a path ¢ is a function of the path length (s) (Figure 2.13b), the Steering
law is given by

das

MT=a+[7fE(—5

(2.18)

However, if the width of a path gdoes not change (Figure 2.13a), the Steering law is

given by

MT=a+B(%) (2.19)

2.5.3 Control-Movement Scale and Control-Display Scale

When an operator performs a task using visual feedback or a virtual environment, as
shown in Figure 2.14, the length of a path and the target size are closely related to the
difficulty of the task (/D). In order to show the task space (i.e. where the task is
performed) at an optimal size for the operation, the dimension of the task space can be

scaled up or down by a control-display scale (CD gain: G,) according to Casiez’s work
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[12].The CD gain (G,) from [30] can be used to scale the target size (#)to a perceived

target size (ge).
Go=2=" (2.20)

A control-movement scale (CM gain: Gy) is used to represent the relationship between

a task distance (s) and a hand moving distance (sp) [12][30].
Gp=2=2 2.21)

For computer-based operation, both CM scale and CD scale are used to scale the task

space (s and ¢) to the operational space (s; and ¢.).
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Figure 2.14 Control-Display scale and Control-Movement scale

Fitts’s law and the Steering law have been modified by using CM and CD [12][30]} and
are shown in Equation 2.22 and Equation 2.23, respectively. For point-to-point

movement, Fitts’s law:
s Ge
MT = a + blog, (ﬂ +1),whereG, = - 2.22)
For contour movement, the Steering law
MT = a + b [ = whereG, = <2 (2.23)
Gx® X Gp ’

where G, is a control scale of the human hand movement.
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2.5.4 Index of Performance

In Fitts’s law, the Index of Performance (/P) [14] characterises how quickly a pointing
task can be completed. There are two conventional definitions for /P: IP=1/b and
IP=ID/MT. For IP=1/b, this IP is also called throughput 7P [14][120]. For /P=ID/MT,
IP is the index of overall performance that indicates the movement speed of the
operator relative to the index of difficulty. Both definitions of IP depend upon a factor
of time without considering the factor of pointing accuracy. Besides these two
definitions, there are other definitions of operational performance such as
IP=speedxaccuracy in the manufacturing process[121], IP=quality/cost in the

economic point-of-view, IP=output/input in general process control.

2.6 Summary

There is a significant body of literature on the topics related to HREIL In order to
address the challenges in HERI, however, particularly when the robot is used in
complex 3D environment, novel approaches are required. To the best of our
knowledge, we have not seen a research that systematically addresses the issues
inherent in developing a practically deployable HRE! system. The major challenges in
HEIR, which need to be addressed in a closely integrated approach, are summarised as

follows.

Environmental awareness and online motion planning and collision avoidance: Motion
planning in C-space is a time consuming process. For a multiple DOF robot
manipulator operating in a complex and unstructured dynamic 3D environment, on-line
motion planning in C-space is challenging. In O-space, Potential Field (PF) approaches
have been used to generate a collision-free motion for a manipulator. However, their
application in planning the collision-free motion of a robot manipulator in a complex
3D environment is limited. The elastic strip method which relies on the elastic tunnels
can fail when a large obstacle suddenly appears between the current position and the
goal position of the robot. This research will present a new Virtual Force Field (VF?)

approach for online collision-free motion planning for a multi DOF manipulator in a
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complex 3D environment, eliminating jerk motions at singularity conditions, and

enabling real-time teleoperation.

Human-robot interaction by means of haptic robotics: Haptic-based HRI is an effective
approach for an operator to interact with a robot manipulator operating remotely in
complex and hazardous environments, such as those in steel bridge maintenance.
Haptic devices can provide an operator with the kinesthetic feedback to enable safe and
intuitive interaction. However, many challenges, including haptic force reflection,

workspace mapping, system transparency, and computation time need to be addressed.

Human factors and their effect on human-robot interaction: In order to facilitate
comfortable, safe and friendly human-robot interaction, and to improve operational
performance, Human Factor (HF) models need to be investigated. Incorporation of HF
models in human-robot interaction research will also significantly improve the speed

and accuracy of operation, and improve operational performance.

This research aims to systematically address these research challenges in HREI,
develop new methods and algorithms that enable safe, friendly and intuitive haptic-
based human robot interact, and develop a practically deployable HREI system for a
robotic steel bridge maintenance system that operates in compact, complex and

hazardous steel bridge maintenance environments.
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Chapter 3 Virtual Force Field Approach for Robot-

Environment Interaction

This chapter presents a Virtual Force Field (VF?) approach to efficient online motion
planning and collision avoidance for a robot manipulator to interact with a complex 3D
environment. The VF? approach generates an attractive force that ‘pulls’ the end-
effector of the manipulator toward a target position, and repulsive forces that push the
manipulator away from obstacles. Consequently, the robot manipulator is enabled to

interact with the complex environment.

The VF? approach comprises of three components: the Attractive Force (AF) method,
the Three-Dimensional Virtual Force Field (3D-VF?) method, and the Force Control
(FC) algorithm. A conceptual diagram of the VF? is shown in Figure 3.1(a). The AF
method generates a driving force (also called an attractive force) to pull the end-
effector of the robot manipulator towards a desired target position. The 3D-VF? method
generates virtual repulsive forces, which act on the links of the manipulator when the
manipulator moves into close proximity with surrounding obstacles. Both the AF and
the 3D-VF” methods generate forces in O-space. All forces in O-space are converted to
joint torques in joint space (‘.Rq7) by the FC algorithm. The joint torques then drive the
robot manipulator in a complex 3D environment safely and efficiently, which is an

essential issue in Robot-Environment Interaction (REI).
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Figure 3.1 (a) The Virtual Force Field (VF?) approach that enables safe and efficient Robot-

Environment Interaction (REI) (b) A sandblasting robotic system

3.1 Robot-Environment Interaction

In Robot Environment Interaction (REI), the environment consists of two spaces: a task
space and an obstacle space. A robot manipulator behaves differently in these two
spaces. In an obstacle space, the manipulator must avoid any potential collisions with
obstacles. In a task space, the manipulator undertakes tasks which may require physical
contact with the environment; example tasks include loading and unloading, welding,
and assembly. Tasks such as painting and sandblasting do not require the robot to
physically contact the environment, but the distance between the nozzle and the target
surface needs to maintain a constant distance (or be in a certain range). It is therefore
also considered to be a robot interaction with the environment. The complexity of an
environment significantly affects the robot’s performance, and efficient real-time
motion planning and collision avoidance is a key issue in REI, particularly in complex

3D environments.

Figure 3.1(b) shows an example of REI in which a robot manipulator conducts a
sandblasting operation in a complex steel bridge environment. While the manipulator

end-effector is following a pre-planned path based on sandblasting requirements, the
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whole of the manipulator must avoid potential collisions. This is achieved by using the
3D virtual force field (VF®) method proposed in this chapter. The 3D-VF* approach
generates an enclosing virtual force field which is wrapped around the manipulator.
Virtual repulsive forces are generated when obstacles come within the range of the
virtual force field of the manipulator. The movement of the manipulator from its
current position to a (instant) target position, which is a way point on the pre-planned

path, is achieved by an attractive force.

3.2 Environmental Awareness

When a robot manipulator is placed in complex and unstructured environments, as in
many field robot applications, acquiring knowledge about the environment is essential.
The capability of a robot to gather information about the position of obstacles in the
environment is fundamental to this research; consequently, a map of the geometry of

the operating environment is built and used for collision-free motion planning.

In order to generate a map of the environment, a laser range scanner is mounted at the
end-effector of the robot manipulator, and the manipulator orients its wrist to sweep the
laser scanner. The range data is then used to construct a geometrical map of the

environment.

As part of the Robotic System for Steel Bridge Maintenance Project, a technique was
proposed to enable the exploration of an unknown environment: Autonomous
eXploration to Build A Map (AXBAM) [34][133]. After sending the manipulator into
an environment, the first scan is taken with moving joint 5 only to guarantee a safe
scan. The environment is then identified to three categories: free-space, obstacles, or
the remaining unknown area. The manipulator then moves the laser range scanner into
the free-space area discovered in the first scan with the aim of discovering the state of
the remaining unknown areas in the environment. The AXBAM technique continues to
select an optimal viewpoint for the next scan based on the currently available

information. The scanning process in AXBAM is repeated until the unknown
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environment has been reduced to a satisfactory level, as indicated by the information

measurement [133].

The outcome of AXBAM, a 3D map, is then integrated with the surface material types
classified by a Laser Range Classifier (LRC) [134]. Figure 3.2 shows the map of a
complex 3D environment, which also includes rusty surfaces and painted surfaces that
need to be sandblasted, and restricted surfaces that the sandblasting stream must avoid

(e.g., plywood).

Painted Mind Steel Identified
Painted Mind Steel

Mind Steel

Identified Identified
Wood Area Rusted

: Mind Steel

(b)

Figure 3.2 Environmental mapping and surface material-type classification using laser scanner
{34] a)shows an environment, and a manipulator affixed with a laser range finder at the end-

effector, b) shows a 3D map of the environment represented as a point cloud.

3.3 Extended Manipulator Model and Force Control
Algorithm

To apply an industrial manipulator in an industrial application, restrictions from the
application such as attachment tools, operating procedures, and control system need to
be taken into consideration. Typically, the end-effector of an industrial manipulator is
designed so that a tool can be mounted and the manipulator can use the tool to perform
various operations. However, once the tool is changed, the control model of the
manipulator is different. For example, in robotic sandblasting, a sandblasting operation

requires that a sandblasting tool (e.g., a nozzle) be mounted on the end-effector, and
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that the blasting stream length (about 100 mm to 500 mm) should be considered as part
of the blasting tool because of the blasting operation requirements. The blasting nozzle
is therefore considered as an extra joint of the manipulator, and an extended

manipulator model is required.
3.3.1 Extended Manipulator Model

In robotic sandblasting, a sandblasting stream is blown from the nozzle to a target
surface and hits the surface at the blasting spot. The effective range of the sandblasting
stream is from 100 mm to 500 mm. To model the sandblasting manipulator, the blasting
stream is assumed to be an additional prismatic joint (Joint 7) of the manipulator. Thus,
as shown in Figure 3.3, the extended robot manipulator is defined as a 6 + 1 DOF
manipulator and the blasting spot becomes the end-effector of the extended
manipulator. The link coordinate parameters of the extended manipulator are given in

Table 3.1.

Table 3.1 Link coordinate system for the extended manipulator

Link Coordinate | Joint Coordinate o, o, a; b Joint range

i 1 degree | degree | mm. | mm.

i 1 q,-90 0 0 290 | -170° to +170°
2 0 0 0 185

3 0 90 0 180

4 2 ] g-90 | -170 | 0 | -100° to +100°
5 0 0 0 385

6 3 0 q; 170 0 -70° to +160°
7 0 -90 0 100

8 4 qq 90 0 116 | -90° to +90°
9 5 0 gs 0 329 | -90°to +90°
10 6 9s 0 0 90 | -180° to +180°
11 0 -90 0 92
12 0 110 0 267

13 7 0 0 0 qr 100-500 mm.
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Sandblasting Nozzle

Blasting Stream

End-Effecter

picture from www_aarobotics.co.uk

(a) (b)

Figure 3.3 a) Denso manipulator VM6083 (from www.aarobotics.co.uk) and sandblasting nozzle,
b) Graphic model of the manipulator, and c¢) Geometry outline structure of the manipulator
The benefit of the extra link assumption is to allow an operator to control the end of the

blasting stream directly on the target surface during sand blasting.

3.3.1.1 Kinematics of a Manipulator

The kinematics of this 7DOF extended manipulator is described below. A
transformation matrix, "' T,(i = 1,2.....1 3) is used to transfer the coordinate system from
coordinate frame i-1to coordinate frame i where both coordinates are connected to each
other by the link i. The dimensions of the link 7 are given by @, and b,as shown in Table
3.1. Bach transformation matrix, "'T;, contains a rotation matrix, "'R,, and a position

vector, "'p,, that is represented by the Denavit-Hartenberg matrix as

M- i-1
R
= ol 3.1)
0 0 0O 1
cosd, —cose,sinf,  sinq, siné,
'R, =|sinf, cosa, cosd, - sina,cosb, (3.2)
0 sin cos @,
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B, =1 & dnid (3.3)

where 6, and a; are rotation angles about the z-axis and the x-axis, respectively. a;and b;
are the dimensions of a link in coordinate frame 7 along the z-axis and the x-axis. Thus,

a transformation matrix of a link & on the world coordinate frame is given by °Ti(q) as
k .

“T@=[]"T ;k=12..13 (3.4)
=1

1

a=l¢ &% @ @ 9 9 @] ;q9eR] (3.5)

where g, to gs are joint angles of revolute joints 1 to 6 and g7 is a joint length of joint
7.The position vector for the end-effector of the extended manipulator (i.e. the blasting

spot) is given by

0

P.="Pys (3.6)
The length of a blasting stream is thus equal to ” Ope -‘Opu!"

334.2 Extended Manipulator Dynamic Model
The dynamic model of the extended manipulator is defined by

I'=1Iq+pq +xq (3.7)

T
Fz[fl T, T3 T4 Ts Tg T7] (3.8)

where I is the mass-inertia matrix of the links of the manipulator,  is the damping
coefficient matrix and x is the stiffness coefficient matrix. I' is the torque-force matrix

in joint space (I's ERq7), which contains the joint torque components, T; to T of the first
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six revolute joints and one linear force component 17 for the extra prismatic joint, Joint

7.T is calculated from the attractive force (I's) and the repulsive forces (I'yep).

13
r=r,+yr,, (3.9)

i=1

Thus, the dynamic model of the extended manipulator can be rewritten as

13
ratl +erepi =Iq+Bq+Kq (310)
i=1

I'a« in joint space is calculated using the attractive force (F,;) in O-space based on the
attractive force approach shown in Section 3.4. Each repulsive force (I'y) is
transformed from a repulsive force (F,,) in the operational space which is generated by
the Three-Dimensional Virtual Force Field (3D-VF?) approach. The transformation
from a force in O-space (FeR’ or FeR®) to a torque-force in joint space (I’e‘.‘Rq7) is

performed using the Force Control (FC) algorithm presented in Section 3.3.2.
3.3.2 Force Control Algorithm

This section presents the novel Force Control (FC) algorithm for a manipulator, which
is developed in this research. The force control algorithm generates the instant motion
for a manipulator based on the forces from surrounding objects and the task
requirement. When an external force (F) in Cartesian space (i.e. the O-space)is applied
to a link of a manipulator, the external force can be transformed into a torque-force (I')

in robot joint space for driving the joints of the manipulator. F is defined as
c T
F=| |=lox o o0 fi /v 1 3.11)

F consists of a moment vector (¢) and a force vector (f). A position vector Opfgives the
location of F and a position vector °p; represents the origin position of the coordinate

frame i on the world coordinate system.
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‘p,=1|"py, (3.12)
Opf_—
'p

p. = p, i {1,2,...,13} (3.13)
Op )

Figure 3.4 An external force acting on a link of 2 manipulator and the position of the force

The transformation of a force from O-space to joint space is defined as Hi(q.op,) such

that

I =H,q p,)F (3.14)

where the current joint angles of the manipulator (q) and the location of the force (Opf)

are required for the transformation. Since the extended manipulator is a 7DOF

manipulator, H is defined by a 7x6 matrix which is given by

H/(q'p,)=[h, h, h; h, h; h, h, |’ (3.15)
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0 ;if link 7is connected to joint j
"= { K o j=[1,2,..7] (3.16)

Lj’M o if link 7is not connected to joint j

where L; is a matrix presenting the axis of motion of joint j expressed in the coordinate

frame ;.
L=l by, by by by L] (3.17)
1 ;if joint jis a revolute joint about k axis
Ly, = S : ke {x,,7) (3.18)
’f 0 ;other else
1 ;if joint jis a prismatic joint along k axis
B - = i e . BEEE L e (x,y,2) (3.19)
I 0 ;other else

From Table 3.1, L; to L;can be given as

L,=[0 01 0 0 0]
L,=[0 10 0 0 0]
L,=[0 1 0 0 0 0]
L,=[0 0 1 0 0 0]
L,=[0 1 0 0 0 o]
L,=[0 0 1 0 0 0]
L,=[0 0 0 0 0 1]

"M, is a matrix which is used to transfer a force in O-space on the world coordinate
system to the coordinate frame i. ‘M contains an inverse matrix of the homogenous
rotation matrix (°R;) as presented in Section 3.3.1.1 and a skew-symmetric matrix
(S(Ap)). The °R/'is equal to ‘R, and Ap in the skew-symmetric matrix is a
displacement vector from the origin of the coordinate frame 7 to the position of the

force, 'py.

ip T B
lMo _ Ro '03)(37' [ 13x3 03)(3} (3.20)
03)3 iRo . S(Ap) 13x3
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S(Ap) =| Ap, 0 - Ap, 3.21)
- Apy Ap i 0

Apy
Ap =| Ap, |='p,~p, (3.22)
Ap,

From Section 3.3.1.2, the dynamic model of the extended manipulator (Equation 3.10)

can be re-written as Equation 3.23:

13
H13(q’0 pe )Falt * ZHx (q’oprep-)Frepi = Iq + Bq *F Kq (323)

i
i=1

To drive a robot manipulator, the control commands (i.e. the joint angle vector q),
which are generated from Equation 3.23, are sent to the controller of the manipulator.
In this thesis, the attractive force F,, (i.e. the driving force) is generated by applying the
Attractive Force (AF) method in the following section. The repulsive forces F,., is
generated by the Three-Dimensional Virtual Force Field (3D-VF?) method which will

be presented in Section 3.5.

3.4 Attractive Force Method

The Attractive Force (AF) method is an essential component of a Virtual Force Field
(VF?) approach. This AF method was first presented in [137].The AF method generates
a virtual force which is an attractive force (F,) coupling between the end-effector of
the manipulator and a target point. F,, drives the end-effector towards the desired target
point. Fy, is composed of two components: an attractive force, and an attractive

moment.
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3.4.1 Definition of Attractive Force

The attractive force (Fa) is calculated based on the distance between the target
configuration, (°P,) and the current configuration of the end-effector (°P.). Both P, and
P, are defined by a directional vector (n) and a position vector (p) in Cartesian space

as shown in Equation 3.24 and 3.25.
0
OPI = |: nl} == [Onlx Only onlz oplx Oply Oplz]T (3.24)

%p: is a position vector from a target point in a pre-planned path or a cursor position of a
pointing device (e.g., a mouse, a joystick, a haptic device).’n, is a directional vector,
which relates to a surface normal of a target plane (i.e. a normal vector of a surface) or

comes from a directional vector of the cursor of a 6DOF pointing device.

°P.is given by
]
°p, ={ n‘} = [(’n“ OnU ‘a,, Yp.. Opey Opez]r (3.25)

where’p, is the position vector of the end-effector as shown in Equation 3.6 and Figure

3.5. °n, ,which is the directional vector of the end-effector, is given by
“n,="R(q)[0 0 1] (3.26)

where °R3(q) is calculated from Equation 3.2. A F,, which consisting of two
components f,, and o, can be defined as the attractive force function J, shown in

Equation 3.27.

f

att

lTall = (Sa (0 Pe *0 P’) - [Ga”:| - [O-Gﬂx Ually O—allz fu{lx fally fa/lz ]T (3.27)
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Figure 3.5 An example of attractive force at the end-effector of the extended manipulator

£, is a force vector calculated based upon the distance between the current position of
the end-effector (°p,) and the position of the target point (°p,). 6., is a moment vector of
the angular displacement between the directional vector of the end-effector (One} and
the normal vector of the desired target (*n;). A sigmoid function is used to limit the

amplitude of both f,; and G,

./;:II X 0 0
SRR AP TR R . . (3.28)
att att y _K “p —“p }i() 0 ‘
f e ! s g :‘ pe_ p/;
Joatt z ] +
&y
-
g
“ K art 2 ! n, x ’ n, (329)
(o3 = = = - e T
i ar y - K, sin '( n.x n, (‘n (Il )\’ l'on Xon ‘
e e 1
|_O- tt d I +
£
\ 0
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Kau and Ky are parameters introduced for limiting the amplitude of f,; and c.y ,
respectively. g is a small non-zero positive constant and K is a constant which is used
to determine how the attractive force varies with respect to the distance between OPe
and °P,. F igure 3.6 shows a graph of the amplitude of f,, with K,, = 1, & = 0.0001, and

various values of K.

Attractive Force (N)
(= =3 = o =}
w - Lo, (=] ~

(=4
P

Distance (mm.)

Figure 3.6 Graph of the amplitude of f,, with K, = 1, g, = 0.0001, and different values of K;

This attractive force is presented in Cartesian space, thus a transformation has been

d

defined in Equation 3.14 Section 3.3 to calculate the Iy, from this Fg.

Target Point

Attractive Force

End-Effecter -~

Figure 3.7 A single attractive force at the end-effector of the manipulator
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When the orientation of the target point is not required, 6, is zero (Figure 3.7). Then

Equation 3.27 becomes:

0, ’
F(,,/=5u(°pe,°p,):{f“}:[o 00 £ f ff (3.30)

att

3.4.2 Attractive Force

The definition of attractive force presented in 3.4.1 is then used to control the robot
end-effector to achieve the target point with the expected orientation. But it can not be
used to control the length of the prismatic joint (Joint 7). In some applications such as
robotic sandblasting, the length of the blasting stream, i.e. the length of the prismatic
joint (Joint 7), needs to be controlled. Therefore, a modified attractive force method is

presented below to control the target point, the target orientation and the length.

To control Joint 7, another attractive force (F,,,) is generated. As shown in Figure 3.8,

F,, , is generated based on the distance between point ’p,, and a point on the line of

att

the target orientation, °p ,, , using the same definition shown in Equation 3.30:

end-effecter [)13= pel

Figure 3.8 Two attractive forces on the end-effector link of the manipulator
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F, =6,p..’p,) (3.31)
F,,=6,Cp.,;'Ps) (3.32)

where “p , is generated by the normal vector of the desired target (°ny) and a desired

length of the end-effector link (i.e. stream length + nozzle length) and °p,, is given by

0

p12:0p11 _(Onrls) (333)

[s is the required length of the end-effector link. f,, ; and f,, , will stretch or compress
the prismatic joint (Joint 7) when fu, ; and £, rare not in parallel due to the difference
between the current length of the end-effector link and the desired length of the

prismatic joint. However, these two-attractive forces can control only SDOF mobility

of the end-effector link. The end-effector link is still able to rotate about OP,IOP,Z . Inx

order to fully control the end-effector link (6DOF movement), another attractive force

. J : 0.0
is needed to control the rotation of the end-effector link about P,; P,, . Therefore,

three attractive forces (F,, ,,F F,, ,) are defined to link three points on the end-

att |’ att 2 ®

effector link (°p,,,°p.,."p.,) With three target points (°p,,,°p,,,°p,,)- The three
points on the end-effector link (°p,,,°p,,,"Pp.,) are defined as °p, . p,;.°p,

Jrespectively.
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Figure 3.9 Three attractive forces at the end-effector link of the manipulator
Forn =3,CPers P)  1=123 (3.34)

For the sandblasting robotic system, the length of the end-effector link is given by
Equation 3.33 and the additional distance between °p;; and “p;; must be equal to the

length between ’p, and °p,; as shown in Figure 3.9.
o 0. | _ o 0. | -
| P~ px;!j =l P~ pe3;§ (3.35)

This multiple attractive force control method can manipulate the manipulator to achieve

its target-tracking task and can also be applied to the other link of a manipulator.

3.5 Three-Dimensional Virtual Force Field Method

To enable the robot manipulator to safely interact with a complex 3D environment that
is either known or partially known, a Three-Dimensional Virtual Force Field (3D-VF?)
method is proposed for real-time motion planning and collision avoidance. This 3D-
VF? method was originally presented in [137-140]. The map of the environment, which

is generated by the exploration and map building algorithm presented in Section 3.2, is
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used by the 3D-VF* method for obstacle detection and repulsive force generation. The
environment can be represented by points, lines, and polygons. The area vector and
signed volume calculation [148][149]proposed by Guan and Zhang is basically to
detect distance between a polygon and a line. They represent the robot’s fingers as lines
and a grasped object as closed surface polygons. This is suitable for a well constructed
object/environment. The environment data in this research is obtained from a 3D laser
scanner and represented as a point cloud set. Line segments and polygons can be
generated from the point cloud as presented in [150] but it is time consuming and the
result surface model may not make a big improvement in force rendering. Therefore,

the environment map is represented by a point cloud or a set of points (P,) [34]

P, = {OP,,,,,,O Posigsrovs pohm}; m is number of points in the point cloud set (3.36)

The point cloud can be used to determine the distance between the obstacles and the
robot manipulator, and thus to predict a potential collision. The distance calculation is
performed in Cartesian space and thus the distance is measured by the Euclidean
distance. Two techniques, Ellipsoid Bounding (EB) technique and Swept Sphere
Bounding (SSB) technique are used to construct a force field, calculate the distance and
generate a repulsive force in this thesis. The difference between these techniques is the

shape of a force field which is selected to fit each link’s shape.
3.5.1 Ellipsoid Bounding

The Ellipsoid Bounding (EB) technique [137][138] is used to simply represent the
geometry of the manipulator links with ellipsoids. For a cylinder-like link of a robot

manipulator, the two end points (°p_, .. p,,,) of the centre axis of the link on the

coordinate frame 7 (Joint /) are used to generate two coaxial ellipsoids Dyin and D,y as

shown in Figure 3.10.

P, ="T,' P (3.37)

“Pur,="T. Pus (3.38)
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Both ends of the centre axis of the link are defined as the foci of the ellipsoids D,;, and
Dpay and major diameters of the ellipsoids Dy, and Dy, are defined by dpin and dpay,

respectively. The dyi, and d. are given by

l K, =1 (3.39)

[lo 0
dmin = KpH pchi— pclli
dmax = (Kp + Er]iopcﬂi_.opcll ’H 5 Kp > 19 Er > 0 (340)
where K, is a constant greater than 1 which is used for ensuring that these ellipsoids

will cover the whole body of the link and Er is a positive constant that sets the space

between D, and Dyax.

Figure 3.10 Parameters of the ellipsoids D,,;, and D,,,, and a robot manipulator covered by D,,;,

The distances from an obstacle point (°p , ) to the foci of the ellipsoids are represented
p pnb,s p

by vectors R; and R,. The combination of these two vectors (||R;||+||Rz||) is used to
classify the location of the obstacle point into 3 regions: 1) outside Do, 2) between
Dpin and Dy, or 3) inside D, Let Cx be the ratio between ||R)||[+||Ry|| and the length

0 0.
of Pari Pazi-
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0 0

l + ” Poss— pcl2iH
0 0

' ” pchi— pclli}

R+ R _|*Pes="Pen

Cx(s) =
" ” "Pazi— Pon;

(3.41)

s is a member index of the point in the point cloud. If ||R;||[+||Ry|| is less than d;x, then

0

P, 1S inside the Dy, ellipsoid field. If ||R;[[+]|Ry|| is greater than dpa, then °p . is
outside the Djg. If ||Ry|[+H||R2]| is between dumin and dpmax, then °pobs is in the space

between Dy, and D4 The nearest obstacle point can be identified as

msin{ Cx(s) } (3.42)

If the nearest obstacle point,°p,, is inside the Dma, a virtual repulsive force, Fyp is
generated at the obstacle point °p , directed at °p ., where F,, is orthogonal to the

centre axis of the link. The point, °p ,, , can be calculated as

0 0 opcIZ -"Opcn i | o 0 Opclz '“opcn ~
c l: G g g 0 s_ cll j p - - (3'43)
P Ea nopclzi"opcn,“(( s ) HopcIZi_opclli”J

then F,,, on the link with the coordinate frame i is given by

=

}:[0 0 0 Jopyy Jowy, .f,e,,z,.}" (3.44)

N 3x1
Frep, = br(opobs’opclli> - [f

rep;

The force F,; is defined as a repulsive force (f,.,;) when the repulsive moment is equal
to zero (0,,,=0). The amplitude of the repulsive force is given by Equation 3.45 and the

repulsive force vector is shown in Equation 3.46.

(

( 10(Cx(s)-K, —O.SEr)j

Ifrepl] Will be equal to zero when the obstacle point is outside D and [|f.|| will

increase until it is equal to Ky where the obstacle point is close to Dyin. Kris determined
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as the maximum amplitude of the repulsive force. The function of f,.,; uses a sigmoid
function scheme to limit the maximum amplitude and define the transient state related

to a distance Er (Figure 3.11),which is the space between D, and Djpgy.

e oy el b iyt o

Force Size Constant Kf - Kf=10

o 05 ]
Dmin at Kp=1.05—"""

Figure 3.11 A graph of the amplitude of repulsive force with K=10, K,=1.05 and Er.
The repulsive force vector is given by

0 o
o S T (3.46)

rep; T {[Trep || 0 Il
i LU | 1

| > —_— |

11 Pus i puhx\{

il
=

The repulsive forceF,, is then used in the dynamic model of the manipulator

(Equation 3.23 in Section 3.3) to generate a collision-free motion for the manipulator.

3.5.2 Swept Sphere Bounding

Similar to the ellipsoid bounding technique, the Swept-Sphere Bounding (SSB)
technique can be used to generate a force field and to calculate a repulsive force. The
SSB technique generates two coaxial virtual capsules (i.e. an inner capsule D,,;, and an
outer capsule Dp,) for covering a link of a manipuiator and forming a three-
dimensional virtual force field. Figure 3.12 shows how the centre axis of each link is

defined as a sweeping line of a sphere which has a radius (7). Thus, the diameter of
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Dyin , at which the maximum repulsive force is generated, is equal to 2r.. The diameter

of Dy, at which the repulsive force is zero, is defined by 2(r. +E7).

g . Shortest Distance
. “ Point Cloud
L. . Nearest Point

: P"?’s

Radius of Sphere

Figure 3.12 D,,;, and D, generated by sphere-swept bounding

For link 7, its centre axis (°p,, ,,"p.,,,) gives a sweeping line as

"Pus i 0="Penr, + 4Py, ~"Pen,) su € [0..1] (3.47)
where u is a variable between 0 to 1. The objective function is defined by

| s €012 mlu €[0...1] (3.48)

o i 0 : 0
min m;“{“ P, 0)-"P,,

Parameter u defines a point °p . () on the centre axis of Dy, and Dy and index s

defines the nearest obstacle point “p , .

[ iuefo..1) (3.49)

u= ((Opub.\-_opm)' (Opt'IZ_Opcll))/Hopcl?._opcll

The shortest distance (ds, ) between the link / and the obstacle point cloud is:
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ds, =°p,5,~"Pon, (3.50)

and the shortest distance from the obstacle point °p , to the surface of Dy, is dpand it
is given by

d,=ds, -r, 3.51)

s c

Thus, when d is equal to 0, the obstacle point °p_, is on Dy, surface, consequently,
the repulsive force is at maximum. When d) is equal to Er, the obstacle point °p , is

on Dy surface, thus the repulsive force is zero.

The 3D-VF? method generates virtual repulsive forces based on the virtual volume/field
defined by the SSB technique and the distance between the obstacle point and the
virtual volume of a manipulator. The repulsive force F,.,; on a link on coordinate frame

i is given by

0 0 03x1 [ o ~ }/
Frep,- = Sr( pobs’ pc[3i) & f = O 0 0 ‘/;"'Pxi jrepy’_ .frepz,- (352)

repi

Similar to the ellipsoid bounding technique, a repulsive force f.,; is calculated:

B, ™ (K g (3.53)

1 + ¢~ %do-0SE) Er
L :

0 0 |
" Pusi™ Poss

0 0
K, J Posi™ Pobs
where K is a coefficient that indicates the maximum amplitude of the repulsive force
(equivalent to the K, that is used in EB). The repulsive forces on all links of the
manipulator are generated in Cartesian space, and will be used in the dynamic model of

the manipulator (Equation 3.23).

Both the EB and SSB techniques are used for generating 3D force fields and calculating
repulsive forces in this thesis. The main difference between them is the way in which a
force field is constructed and a repulsive is calculated. The principle and performance

of the two techniques are similar.
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3.5.3 Constant Er

The speed of the robot manipulator has a significant effect on the capability of the robot
in collision avoidance. High speed means that the robot manipulator needs to response
to any potential collisions very quickly and early enough to allow time to take action to
avoid potential collisions. The robot’s speed should therefore be taken into account in
the 3D-VF* method. This is achieved by the parameter Er which represents the volume

of the force field. Er is defined as the ratio between the current speed (|°p, |) and the

maximum speed of the end-effector Vemay:

ke | P

Er

Ve

max

Er = (3.54)
This definition enlarges the force field when the manipulator moves faster. Even if the
speed of the end-effector of an industrial robot manipulator is slow, some of the joints
may move quickly. In this case, Er needs to be defined using joint angular velocity, and
the joint angular velocity (q ). The qis a set of angular speed of joints and the °p, is
the linear speed of the end-effector of the robot arm on Cartesian space. In this section,
the transpose Jacobian (J Ty is used to estimate the inverse Jacobian when the change of
the Jacobian parameter is very small, this approximation is to simplify the Jacobian

matrix inverting. The maximum angular velocity (q ., ) are calculated by:
4 =3"(q)°p, (3.55)
4 =J'(qQ)Ve,, (3.56)

where J7 is the Jacobian transpose matrix of the extended manipulator model. Equation

3.54 can be rewritten as

Er = el (3.57)
qmax
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where q and q,, are a current angular velocity (i.e. current joint speed) and the

angular velocity from Ve, in joint space (q €eRq’andq,, €R,). The q,,, can be

approximately estimated by the maximum velocity of the end-effector (Equation 3.56).

Ve ~ Yoy, - J@4 (3.58)

emax ki . max
[Vel |[7@a

Therefore, the q,, is given by

_ I @I@q e
qmax “J(q)q" emax ( )

3.6 Self-Collision Avoidance Method

Self-collision between the force fields of two links of a manipulator and between the
manipulator and the platform is another important problem that needs to be solved
before implementing the VF? approach in an actual robotic system. For the targeted
application of this thesis (i.e. the sandblasting robotic system), a manipulator mounted
on a big mobile platform may collide with the mobile platform, and potential self-
collision should therefore be avoided. In this section, the links of the manipulator are
represented by virtual fields generated by the SSB technique, and a virtual field is used
to cover the mobile platform. The distances of link-to-link and link-to-platform will be

geometrically determined.
3.6.1 Collision Detection Between Links of the Manipulator

From the 3D-VF? presented in Section 3.5.2, the links of a manipulator are represented
by virtual force fields. To measure the distance between two links of a manipulator, two
links on coordinate frame 7 and coordinate frame ;j are parametrically represented by

Equation 3.60 and Equation 3.61. The parameters u; and u define °p ., (u,)and

Opc,3 j(U,-)on the centre axes. Both u; and u; are between 0 and 1. Figure 3.13 shows the
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fields of two links and their parameters. The radiuses of the two capsules are set by r

C;

and r, for the link on coordinate frames i and j, respectively.

J

Figure 3.13 Distance between two D,,;,s defined by sphere-swept bounding

"pos @)="pr, + 4,(°Ps ~Puy,) iu, € [0..1] (3.60)

"Pas; =P, #+ 4, P ;=P ,) 39, €017 (3.61)
The shortest distance between link / and link j is defined by

min ngfn{IOpum(u, Bus, @)} 3w € 0111, € [0...1] (3.62)
and is given by

dy =[P )Py ,))| - 7, -7, (3.63)
When the D,,s of links i and j have interactions, dy will be equal to 0 and a maximum
repulsive force (Fu») will be generated. For a typical robot manipulator, selt-collision

may occur between two links that are not directly connected. A repulsive force (F,.»)

on link 7 (in coordinate frame /) from link j in coordinate frame j is given by
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0
F,., = 2.8,CPus," Pus) (3.64)

Jj=i=2

03xl

Sr(op"l3./’0p6'/3l) = ':f } = [0 0 0 farmx,'j farmyi/- farm;ij ]/ (365)

arm ]j

K' Opc i—opc
f ) 13 13 4 (366)

£, i (Kf = L+ e—lO(a’O.—OSEr)/I;‘r HO

0 |
Puszi™ Pus |

3.6.2 Manipulator and Platform Collision Detection

The geometric shape of a mobile platform assumed in this thesis is a rectangular prism.
A swept sphere bounding the rectangular prism is used to model the mobile platform

(Figure 3.14).

[ ]

Figure 3.14 Distance d, between D,,;, of a link and D,,;, of the mobile platform

A link of the manipulator is represented by Equation 3.60 and the platform is
represented by
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0ppﬂ(uj., u,) :(l—uj —uk)oppﬂ +uj(°ppﬂ)+uk(°ppf3) ;0<u, <land0 <y, <1
(3.67)

where oppﬂ, ’Posz> and ’p,ys represent the corner points of the mobile platform that can

be seen in Figure 3.14. Parameter u; defines a point, °p ,,.(u,) on the centre axis of the
field of a link and parameters u; and u define a point, °p o4 (U;,u,)on the rectangular

prism. The minimum distance between the link and the platform is defined by
. . . ‘0 0 }
min min miny Pus; ()P s (U, 1, )“ (3.68)
and is given by

d, = ”0pc13,-(ui)—0ppf4(up uk)ﬂ =¥, — Ty (3.69)

The repulsive force on a link in coordinate frame i from the platform is defined as

03><1 [ }I‘
pri - 6r(Oppfd’OpcB,‘) o [f ’ :I =0 00 fpfxl. fpfyi f!’f:,' (3.70)
Pl
K ) Pus =Py
f :[K % L il (3.71)
of 4 - o—V2Lr)/ Lr .
P 1 4+ o\ Xd-0SEN]/E Nopd}i__oppﬂ“

, when distance d) is less than Er, the Fprwill increase.

3.7 C(Case Studies

This section presents three case studies comprised of manipulator tasks in complex
environments to validate the attractive force method, the 3D-VF? method, the force
control algorithm and the self-collision avoidance method presented in this chapter.
Simulation and implementation in a robotic system in complex 3D environments are
presented. These methods are programmed in MATLAB and C++. Two robot

manipulator models are used: the Denso® VS6556 manipulator is used in case studies
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1 and 2, and the Denso® VM6083, a bigger manipulator, is used in case study 3. In the
third case study, the manipulator is placed on a mobile platform inside a bridge

maintenance environment which is constructed in a laboratory.
3.7.1 Case Study 1: The 3D-VF* Method for Collision Avoidance

This case study aims to validate the performance of the 3D-VF* method for on-line
collision detection and avoidance of a robot manipulator in complex environments. The
attractive force method and force control algorithm are not applied in this case study.

To calculate the joint angles of the manipulator (q) from a target point (°p,) of the end-

effector, inverse kinematics is used, but we do not aim to study the inverse kinematics
because the focus of this experiment is only on the 3D-VF method. In the case study, a
robot manipulator (end-effector) undertakes the tasks of following expected paths in

two different environments.

Environment 1: The robot manipulator undertakes sandblasting in a steel bridge

maintenance environment (Figure 3.15 and Figure 3.17).

Figure 3.15 shows snapshots of the manipulator performing sandblasting on a ceiling
surface. A pre-planned path shown in Figure 3.15 is determined from the target plane.
Joint angle changes are recorded and presented in Figure 3.16. Results of simulation
show that there is no collision, and joints of the manipulator usually ripple even when

the manipulator moves along a straight line trajectory.

(a) (b)

i = X
1500 L-,sm 1500 '<|,;m Y

Figure 3.15 Sandblasting a surface (ceiling) of a steel bridge structure
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Figure 3.16 Joint angles of the manipulator tracking a path in Figure 3.15(a)

Figure 3.17 shows snapshots of the manipulator performing sandblasting on a surface
of a steel bridge I-beam. A pre-planned path shown in Figure 3.17(d) is planned from
the target surface which has a pipe blocking the manipulator trajectory. Joint angles are
recorded and presented in Figure 3.18. Results of the simulation show that no collision

occurred. The joint angle change of the manipulator is not smooth although the straight

line trajectory is presented.

Figure 3.17 Snapshot of a manipulator performing a sandblasting task on an I-beam in a steel

bridge maintenance environment
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Figure 3.18 Joint angle changes of the manipulator following a pre-planned path shown in Figure
3.17(c)

A singularity problem is presented. The singularity condition of the manipulator causes
the joints 4 and 6 of the manipulator to suddenly rotate 360 degrees (2m) or change

from + to - while the end-effector of the manipulator is still the same position.

Environment 2: The manipulator undertakes tasks of spray-painting three surfaces in a

complex and compact environment: a ceiling, a wall, and a cylinder ventilator.

This experiment aims to test the performance of the 3D-VF” method in a more compact
environment than the first. Obstacles are located around the manipulator in close range.

In the simulation, joint angle changes are recorded along the paths.

SR

JOINT ANGLES (Rad)

Cylindrical
Ventilator ! PRI |
Nosasn. ’ -
. ok i N Sy, - -
I \X >’ bt ~~t
\‘~/‘\ PN i s
-2} N L o4 ~—
N
ITERATION
o ioo 200 300 400 500 600 700 800 800

(b)
Figure 3.19 (a) Manipulator spray-painting on a wall (b) Joint angle changes with a pre-planned
path
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Figure 3.19(a) shows a snapshot of the manipulator painting a wall in the compact
environment. The pre-planned path starts at position 1 and ends at position 4. Figure
3.19(b) shows the joint angle changes of the manipulator and markers 1 to 4 show the
angle changes in positions 1 to 4 on the pre-planned path. At position 4, two repulsive
forces from the wall and the flank respectively are opposite each other, and
consequently cause the end-effector link of the manipulator to oscillate. These two
repulsive forces prevent the manipulator from colliding; at the same time, they cause

joint angle oscillation of joints 2, 3 and 6 (Figure 3.19(b)).

Cylindrical _
Ventilator 2|

JOINT ANGLES (Rad)

ITERATION {
00 500 600 700 800

o 100 200 300

(a) m(b)

Figure 3.20 (a) A manipulator spray-painting a cylinder ventilator, (b) Joint angle changes of the

manipulator with a pre-planned path

Figure 3.20(a) shows a snapshot of the manipulator spray-painting a surface of the
cylinder ventilator. The pre-planned path starts at position 1 and ends at position 5. The
graph in Figure 3.20(b) shows the joint angle changes of the manipulator, and markers
1 to 5 in Figure 3.20(b) correspond to the positions 1 to 5 on the pre-planned path. At
position 4, the manipulator suffers from repulsive forces which are generated from the
cylindrical ventilator to the end-effector, and from the ceiling surface to link 5 of the
manipulator. These forces caused oscillation of the joint angles of joints 3 and 6,
although they successfully prevent the manipulator from colliding with the

environment.
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Figure 3.21 shows snapshots of the manipulator spray-painting a surface of the ceiling.
The graph in Figure 3.22 shows the joint angles of the manipulator, and markers 1 to 4
in Figure 3.22 correspond to positions 1 to 4 on the pre-planned path in Figure 3.21(a).
In this simulation, many repulsive forces are generated on the links of the manipulator.
Additionally, a singularity condition of the manipulator occurs, as shown in Figure 3.22
(b): the 4th joint and the 6th joint of the manipulator suddenly rotate 360 degrees (2m)

and the Sthjoint change from -1 to 1 while the end-effector of the manipulator is still in

the same position.
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Figure 3.22 Joint angle changes of the manipulator with a pre-planned path in Figure 3.21a
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In conclusion, the simulation results of the first case study show that the 3D-VF?
method is able to prevent the manipulator from colliding with obstacles in complex
environments. The joint angle changes are not always smooth even though the end-
effector of the manipulator is still on a straight line path. Oscillations occur when the
manipulator reaches narrow areas, in which several repulsive forces around the link are
generated. A part from this result, singularity conditions of the manipulator cause jerky
motions of the manipulator which is an issue related to inverse kinematics. Thus, this
inverse kinematic method can not be implemented in a real robot manipulator. To
overcome the singularity problem, the VF? approach, which includes the 3D-VF?
method, the AF method, and FC algorithm, is applied and the case studies follow.

3.7.2 Case Study 2: The VF> Approach for Collision-free Motion

In this case study, the VF? approach, which includes the 3D-VF? method, the Attractive
Force (AF) method and the Force Control (FC) algorithm, are tested in different
environments. Figure 3.23 shows a control diagram of how this approach is applied in a
robotic system. The AF method is used to calculate an attractive force based on a target
point and the current position of the manipulator end-effector. The attractive force is
transformed to torques in the joint space of the manipulator by the FC algorithm. The
torques from the attractive force are combined with torques transformed from repulsive
forces which are calculated by the 3D-VF? method. Resultant torques are applied to the

dynamic model of the manipulator to generate a new pose for the manipulator.
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Figure 3.23 Block diagram of the VF* approach for motion planning for a manipulator

69



3.7.2.1 Simulation 1

This simulation test is conducted in a workspace where a manipulator moves its end-
effector from the current position located in one side of a plate to target positions
located in the other side of the plate by passing through a hole on the plate (Figure
3.24). The main purpose of this simulation is to show that the VF” approach can
generate robot motion in confined space in real-time, which is different from other
approaches that generate robot motion offline. In this simulation, the task is designed
for the robot arm moving through small holes. The robot is acted by many repulsive
forces generated by obstacles around its links. This situation is caused by the complex
environment although there are not many obstacles around the robot. Only four target
points (point 1, 2, 3, and 4) are defined and the whole trajectory (red line) is generated
by the robot itself with the AF method, the 3D-VF? method, and the force control
method.
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Figure 3.24 A manipulator approaching multiple target positions (2), (3) and (4)
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Figure 3.25 Joint angle changes of the manipulator approaching the target positions shown in
Figure 3.24

Test results (Figure 3.24 and 3.26) show that the VF* approach is able to control the
motion of a robot manipulator in complex and compact environments safely and
smoothly. Although the manipulator suffers from several repulsive forces when it goes
into a hole, the oscillation of the joint angle change is significantly reduced compared
with the results of the first case study presented in Section 3.7.1. This is because the
VF? approach does not calculate joint angles using inverse kinematics. The manipulator
pose is calculated from the dynamic model of the manipulator, so safe and smooth

motion of the manipulator is obtained.
3.7.2.2 Simulation 2

In many industrial applications, a constant speed of the end-effector is required. An
attractive force, generated by the AF method, pulls the end-effector of the manipulator
toward a target point. The amplitude of the attractive force is dependent on a distance
between a target point and the current end-effector position. If a target point is moved
along a pre-planned path with constant speed, the manipulator should follow along the

pre-planned path at same speed. The purpose of conducting this test is to verify this.

In the test, the manipulator is simulated to work under a steel bridge channel. The task
is to blast the surface of an [-beam by following a pre-planned path at a constant speed.

The environment is represented by a point cloud map obtained from a 3D laser scanner.
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A pre-planned path covers the target area of an I-beam which is 600 mm wide and
300mm high. This test is conducted at three different end-effector speeds: 15mm/sec,
35mm/sec, and 75mm/sec.

P

Figure 3.26 A manipulator following a pre-planned path
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Figure 3.27 (a) Speed of the end-effector at 75 mm/sec, (b) Speed of the end-effector at 35 mm/sec,
(c) Speed of the end-effector at 15 mm/sec
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Figure 3.26 shows snapshots of the simulation. In Figure 3.26 (a), the pre-planned path
is presented by lines, and arrows indicate the desired orientation for the end-effector
(blasting spot on the surface). Figure 3.27 shows the recorded speeds of the end-
effector. The results indicate that the VF* approach is able to control the speed of the
end-effector. It is also noted that error between the expected speed and the actual speed
is less when the speed is low, and that the VF? approach can not always maintain the

desired orientation when the speed of the end-effector is high.
3.7.2.3 Simulation 3

Orientation of the manipulator end-effector needs to be controlled in many applications.
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