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Societal Summary

Nuclear fusion - the process that powers the sun - is a promising sustainable energy
source. One of the challenges for harnessing this power for society is the feasibility
of the fusion plant maintenance. The scale, task criticality, toxicity and radiation
levels dictate that the maintenance will be done by robotic platforms that cannot
be fully automated, but will have to be controlled remotely by a human operator.
Despite being the only viable solution, remote maintenance is expected to be dif-
ficult and time-consuming. A promising solution to improve remote maintenance
is to provide artificial forces that assist the operator during task execution. It is,
however, unclear which maintenance tasks are the most relevant to be targeted
and how assistive forces should be designed.

In this PhD thesis, I propose a phased task analysis approach to identify and
quantify bottlenecks in the performance of teleoperated maintenance. This phased
approach is used to analyse real executed teleoperated maintenance and select the
tasks for which successful assistance would have the highest impact. In the second
part of the thesis, it is shown that the operator performance during time-consuming
remote maintenance tasks can be substantially improved by use of properly de-
signed assistive forces. This research provides a methodology to enable faster and
safer remote maintenance, bringing sustainable fusion power one step closer.

ix





Summary

Haptic Assistance for Teleoperated Maintenance of Fusion Plants - Task
Analysis, Design and Evaluation

Fusion power is a promising candidate to become a sustainable energy source. One
of the key factors for the success of future nuclear fusion plants is the feasibility of
the maintenance, which limits the uptime of the plant and should be executed in the
shortest possible time frame. Due to the hostile environment (radiation, harmful
materials) and complexity of the tasks, human-in-the-loop teleoperated mainte-
nance is foreseen. Literature provides ample evidence that under such conditions
teleoperated task execution is time-consuming, prone to human errors and results
in high operator workload. In practice, telemanipulated maintenance requires ex-
tensive operator selection and training. This thesis investigates the potential bene-
fit of assisting the operator in remote maintenance through haptic assistance from
guiding forces. There is, however, little generalizable and quantitative insight into
current remote maintenance and how this might be influenced by design choices in
haptic assistance.

The first aim of this thesis is to provide generic analysis techniques that enable
identification of time-consuming task aspects and to provide quantitative task per-
formance data of real executed human-in-the-loop maintenance. The second aim
is to design and evaluate haptic assistance designs for remote maintenance, first in
a generic task, and subsequently in a realistic 6DOF task.

To identify the largest bottlenecks in time performance of telemanipulated main-
tenance an analysis was performed on logbook data of a wide variety of real ex-
ecuted maintenance tasks at the current largest fusion plant JET. This resulted in
quantitative data at the level of overall task completion time, identifying the most
time-consuming tasks and quantifying the large variation in time performance within
and between operators. To guide the design of haptic assistance solutions, more
detailed information is required which also gives insight on subtask level and ele-
mentary, skill-based, operator behaviour. A systematic phased task analysis was
proposed to identify the most time-consuming subtasks and to quantify the po-
tential room for performance improvement. This approach was applied to a case
study, consisting of an exploratory human factors experiment in a simulated task
environment. The use of a simulated environment enabled measurement of a vast
amount of variables, many of which are not accessible in real-world remote mainte-
nance. The results indicate that the most time-consuming general subtasks include
6DOF grasping and placement of objects, mostly due to difficulties in controlling
tool orientation. The phased task analysis approach was subsequently applied to
logged video data of real executed JET maintenance. Recurring subtasks like ‘rough
and fine approach’ and ‘retreat’ covered more than half of the total task completion
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xii Summary

time and were identified as most relevant for assistance.
The knowledge gained in these analysis studies was used to design and evaluate

prototypes of haptic assistance. First, a proof of principle for continuous haptic as-
sistance (haptic shared control) was designed and evaluated for a planar bolt-and-
spanner task, consisting of generalizable subtasks (free air movement, approach
and making contact, constrained movement). Haptic shared control was compared
to normal manual control for three levels of haptic feedback quality. Results showed
improved time performance, control effort and operator cognitive workload for the
haptic shared control conditions for all three natural feedback levels. This first hap-
tic assistance study presumed a perfect model of the task and environment, which
is not realistic for real-world applications. For a more realistic situation, where er-
rors and conflicts may occur, the benefits and limitations of two different haptic
assistance approaches were investigated: local and continuous haptic assistance.
Continuous assistance resulted in the largest improvements: higher accuracy and
repeatability, and a lower task completion time, without causing undesirable be-
havioural adaptation.



Samenvatting

Haptische ondersteuning bij op afstand uitgevoerde onderhoudstaken
aan fusie reactoren - Taak analyse, ontwerp en evaluatie

Kernfusie is een veelbelovende duurzame energiebron. Een belangrijke factor voor
het succes van toekomstige kernfusie centrales is de efficiëntie waarmee het on-
derhoud kan worden uitgevoerd: onderhoud beperkt de beschikbaarheid van de
centrale en moet daarom niet alleen veilig, maar ook in korte tijd kunnen worden
uitgevoerd. Vanwege de extreme omstandigheden (radioactieve straling, giftige
materialen) en de complexiteit van de taken, moet dit via ’tele-onderhoud’: ge-
trainde operators die op afstand robot systemen aansturen. Ervaring met deze
telemanipulatie-systemen laat echter zien dat het op afstand uitvoeren van taken
juist veel tijd kost, vatbaar is voor menselijke fouten en resulteert in een hoge
werklast voor de operator. Bovendien vereist het gebruik van een telemanipulatie-
systeem zorgvuldige selectie en uitgebreide training van de operators. Een veelbe-
lovende oplossing om de telemanipulatie-prestaties te verbeteren is het aanbieden
van krachten (haptiek) die de operator ondersteunen/begeleiden bij de taak. Het is
echter niet duidelijk wat de beste aanpak is van haptische ondersteuning. Er is tot
op heden weinig algemeen toepasbaar en kwantitatief inzicht in de prestaties van
telemanipulatie systemen voor onderhoudstaken en in hoe deze prestaties worden
beïnvloed door ontwerpkeuzes in haptische ondersteuning.

Het eerste doel van dit proefschrift richt zich op het achterhalen van onderhouds-
taken die zouden moeten worden verbeterd. Hiervoor is een algemeen toepas-
bare analysetechniek ontwikkeld en toegepast op bestaande onderhoudstaken, om
kwantitatieve tijdsdata te verkrijgen en tijdrovende aspecten van taken te kunnen
identificeren. Het tweede doel van dit proefschrift is het ontwerpen en evalueren
van haptische ondersteuning voor geïdentificeerde tijdrovende (deel)taken.

Om de grootste knelpunten te identificeren in onderhoudstaken die zijn uit-
gevoerd met telemanipulatie, werd een eerste analyse uitgevoerd op basis van
logboekgegevens van een breed scala van bestaande onderhoudstaken bij het tot
nu toe grootste operationele kernfusie-experiment JET. Dit resulteerde in kwantita-
tieve data op taakniveau, waarmee de meest tijdrovende deeltaken konden worden
aangewezen. Verder bleek er een grote variatie in de tijdprestaties tussen de ope-
rators te zijn. Om gerichte oplossingen te kunnen geven voor verbetering van de
taakprestatie was meer gedetailleerde informatie vereist, die ook inzicht geeft op
deeltaakniveau en hoe de operator heeft gehandeld. Een systematische gefaseerde
taakanalyse werd voorgesteld om de meest tijdrovende deeltakken te identificeren
en de potentiële ruimte voor prestatieverbetering te kwantificeren. Deze aanpak
werd getest in een exploratief human factors experiment in een gesimuleerde taak-
omgeving. Door gebruik te maken van een gesimuleerde omgeving in virtual reality,
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xiv Samenvatting

kon er een groot aantal variabelen worden gemeten die tijdens echte taken vaak
niet beschikbaar zijn. De resultaten geven aan dat het grijpen en plaatsen van
objecten het meest tijdrovend is en dat het moeilijk is om het object/gereedschap
goed te orienteren. Deze resultaten zijn gevalideerd door eenzelfde gefaseerde
taakanalyse uit te voeren op videodata van bestaand JET-onderhoud. Vaak voorko-
mende deeltaken zoals ’grof en nauwkeurig positioneren’ en ’wegbewegen’ kostten
samen meer dan de helft van de totale tijd van de taak en lijken het meest relevant
voor verdere verbetering.

De kennis die werd opgedaan in deze analyse studies werd gebruikt om proto-
types van haptische ondersteuning te ontwerpen en te evalueren. Het principe van
continue haptische ondersteuning (Haptic Shared Control) bleek goed te werken in
een 2D bout-en-steeksleutel taak. Haptic Shared Control werd in dit experiment ver-
geleken met de normale taakuitvoering voor drie niveaus van natuurlijke haptische
feedback. Met Haptic Shared Control bleek de taak sneller te kunnen worden uitge-
voerd, bovendien bleek de operator een lagere inspanning en cognitive werklast te
ervaren. Deze studie veronderstelde echter een perfect taak- en omgevingsmodel,
resulterend in een foutloze ondersteuning. Dit is niet realistisch voor echte situaties.
In een vervolgstudie werden daarom voor een meer realistische situatie, waar fou-
ten en conflicten kunnen optreden, twee verschillende haptische ondersteunings-
mogelijkheden onderzocht: lokale en continue haptische ondersteuning. Dit werd
toegepast op een gesimuleerde 6DOF pen-in-gat taak. Continue ondersteuning
leidde tot de grootste verbeteringen: een hogere nauwkeurigheid en herhaalbaar-
heid en een lagere benodigde tijd, zonder dat er ongewenste gedragsaanpassingen
van de operators werden waargenomen.
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2 1. Introduction

We live in a time where the advances in robotics, artificial intelligence and au-
tomation are extremely fast. Technological developments enable many new robotic
applications promising to increase economic growth and/or to improve the qual-
ity of life. Specifically, the following promising use cases were recently identified
in strategic robotic roadmaps created in the EU [1], US [2] and the Netherlands
[3]: demographic change, health and well-being, manufacturing, food production,
transport and security, and exploring earth and space. Illustrative examples of
the current state of the art of robotics are the organized robot challenges, e.g.
the RoboCup [4] on autonomous robot soccer, the DARPA Robotics Challenge [5]
on semi-autonomous ground robots, and the Amazon Robotics Challenge [6] on
autonomous order picking. On one hand these challenges show that current au-
tonomous robots are capable of many complex tasks, however, they also clearly
show the limitations of these robots in the struggle with the complexity and variabil-
ity of the real world. Although autonomous robots are often very good at repetitive
tasks in standardized environments, their capabilities are limited especially when
they need to physically interact in complex varying environments [7]. Applying
robotic solutions to real life tasks (i.e. variable and complex or unstandardized
tasks) requires human attention. This brings us to one of the main challenges in
current robotic technologies: the interaction between humans and robots [7, 8].

This thesis focuses on telerobotics1: a specific robotics domain where the robot
has limited autonomy and is located remotely from the human operator who needs
to control this robot from a distance [9, 10]. Telerobotics is applied in situations
in which tasks need to be executed in environments that are inaccessible to hu-
mans, for example in hazardous areas or in applications where the operator needs
to interact with the environment on a scale that is not accessible (too small, or too
large, or too heavy, etc.) for humans. In this thesis the term ‘telemanipulation’
is used - literally ‘manipulation on a distance’ - because it emphasizes the object
manipulation aspects of telerobotic tasks which this thesis focuses on. Although
task performance is not well defined in general, for specific tasks the emphasis can
be put on accuracy, speed, task completion time, etc. A general problem with tele-
manipulation systems is that often the achieved task performance is lower than for
manual executed tasks [11]. This thesis analyses in detail the task performance
for remote maintenance of nuclear fusion plants and the effect of the application
of haptic shared control approaches [12] for such teleoperated tasks.

This chapter is organised as follows. A brief historic overview of telemanipu-
lation applications is described in section 1.1, followed by the introduction of the
telemanipulation application ‘maintenance of nuclear fusion plants’ in section 1.2.
Section 1.3 discusses the role of the human operator in telemanipulation. The prob-
lem statement and goal of this thesis are presented in section 1.4, followed by the
research approach and the thesis outline in sections 1.5 and 1.6.

1In literature, the term telerobotics is used alongside many other related terms such as: remote robotics,
teleoperation, telemanipulation, remote handling and (bilateral) master-slave manipulation.
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1.1. History of Telemanipulation Applications

T he first teleoperation systems were developed by Goertz in the 1940s and 1950s
to be able to handle radioactive material [13, 14]. Initially, he developed a me-

chanically coupled master and slave, enabling the human operator to (indirectly)
control the slave at the remote side by controlling the master. Not long after that,
an electrically controlled teleoperator was introduced. Telemanipulation was then
also investigated for other applications such as subsea and space. From the 1980s,
with the advent of computers, a strong control theoretic focus on the telemanipula-
tor started to develop, with the main goal to make the telemanipulator transparent
[15, 16] (i.e. perfectly replicating the interaction forces from the slave with the
remote environment to the master device that the operator holds). Achieving good
transparency is complicated due to the inherent trade-off between performance and
stability [15]. In the last two decades research focus expanded towards acceptable
human-in-the-loop task performance instead of telemanipulator performance. In
the 1990s a major contribution to this domain was delivered by Sheridan with his
seminal book “Telerobotics, automation and human supervisory control”, in which
he identified different modes of interaction between humans and machines and
challenges on how humans and automatic machines can cooperate [9]: “We have
hardly begun to understand how best to integrate human and artificial brands of
sensing, cognition, and actuation. One thing is clear, however: to cast the problem
in terms of humans versus robots or automatons is simplistic, unproductive, and
self-defeating. We should be concerned with how humans and automatic machines
can cooperate.” To this day, this human-robot synergy remains challenging and
one of the main research topics in the field.

Examples of current tele-manipulation application areas (see also Fig. 1.1) in-
clude environments on a different scale (minimal invasive surgery [17, 18], micro
assembly [19, 20]) or environments hazardous to humans (search and rescue [21],
underwater [22], outer space [23], nuclear sites [24]).

Figure 1.1: Two examples of telemanipulation: A) minimal invasive surgery using the da Vinci® robot,
B) Telemanipulated maintenance at nuclear fusion plant JET (Joint European Torus).
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This thesis focuses on an application which is both hazardous to the human,
and on a super-human scale: remote maintenance of large nuclear fusion plants.

1.2. Telemanipulation Application: Maintenance of
Fusion Plants

1.2.1. The Energy Challenge
Large nuclear fusion plants such as the currently operational JET and the envisioned
ITER aim to solve one of the major issues of the future world: CO2-free energy
production. The consequences of the emission of greenhouse gasses related to our
energy consumption are alarming [25]. An official international agreement has been
reached that strives to keep the global temperature rise during the 21 century well
below 2 degrees Celsius,compared to pre-industrial levels [26]. This tremendous
challenge would require a global reduction of emission levels of substantially more
than 25% to 55% in 2050 compared to 2010 [25], calling for novel sustainable
energy solutions.

1.2.2. The Fusion Energy Challenge
Fusion energy is considered as one of the options for a sustainable energy resource
[27, 28]. Although the first patent for fusion plants was filed in 1942, the Council
of the European Community only decided in favour of a robust fusion programme
in 1970. Three years later, the design work began for the Joint European Torus
(JET). In 1983 the JET fusion reactor was completed and first plasmas achieved,
and in 1997 the world record of 16 megawatts of fusion power was achieved. Al-
though this is promising, no fusion reactor has ever demonstrated the capability
of a fusion process to generate more power than required to initiate it. The ITER
project [29] was started in 1985 as a Reagan-Gorbachov initiative to demonstrate
the long-awaited transition from experimental studies of plasma physics to full-
scale electricity-producing fusion power stations. As such, the ITER fusion reactor
has been designed to produce 500 megawatts of output power while needing 50
megawatts to operate, for pulses up to 600 seconds. Only in 2006 did seven par-
ticipants (China, EU, India, Japan, Korea, Russia and the US) formally agree to
fund the creation of the nuclear fusion reactor ITER. One of the major challenges
for ITER and other fusion plants is the complex maintenance, which needs to be
executed remotely because of high radiation levels and toxic substances.

This specific maintenance challenge for fusion plants was the focus of EFDA’s
European Goal Oriented Training on Remote Handling (GOT RH) Programme [30].
The programme, which ran from 2010 to 2015, had the aim to train engineers in
working on remote handling system development. This thesis was performed as
part of that programme.

1.2.3. The Teleoperated Maintenance Challenge
A wide variety of maintenance tasks is foreseen at nuclear fusion plants, illustrated
by performed tasks during the 30.000 hours of remote maintenance operation at
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the current largest experimental fusion plant JET: manipulation of components in
the range 1- 300 kg, mechanical cleaning, MIG/TIG welding, sawing, filing, thread
tapping, visual inspection, installation and calibration of diagnostic systems, etc.
[31]. For ITER and future fusion plants, a similar range of tasks is expected, how-
ever, the scale will be larger with component sizes in meters and weights over
1000kg. Remote maintenance experience at JET [32, 33], showed that a human-
in-the-loop approach is essential to deal with remote maintenance task variety,
complexity, and unpredictability. On the other hand, teleoperated maintenance is
subjectively characterized as very difficult and requiring an extensive selection and
training program [34]. In general, telemanipulation is characterized by relative long
execution times, low situational awareness, high operator workloads, and human
error [11]. This is conflicting with the requirements for fusion maintenance: besides
the fact that the maintenance has to satisfy high quality and safety requirements,
it is a critical challenge to get the downtime of the plant within reasonable limits
[35, 36]. For telemanipulated maintenance, there is, however, no quantitative data
about specific difficult ‘areas’ available to guide improvements. Teleoperated main-
tenance task performance should be improved, but what are promising directions
to improve task performance? As will be discussed later, this is one of the topics
addressed in this thesis.

1.3. The Role of the Human Operator in Telemanip-
ulation

D ependent on the roles of the human operator and robot, telemanipulation ap-
proaches can be categorized into three groups: direct control, shared control

and supervisory control [10]. These three control approaches are summarized in
Fig. 1.2 and will be discussed in more detail.

1.3.1. Supervisory Control
When the robot has substantial autonomous capabilities, the human-robot collab-
oration can be characterized by a high level of automation (LoA, [37, 38]). In this
case, the role of the human is to act as a supervisor of the (semi-) autonomous
robot system. The human operator only gives intermittent high-level commands to
the slave robot, which executes the task with local autonomy and provides the hu-
man summarized feedback [9]. This is especially useful for applications with large
time delays such as space, since direct control is then hardly feasible.

However, the complexity and criticality of most remote tasks have so far limited
the realization of systems with high levels of automation. For the maintenance of
fusion plants, supervisory control is only used for relatively straight forward free-
air motions, such as the rough positioning of the robot system using pre-recorded
trajectories, but not for the actual maintenance tasks that require manipulation.

1.3.2. Direct Control
When the robot has no autonomous capabilities whatsoever, the human is in di-
rect control via a telemanipulation system. The human operator interacts with the
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Figure 1.2: Different concepts for telemanipulation control architectures [10].

remote side via a robotic interface, called master device, which commands a slave
robot at the remote side (see also Fig. 1.3, top). The human operator may re-
ceive feedback from the remote environment via acoustic/visual displays and - in
the case of bilateral control - also from reflected forces on the master device. This
type of control is the current state of the art in remote maintenance of fusion plants
[39]. As already mentioned, task performance of such systems is limited, resulting
in time-consuming maintenance.

Ideally, during telemanipulation the human would have the sensation of actually
being present at the remote location performing the task [9]. Conventional telema-
nipulation literature therefore stresses the importance of ensuring high-quality hap-
tic feedback to the operator, for example through the 4-channel controller [15, 40].
The remote maintenance at JET is, however, performed with an upgraded Mas-
cot telemanipulation system, which uses a relatively simple position-error control
architecture [39]. The main reason for the implementation of this simple archi-
tecture - instead of e.g. the more elaborate 4-channel control from literature - is
the complication of robust and reliably sensing forces in the high-radiation remote
environment. Although the position-error control architecture is theoretically not
optimal for system transparency [15], the practically achieved transparency at JET
allows for the execution of very delicate maintenance tasks, although task execution
remains time-consuming. To improve task performance, other practical approaches
have been developed and implemented at JET, such as extensive operator selec-
tion and training [34], customized and standardized environments and tools [41, 42]
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and enhancement of the telemanipulation system (e.g. artificial visual assistance
[43]). These implementations proved to be effective or even essential in practice,
but further improvement of the achieved task performance (especially time perfor-
mance) is crucial for future reactor maintenance [35, 36]. A promising direction for
such further improvements might be shared control, that lies in between the two
extremes of ‘direct control’ and ‘supervisory control’.

1.3.3. Shared Control
In essence, shared control is based on sharing control over a (sub)task between
operator and automation, instead of trading control back and forth. Sheridan rec-
ognized a wide range of ‘shared control’ approaches [9], but of specific interest
for bilateral telemanipulation in challenging environments (such as fusion mainte-
nance) is sharing control through assistive forces. This was first explored in the
concept of ‘virtual fixtures’, introduced by Rosenberg [44]. He proposed local visual
and haptic assistance features, i.e. planar surfaces, which act like virtual rulers and
assist the operator during task execution. Similar features also made it possible to
implement no-go areas or Forbidden Region Virtual Fixtures [45, 46], preventing
the operator from accessing local dangerous or fragile areas. These two implemen-
tations are based on repulsive forces: the operator is pushed away by the artificial
forces. Later work introduced local assistance features providing attractive forces,
creating e.g. an assistive funnel when close to a target [47–49]. All these local
haptic assistance provide infrequent local support, therefore also only requiring lo-
cal information about targets and forbidden regions. For maintenance at JET, some
basic local assistance features are implemented. The operator can, for example,
restrict the degrees of freedom of the slave device (e.g. restrict movements to a
plane) and select (partial) weight compensation of tools carried by the slave device.

When detailed and accurate scene representation of the remote environment
is available, an extension of local haptic assistance can be given: haptic shared
control. This concept extends local attractive haptic assistance by providing as-
sistance along the full path and has been applied in telemanipulation in abstract
environments [50], telerobotic surgery [51, 52] and control over intelligent vehicles
[53, 54]. Haptic shared control is here defined as an approach to assist the opera-
tor by continuously communicating the calculated optimal control input by guiding
forces on the input device (see Fig. 1.3). This approach has shown benefits as
increased (short-term) performance and reduced control effort while keeping the
human in the loop [50–54]. Haptic shared control is a promising approach to im-
prove remote maintenance of fusion plants, since an accurate representation of
the task environment is available, but also human creativity and responsibility is
required. It is, however, unclear which specific tasks to assist and how to design
and evaluate haptic shared control in a structured, generalizable way. This thesis
develops new task analysis techniques applied to ‘direct control’ telemanipulation,
to understand for which subtasks operators require support the most, and to guide
the design and evaluation of novel ‘haptic shared control’ approaches.
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Figure 1.3: Upper part: A conventional teleoperation system consisting of a human, master device,
controller, slave robot and remote task environment (also called a connected telemanipulation system
[55]). Lower part: Haptic shared control approach: the shared controller assists/interacts with the
human operator by applying (assistive) forces.

1.4. Problem Statement and Goal of this Thesis

T he best approach for haptic shared control to improve remote maintenance is
unknown because there is little generalizable and quantitative insight in:

• Task performance during human-in-the-loop remote maintenance.
• The impact of design choices for haptic assistance on that task performance.

The aim of this thesis is to:

• Provide generic analysis techniques that enable identification of the most dif-
ficult and time-consuming aspects during teleoperated maintenance and also
enable quantification of potential improvements.

• Provide real-world quantitative data on remote maintenance performance at
fusion plant JET.

• Design haptic assistance for a generalizable task, and evaluate its performance
for different levels of telemanipulator quality.

• Evaluate the impact of design parameters of haptic assistance on task perfor-
mance during nominal and non-nominal task executions.

This knowledge should give directions to analyse and improve current teleoperated
maintenance situations (at e.g. fusion plant JET (UK)), and should also be useful
during the design of future remote maintenance systems such as the experimental
fusion plant ITER.
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1.5. Research Approach
Part 1 – Analysis: To better understand challenges in real-world remote mainte-
nance, the maintenance of the currently operational fusion plant JET will be studied.
The JET Remote Handling team has a unique and extensive body of experience with
complex remote maintenance tasks, that has never been rigorously analysed and
made public. An analysis based on task logbooks of recently performed mainte-
nance will be done to get quantitative insight on time performance at task level and
this objective data will be complemented with operator interviews about promising
improvements. This approach is useful for analysis of larger tasks and subtasks,
but not accurate for detailed analysis. Furthermore, analysis of real data has some
inherent limitations: the inherently low number of qualified operators (n=3), lim-
ited repeatability, and no access to other variables (e.g. positions, speed, contact
forces) than execution time stamps and recorded video data. To get more detailed
insight and to overcome these limitations, an exploratory experiment will be per-
formed with a simulated remote environment, to test a phased task analysis going
into more detail each phase. This analysis technique will be validated afterwards
with video data of real executed JET data, which enables to validate results up to
the ‘within subtask’ level (elemental actions).

Part 2 – Design and evaluation: Based on the detailed quantitative data of
limitations in teleoperated task performance, haptic assistance designs are made.
First a proof of concept of haptic assistance will be provided in a simplified setting
with a planar 3-DOF telemanipulation setup and a task without non-nominal situ-
ations. Subsequently, local and entire path guiding designs will be evaluated in a
realistic 6-DOF task environment, including task anomalies to measure behavioural
adaptation.

1.6. Thesis Outline

T he remainder of this thesis is organized in six chapters: three chapters on anal-
ysis of the problem, two chapters that explore potential solutions (see Fig. 1.4

for a schematic overview), and a final chapter with discussions and overall conclu-
sions. The first part (chapters 2, 3 and 4) describes analyses on the current level
of task performance during teleoperated maintenance, providing insight in where
and how to improve task performance and how much there is to gain. Chapter
2 provides a quantitative analysis of real executed maintenance on task level. In
chapter 3 a more detailed analysis is proposed and applied in an exploratory exper-
iment using VR. In chapter 4 this detailed analysis was validated on real performed
maintenance using video analysis. The second part (chapter 5 and 6) contains ex-
perimental studies which assess the effect of proposed haptic shared control strate-
gies on task performance. The aim of chapter 5 is to provide a proof of principle
for a haptic shared control design and the corresponding evaluation. Chapter 6
aims to answer the question to what extent two different haptic assistance designs
incorporate unwanted behavioural adaptation of the operator. Finally, chapter 7
contains a general discussion and conclusions on how to analyse and improve tele-
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operated performance during maintenance tasks, including design guidelines and
recommendations for future research.

Chapter 3
 How to identify and quantify bottlenecks 
in task performance during teleoperated 
maintenance: a case study in VR
 

Chapter 4
 Phased Task Analysis of real executed 
teleoperated maintenance at JET -  identify 
and quantify potential improvement 
 

Chapter 5
 Proof of principle of haptic assistance 
strategies for nominal task situations
 

Chapter 6
 Experimental validation of haptic 
assistance strategies for a realistic 6DOF 
task including non-nominal situations
 

Chapter 2
 What to improve in real executed 
teleoperated maintenance? A general 
analysis 
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Figure 1.4: Schematic overview of the relations between the chapters in this thesis. The arrows indicate
how chapter contributions formed the basis for the following chapter.
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2
Human-in-the-Loop

Teleoperated Maintenance at
JET: A Task Analysis Based
on Logbooks and Operator

Interviews

Remote maintenance will determine the available uptime of future fusion
plants such as ITER. Experience at predecessor JET showed that a human-
in-the-loop teleoperated approach is crucial, although this approach entails
drawbacks such as the unavoidable extensive operator training and rela-
tively long execution times. These drawbacks are common knowledge, but
little quantitative research is available to guide improvements (such as im-
proved training methods, or active operator support systems). The aim of this
chapter is to identify the key areas for further improvement of teleoperated
maintenance. This is achieved by a task analysis based on recent main-
tenance at JET, using task logbooks, video analysis for two case studies,
as well as interviews with experienced master-slave operators. The result-
ing task analysis shows the (sub)tasks that were most time-consuming and
shows a large variance in time performance within operators, but also sub-
stantial differences between qualified operators with different levels of ex-
perience. The operator interviews indicate that intuitive (virtual) visual feed-
back and artificial (guiding) forces are promising directions for improvement.
Future research will focus on the application of haptic guiding strategies.

This chapter is based on the publication: ”Task Analysis of Human-in-the-Loop Tele-operated Mainte-
nance: What Can Be Learned From JET?” in Fusion Engineering and Design (2014) [1].
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2.1. Introduction

R eliable and time efficient remote maintenance will be essential for future fu-
sion plants such as ITER, since maintenance time will limit the uptime of the

plant [2]. At the Joint European Torus (JET) - currently the largest nuclear fusion
device with a fully operational Remote Handling (RH) system - the maintenance
team has already built up an extensive body of experience with complex remote
maintenance tasks. To be able to deal with the unpredictable nature of the mainte-
nance required, a human-in-the-loop approach is crucial [3]. The flexibility of this
approach is however counterbalanced by the required extensive operator training,
high operator workloads, human errors and relative long execution times. In the
current situation, performance of the best skilled and most experienced operator
(e.g. low execution times, less errors) is the benchmark. But can task perfor-
mance go beyond this benchmark? Or can we reach this benchmark performance
more robustly, faster and with less requirements for operator skills (more effective
training; non-expert learns to operate as expert more quickly)? Performance im-
provements by improved tools (e.g. visualization, haptics, support systems) or by
improved training seems promising from laboratory investigations [4–6]. However,
little quantitative research about difficulties in real-life task execution is available to
guide these improvements.

The goal of this chapter is to identify and quantify opportunities for improve-
ment of teleoperated task performance during maintenance in hard-contact envi-
ronments. Planned maintenance at ITER will be taken as a concrete use case. A
possible and insightful way to analyse expected RH task performance for specific
ITER tasks is to execute RH tasks in a simulation (as done in e.g. [7]). We propose
to expand on these efforts through an alternative approach: to analyse real-world
RH maintenance at JET, the best comparable situation to ITER. Although an exten-
sive amount of descriptive information about JET RH experience is already available
in literature (e.g. [3, 8, 9]), more detailed data analysis of tele-operated task execu-
tion (e.g. execution times and errors) is needed. Recently, data analysis of RH task
execution was used to improve the RH planning [10], but besides that not much
collated operational data is available. This chapter analyses the body of experience
from recent shutdowns at JET, to investigate and quantify the main limitations and
challenges of the current human-in-the-loop RH operations and to identify the key
areas for further task execution improvement.

2.2. Method
2.2.1. Study Design
The analysis of master-slave task performance is based on logged operational data
and recorded camera views. Reliability and execution time are key issues in ITER
maintenance. In this study we therefore tried to identify most time consuming
(sub)tasks, investigate differences between operators (n=3; all available official
master-slave operators at JET) with different level of experience, and identify errors
during task execution. To get more insight in the time variation, case studies of a
long and a short execution were performed.
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Besides the objective analyses, all official master-slave operators (n=3) were
asked to rate 8 potential directions for improvement using a 7-point Likert scale. The
8 potential directions for improvement are based on the current situation, operator
input and literature: verbal instructions, camera views, Virtual Reality (VR) views
[8], VR overlay [4], Natural Force Feedback (NFF), Forbidden Region Virtual Fixtures
(FRVF), artificial guiding forces [6, 7] and training.

2.2.2. Master-slave Operators
Becoming a good master-slave operator requires a specific scarcely available set
of skills (e.g. good visual-spatial ability and eye-hand coordination), which com-
plicates the finding of good operators. At JET the operators are put through an
extensive selection and trainings procedure before they become qualified master-
slave operators. During the last maintenance shutdowns there were only three or
four official master-slave operators at JET. The analysed tasks were executed in
January and March 2011 by three qualified operator with the following experience
levels (months of shutdown operations, up to January 2011): A-33 months, B-12
months, C-2 months. For some part of the tile installation a novice operator was
joining operator A. This data was excluded from the analyses since it is not clear
who was controlling the master-slave system.

At the time of the questionnaire (January 2013), the operator pool had slightly
changed (operator D had succeeded operator C). The corresponding operator expe-
rience levels (months of shutdown operations, up to January 2013): A-40 months,
B-19 months, D-8 months.

2.2.3. RH System Configuration
The core of the remote maintenance system at JET consists of a dexterous 2-armed
master-slave telemanipulator called Mascot [11]. The Mascot slave is situated on
the end of a multi-jointed Boom, which enables movement through the torus [12].
A second boom carries task modules, providing tools and components close to the
working spot. Bilateral control between master and slave is implemented via joint
based position error control. Besides the standard control, the operator can use
several assistive features: full/partial gravity compensation, force multiplication and
simple fixtures (locking of degrees of freedom). The Mascot operator gets visual
feedback from multiple (adjustable) real camera views complemented with a VR
view of the remote environment.

2.2.4. Task Description
The primary JET maintenance task that is analysed is the installation of the ITER
Like Wall (ILW) Poloidal Limiter (PL) tile carriers. The JET vessel contains 10 Poloidal
Limiter beams with each 25 ILW PL tile carriers (see Fig. 2.1).

The tile carriers weight approximately 10 kg and have a beryllium surface which
should be carefully handled. The installation is from bottom to top because of a
hidden bolt design. To do so, first a tile tool is mounted to the tile carrier, which
is removed directly after installation of the tile carrier to the PL beam. A complete
list of (master-slave) subtasks of the tile carrier installation is shown in Fig. 2.2.
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Figure 2.1: Left: 1 of the 10 Poloidal Limiter Beams in the JET vessel. Right: ITER Like Wall (ILW)
Poloidal Limiter tile carriers - 25 per beam - have to be installed from bottom to top. Note that the tiles
are mounted like roof-tiles with a significant overlap.

Such tile carrier placement tasks are not foreseen in ITER. Nevertheless, the sub-
tasks are highly relevant for ITER maintenance: placement of components (multi-
point/complex contact tasks), bolting, inspecting, etc.

Remote Handling includes not only the execution of the master-slave tasks itself,
but comprises a broad range of supportive tasks as slave robot positioning, adjusting
cameras to obtain appropriate visual feedback, task planning and logistics of tools
and components [9]. The RH process should be designed in such a way that the
lead time is mainly determined by the master-slave tasks, and not by the supportive
tasks. This chapter will focus on the human-in-the-loop master-slave tasks only.

In this chapter the data of two PL beams, in total 50 tile carriers, is analyzed:
PL4D (start date 25-01-2011) and PL4B (start date 22-03-2011).

Tile 38 (w12 PL4B) is a diagnostic tile which required slightly different subtasks,
and was therefore excluded in analyses involving the complete tile installation.

2.2.5. Data Description
The JET RH team works with an extensive Operation Documentation System (ODS)
which is based on a relational database [8, 9]. All performed RH tasks of the last 10
year are systematically logged in this system; the Responsible Officer in charge logs
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all subtasks when going through the task procedures and process flow diagrams.
The system is not primarily designed for task time analysis, but could be used for our
analysis by taking into account the following limiting characteristics. First of all, the
time data contains some noise as the logging was not necessarily perfect in time,
especially short tasks (< 2 min) were often logged as a couple at a time. Secondly
lunch/diner times were sometimes included in the data without notification. The
filtering and correction of this effect is carried out, but could introduce uncertainty
or even systematic effects in the data. To deal adequate with these limitations of
the data, 50 repetitions of the same tasks were included in the analysis and only
longer tasks were assessed.

Because the execution time data has a (positive) skewed distribution, it is de-
scribed with the median and the 1st/3rd quartiles. In addition, the sample mean is
shown, since it is found to be the best estimate for the population median for small
sample time studies [13]. The non-parametric Mann-Whitney U-test was used to
investigate the differences in execution time between operators.

Besides the data from the ODS system, video recordings of the task execution
have been used for a more detailed time analysis of two case studies (section 2.3.2)
and to identify anomalies in task execution (section 2.3.3). The 4 available camera
views allowed to follow the task execution in detail.

2.3. Operational Data
2.3.1. Results from the Logged ODS Data
The results are shown per subtask, per tile and per operator.

Subtasks of the Total Task
Fig. 2.2 shows a pie chart containing all master-slave subtasks for the complete
installation of the 50 ILW PL tile carriers to beams D4 and B4. The total task duration
was 21 hour and 16 minutes. The subtasks which required most time: ‘install tile
to beam’; 328 minutes (30% of total time) and ‘torque bolts’; 223 minutes (17%
of total time). The task sequences of these two most time consuming subtasks will
be analysed in more detail in section 2.3.2.

Execution Time per Tile
The execution time per tile is shown in Fig. 2.3 and the descriptive statistics are
shown in Table 2.1. The median installation time per tile is 21 minutes (mean =
25.5 minutes). The variation in execution time is quite large (interquartile range
q1/q3 = 16/29 minutes).

Time Performance per Operator
The large variation in Fig. 2.3 is partly caused by variance within operators, but
also a difference in task performance between operators was found (see also Table
2.1). The difference between operators is visualized in Fig. 2.4 using a cumulative
distribution function:
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ILWPLT [4D/4B] − Master−slave tasks − Total duration: 1276 min / 21:16h
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Figure 2.2: Task completion time of master-slave subtasks for installation of the 50 ILW Poloidal Limiter
Tile carriers on beam 4D/4B. For this chapter it is not relevant to further detail the nature of all subtasks:
the take away message of this figure is that subtasks ‘install tile to beam’ and ‘torque bolts’ required 47%
of the total time. Improvement of these subtasks potentially has large impact on the total maintenance
time.

Figure 2.3: The execution time of master-slave tasks per tile carrier. The bar colour shows which
operator was on shift. Marked tile installations (●) are performed by a single operator and are used in
further analysis. *Tile 4 and 11 are used for video analysis (see section 2.3.2). **Tile 38 is a diagnostic
tile with extra actions, and is excluded from the analyses.

Table 2.1: Descriptive statistics - Task completion time per tile (master-slave tasks) shown for all execu-
tions and per operator. The distribution of the time data is skew to the longer execution times, therefore
the median, the mean and the 1st / 3rd quartiles are reported.

All Op. A Op. B Op. C Op.A+n
Median 21.0 19.0 17.0 37.5 23.5
(mean) [min] (25.5) (18.9) (21.0) (38.7) (27.3)
q1/q3 [min] 16/29 14/22 16/25 26/47 16/35
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𝐹(𝑡) = ∑𝑛(𝑡 ),

where 𝑛(𝑡) is the relative amount of tiles with execution time t. 𝐹(𝑡) than reflects
the proportion of tile executions with a duration time less than or equal to t.

Between operator A and B no significant difference was found (p=0.54, Mann-
Whitney U-test), but between operator A and C (p=0.004) and operator B and C
(p=0.006) a significant difference was found. The found difference is, as expected,
related to operator experience.

The same differences between operators were found for the two most time
consuming subtasks ‘Install to beam’ and ‘Torque bolts’.
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Figure 2.4: Cumulative distribution function of the total execution time (master-slave tasks) per ILW
Poloidal Limiter tile carier, shown per operator. Only the 37 executions performed by a single operator
(marked (●) in Fig. 2.3) are included. Note that the effect of training is clearly borne out by the data. In
addition, a variation of task duration for the same operator can be appreciated in the data (the variation
in the length of the horizontal lines).

2.3.2. Two Case Studies Based on Video Data
In order to understand the large variation in task completion times, video data
was analysed for the subtasks ‘Install to beam’ and ‘Torque bolts’. This was done
for a fast and a slow executed tile installation: tile 11 (total duration 11 minutes)
and tile 4 (total duration 63 minutes), see also Fig. 2.3. The results of the time
analyses is shown in Table 2.2 and Table 2.3. In general it could be noted that the
movements for the fast installation (tile 11) were smoother and more dexterous than
for the more time consuming installation (tile 4). The largest differences in time
performance between operators were identified for the following task elements:

a) Collect bolt runner. In both cases the operators struggled to obtain the right
slave gripper orientation to pick up the bolt runner. Tile 4: The operator
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Table 2.2: Break-down of execution time for subtask “Install to beam’, based on video data.

“Install to beam”
Duration [s]

Tile 4
(slow)

Tile 11
(fast)

Position on beam 100mm above previous tile 19 26
Lower to final position 35 38
Release Lower (Gold) Tool Grip 20 7
Collect in Fastening (SILVER) 45 25
Run in both Tile bolts (2 Nm max) 116 41
Fasten both Dowel Bolts fully 76 55
Fasten Tile Bolt 1 (8Nm) 15 20
Fasten Tile Bolt 2 (8Nm) 19 15
Inspect Installation 0 0
Total time: 345 227

a,b: largest difference in time performance, see item ”a/b” in section 2.3.2 for a description of the task
execution

Table 2.3: Break-down of execution time for subtask “Torque Bolts’, based on video data.

“Torque Bolts”
Duration [s]

Tile 4
(slow)

Tile 11
(fast)

Torque Tighten Bolt 1 (25Nm) 95 74
Torque Tighten Bolt 2 (25Nm) 112 52
Inspect Installation - 18
Total 207 144

c: largest difference in time performance, see item ”c” in section 2.3.2 for a description of the task
execution

slightly misaligned the bolt runner which caused wedging in the holder and
resulted in extra delay.

b) Run in both tile bolts. Tile 4: Obtaining the right position and orientation of
the bolt runner took a long time.

c) Torque tighten bolt 2. Tile 4: Positioning of the torque wrench during place-
ment and the removal took a long time. Furthermore tool pick-up from tool
tray or floor could take up to 3 minutes. Operators often had to dig out the
right tool and because the tools are not fixed, they slipped and rotated away
during gripping.
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2.3.3. Anomalies
In addition to the strong correlation of time performance and operator experience,
a variety in task duration can be recognized per task per operator. These are partly
due to the following deviations from the task-protocol:

• Wrongly prepared tile carrier (tile 1); two dowels were placed in the wrong
order, which caused a clash during placement of the tile carrier. It took 1 hour
for the operator to find out what was wrong and to correct it.

• Torque wrench with wrong key (tile 1). It took 15 minutes to find out why
the bolt was not turning.

• Clash during placement (tile 3); after inspection with a handheld camera it
appeared that outside the line of view a piece of weld remnant attached to
the vessel wall was causing the clash. It did take 1 hour and 6 minutes to
find this out.

The durations of the first and third anomaly were not accurately logged in the time
log files, and are therefore not included in the time analysis (e.g. figure 2.3).

2.4. Operator Interviews

T o complement the objective analysis, a questionnaire was presented to all offi-
cial operators (n=3) to identify opportunities to improve task performance, and

to identify needs for improvement. The results are shown in Fig. 2.5. In the current
situation, visual feedback to the operator was mentioned as one of the most impor-
tant factors related to task performance (average rating: 2.3). The operators prefer

Figure 2.5: Mascot operator opinions about promising directions to improve teleoperated task perfor-
mance. Categories: Verbal instruction, Camera views, Virtual Reality (VR) views, VR overlays, Natural
Force Feedback (NFF), Forbidden Region Virtual Fixtures (FRVF), Guiding Forces and Training.
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a camera view from their perspective, complemented with two orthogonal views to
get a good 3D perception. At JET the quality of the camera views is quite high (up
to HD quality), but intuitive views are often not possible and/or take quite some
time to acquire, which results in a degraded task performance. Improvement of
visual feedback, including the improvement of Virtual Reality, Virtual Overlays and
view management is believed to be an effective way to improve task performance.

In general, the current natural force feedback via the master-slave system is
perceived as sufficient (average rating: 0.3). However, artificial assistive forces to
protect certain components or guiding forces during task execution deemed promis-
ing (average ratings: 2 and 1.3 respectively).

Training is currently already an important part of the preparation, but is limited
by hardware availability (RH system and components/tools). More training time
and more specific training is expected to improve task performance (average rating:
1.3).

2.5. Discussion

A nalysis of the installation of the ILW PL tile carriers showed a large variation in
master-slave task performance within operators and between operators. Part

of this variation is inherent to the nature and unpredictability of the maintenance
tasks; non-standard tasks will take extra time. Another part of the variation in
execution time is related to operator skills. Decreasing the time variance between
repetition could increase time performance up to 57%. The video analysis for the
two case studies showed that the less experienced operator moved less intuitively
and dexterously: an improvement up to 25.9% is possible if all operators would
work at the experienced level. Both situations shows room for improvement: either
better training or employing operator support tools might enable less experienced
operators (in a faster way) to perform tasks at a more experienced level.

A promising research direction to improve operator task performance is the
use of artificial guiding forces or haptic shared control [14]. Preliminary research
showed promising results for haptic shared control in a simplified 3 DOF master-
slave setup [5], and in a 6 DOF case with a virtual slave [6], but it remains uninves-
tigated for real tasks as maintenance at ITER. The presented analyses of the two
case studies at JET, showed time consuming positioning and orientation phases
which might benefit from artificial guiding forces. Tasks which are expected to
benefit from guiding forces include: picking up of tools and components, free air
movements especially during difficult conditions (e.g. no intuitive visual feedback,
difficult robot/task orientations) and contact tasks involving motion.

The JET operators rate visual feedback as one of the most important factors
related to task performance. Literature provides also objective data which shows
the importance of visual feedback quality for task performance in teleoperation [15].
Besides the improvement of real visual feedback (quality/ zooming/viewpoints/3D),
which is often limited by practical issues and the situation at the remote environment
(e.g. hazard conditions like radiation, restricted space), further development in VR
and augmented visuals is important. A promising research direction is synthetic
viewing, which combines data from 3D models with real-time sensory information
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into a real-time up to date model. Such a calibrated model allows for a wide range
of assistive functions, e.g. ‘see through’ obstacles that are blocking the camera and
highlights in a virtual overlay [4], and even haptic assistance [5, 6].

Additional training of master-slave tasks is another potential approach to im-
prove task performance. The apparent learning effect during the shift of the least
experienced operator (see Fig. 2.3) should be investigated for a larger data set, but
suggests that offline training of specific tasks just before the real execution would
improve performance. To make training more flexible and less dependent on avail-
ability of hardware, a promising approach is training in Virtual Reality with a physics
engine to simulate dynamic effects and contact forces (e.g. used in [5, 6]). Audio
feedback was not mentioned and rated as potential improvement by the operators,
but could be beneficial for improvement of certain tasks.

Since the available logbook data was initially not intended for detailed task anal-
ysis, it suffered from several limitations as mentioned in the methods section. To
allow for more detailed task analysis and a better understanding of the task exe-
cution we recommend more precise logbooks (resolution and accuracy), possible
linked with recorded positions/forces and ideally also linked with video data.

Note that given the small amount of available trained operators (n=3) future
research into real-life task execution cannot include more relevant subject, but could
and should focus on understanding more and different tasks.

2.6. Conclusion

A detailed analysis of master-slave tasks during remote maintenance at JET iden-
tified the most promising tasks and directions for performance improvement of

RH at future fusion plants. Analysis of log files and video data of the placement of
50 ILW Poloidal Limiter Tiles showed:

• There is a large variation in execution time between task repetitions (between
and within operators): ranging from 11 to 63 minutes. For this case, the total
task duration would improve with 57% if all task repetitions would take 11
minutes.

• Subtasks ‘Install on beam’ (position and place tile carrier on beam) and ‘Torque
bolts’ (tighten bolts) required most time, resp. 30% and 17 % of the total
time. Time improvements for those subtasks would be most effective to im-
prove total execution time.

• The difference in time performance between operators is related to the amount
of experience: the average task execution time for the most and less experi-
enced operator are resp. 18.9 and 38.7 minutes. For this case, the total task
duration would improve with 25.9% if all operators worked at the experienced
level.

Potential ways to improve task performance include instruction, (artificial) force
and visual feedback and training. The natural force feedback is perceived as good
enough by the operators, so improvement of haptic transparency does not seem
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an important area to focus on, according to the operators. This is in line with
findings in literature that improvement of haptic transparency is only efficient up to
a certain level [16]. On the other hand, operators indicated they would welcome
augmented feedback from artificial forces to protect the environment and haptic
shared control to guide during tasks. Furthermore it was indicated by the operators
that the quality of visual feedback (intuitive views, time needed to obtain views)
is strongly related to task performance. Therefore, improvements in VR, virtual
overlay and view management are expected to be beneficial. Future work in our
group will focus on further understanding the most promising areas for supporting
operators, and on designing and evaluating such support systems.
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3
A Phased Task Analysis
Approach to Quantify
Bottlenecks in Task
Completion Time of

Telemanipulated
Maintenance

Telemanipulation techniques allow for human-in-the-loop assembly andmain-
tenance tasks in otherwise inaccessible environments. Although it comes
with limitations in achieved performance - required strict operator selection
and extensive training are widely encountered - there is very little quantita-
tive insight in the exact problems operators encounter during task execution.
This chapter provides a novel hierarchical task analysis approach to iden-
tify the most time-consuming subtask elements and to quantify the poten-
tial room for performance improvement during telemanipulated maintenance
tasks. The approach is illustrated with a human factors case study in which
5 subjects performed six generic maintenance tasks, using a six degree of
freedom master device connected to a simulated task environment. Overall it
can be concluded that the proposed Three Phased Task Analysis is a useful
tool to guide improvements since it is able to relate high-level problems (e.g.
large variability) to behaviour on lower task-levels.

This chapter has been submitted for publication.
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3.1. Introduction

W hen human interventions are required in hostile environments, telemanipula-
tion is needed. An example is the envisioned teleoperated maintenance for the

experimental nuclear fusion plant ITER [1], which is foreseen to require challeng-
ing maintenance in an environment with high radiation levels and toxic materials.
Efficient maintenance is one of the key factors to the success of ITER and other
future fusion plants: maintenance limits the uptime of the plant and should be exe-
cuted in the shortest possible time-frame [2]. In general, the performance of such
remote task execution is limited (long execution time, limited accuracy, errors) and
prone to high workloads [3, 4], even though operators passed a very strict selec-
tion procedure and an extensive training period [3]. This illustrates how difficult
and challenging execution of remote maintenance is.

While many efforts have been made to improve task execution by for exam-
ple proper design of the telemanipulation device (improved transparency through
hardware [4–6], and control [7–9]), improved visual feedback (e.g. stereoscopic
viewing, augmented visual feedback [10, 11]), and guidelines for the design of
the task environment (e.g. the Design for Assembly approach[12, 13]: captive
bolts, mechanical alignment features, grip features, etc.), there is still limited in-
sight about what exactly complicates task execution and how this is reflected in the
task execution. For example, are the long execution times the result of slow mo-
tions, inefficient motion coordination or errors and restarts? Currently, most valu-
able contributions to understand complicating factors in remote maintenance tasks
are high level and assumption-based [4]: an expected specific cause (e.g. limited
transparency, 2D viewing, sense of presence) is manipulated, and subsequently
task performance is experimentally evaluated with high-level metrics, usually exe-
cution time. Although such an approach can quantify overall improvements, it can’t
give insight into the underlying behaviour that causes these improvements, such
as: timing, variability, repeatability, trajectories and exerted forces. Insight in the
relation between high-level task execution and low-level kinematic and dynamic de-
scription of operator behaviour would be very useful to guide possible directions for
further improvements. Furthermore, it enables to see ’high-level’ research results
in the context of achievable improvements on a skill-based level.

Task analysis can be a powerful tool to give insight in task execution and to iden-
tify potential improvements in human-machine interaction [14]. Although widely
used in other fields (e.g. surgery [15, 16]), it is, to the knowledge of the authors,
hardly used for (non-medical) teleoperated task execution. In a previous study by
the authors (chapter 2, [17]), a high-level task analysis was performed on logbook
and video data of real executed remote maintenance tasks at the operational fusion
facility JET (the closest comparison to the envisioned maintenance at ITER). The
high-level results provide insight in the overall execution time of tasks and effects
of the operator‘s level of experience on time performance. Detailed task analysis of
subtasks was however not possible with the available logbook data and would re-
quire additional detailed video analysis. Although the available unique operational
logbook and video data is a very valuable source for task analysis, it also has some
limitations. Since the data does not origin from a measurement in a controlled
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laboratory environment, it contains inherent uncertainties (e.g. deviations from
task protocol, unclear waiting times), complicating reliable analysis. Furthermore,
besides task-completion-time, no objective data is available about the skill level ex-
ecution like performed trajectories and exerted forces. To gain more insight in how
to improve teleoperated maintenance, it is important to perform more detailed task
analyses which study the relationship between high-level tasks performance and
low-level kinematic and dynamic data.

The main objective of this chapter is to determine and illustrate a task analysis
approach to identify which aspects of teleoperated maintenance tasks are bottle-
necks in terms of task completion time - and to quantify the potential for improve-
ment. A case study with six fundamentally different tasks, selected to cover a wide
spectrum of possible tasks, will be used to show that the proposed approach is a
general approach to compare and assess task execution. A key element of a sys-
tematic approach in this study is the application of a controlled Virtual Reality task
environment, ensuring repeatability and facilitating the detailed measurement of a
large amount of task execution variables. Specifically, we will carry out six repre-
sentative, complex tasks, and analyse in detail the duration of those tasks and the
complications associated with. The task completion time, and the variety therein,
are used as a proxy for the task complexity and potential room for improvement.
The complex tasks will be broken down to well specified atomic tasks. The variation
of the task completion time of these atomic tasks can then be associated with spe-
cific skill-based behaviour (e.g. trajectories, contact forces, etc.) measured with
the VR system.

The selection of suitable task analysis techniques will be presented in section
3.2, along with a survey on task definition/selection. Section 3.3 describes the
human factors case study in detail, with section 3.4, 3.5 and 3.6 describing the
results, discussion and conclusions.

3.2. Task Analysis
3.2.1. Selection of Task Analysis Techniques
Since the early 1900s, the field of ergonomics developed, enabling better descrip-
tion and analysis of human involvements in systems with the aim to discover more
efficient ways to perform tasks. A main contribution to the field has been the devel-
opment of task analysis approaches to help focus research and solutions (see Kirwan
and Ainsworth [14] for a review). The most used and most generic approach is the
Hierarchical Task Analysis (HTA) [18], that decomposes high-level tasks (goals) into
a hierarchy of subtasks (sub-goals), and relates these to the corresponding required
conditions. One of the key features of HTA is that “the hierarchical structure enables
the analyst to focus on crucial aspects of the task within the context of the overall
task” [14], for example by focusing on the largest error variance [18]. Furthermore,
HTA can serve as a framework which provides justification and boundaries for other
specific task analyses approaches, like procedure analysis, workload assessment,
task frequency analysis, time and motion studies, etc. A large amount of theo-
retical and procedural literature exists about HTA (e.g. [18, 19]) and the method
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is applied to a wide range of applications, e.g.: interface design and evaluation,
allocation of function, and supervisory control of complex systems. Examples of
specific analysis of skill-based tasks can be found in the medical field to assess and
evaluate surgeons’ technical skills [15] or to evaluate new techniques, protocols and
instruments by assessing task performance [16]. For analysis on skill level, HTA can
be combined with other more detailed analysis techniques like: activity sampling
[14], time-line analysis [14], or time-action analysis [16]. Providing objective data
about number and duration of performed actions, the proportion of time spent on
different activities, and efficiency of actions. Additionally, observational techniques
can be applied to obtain data about behaviour aspects of the task execution [14],
preferably by using a checklist or a set of criteria, e.g. the ‘global rating scale’ [20],
to make the assessment process more objective.

Although a variety of task analysis techniques exist, applied to a range of appli-
cations, no specific literature was found on analysis and performance improvement
of (non-medical) teleoperated task execution.

Based on the summary above we selected a combination of existing task analysis
techniques which could provide relevant insight in task execution during teleoper-
ated maintenance. In this chapter, the task analysis is performed in three phases,
which are based on an HTA task decomposition with three levels of detail: task level,
subtask level, within subtask level. To obtain objective information on the distribu-
tions of execution time, activity sampling/time-action analysis is used in each phase
(task level). The amount of variance in (relative)time duration, which could indi-
cate task difficulty, is used to focus the analysis for the next more detailed analysis
phase. On the lowest task level also signal time traces, which capture skill-based
behaviour, are analysed.

3.2.2. Selection of a General Set of Tasks
The specific focus of this study is maintenance in hard-contact environments. Which
set of generalizable maintenance tasks to select for the case study? Based on
literature three possible ways to define or categorise tasks have been identified,
and are discussed below: a classification in terms of general function, a human-
centred classification, and a task-centred classification.

Teleoperated maintenance tasks in terms of functional perspective cover the
whole range of normal hands-on maintenance; mechanical cleaning, vacuum clean-
ing, MIG/TIG welding, visual inspection, sawing, filing, thread tapping, dust and
flake sampling, wiring loom installation, etc. [21]. For robot planning, these tasks
have been subdivided into more general manipulation primitives or elemental ac-
tions; e.g. move, approach, transport, place, push, slide, grasp, release [22, 23].

A second way to describe tasks is from the human controller point of view. The
human changes his control behaviour depending on the task. Well known (parts
of) tasks can be performed mainly based on feed forward, unknown and untrained
task rely more on feedback control. Furthermore, humans can intuitively adapt
their neuromuscular properties to enhance task performance: from very compli-
ant during a force task to very stiff during a position tasks [24]. An example of a
task classification considering different types of (sub)tasks can be found in [25], in
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which four fundamental motion types for a bolt and spanner task were defined; Free
air movement, Contact transition, Constrained translational movement and Con-
strained rotational movement. Besides the discussed human control approaches,
also higher level strategy plays an important role in how tasks are executed. An
example is the use of special mechanical alignment features (see Fig. 3.1 and Table
3.1), which are often used in telemanipulation situations. These alignment features
support an ‘assembly by constraint strategy’ (systematically reduce the degrees of
freedom) and enable task execution under poor feedback conditions, but they will
change the way the task is executed (e.g. approach angle, final placement).

Finally, a third way to characterise tasks is by their physical characteristics.

Figure 3.1: Defined state transitions during an assembly task using a RH compatible alignment feature
(red arrows indicate concerning thresholds, see Table 3.1), based on [26]. The placement strategy and
task becomes different by using this kind of alignment features.

Table 3.1: Placement strategy during an assembly task: staged kinematic constraint (see Fig. 3.1),
based on [26]

State transition Remaining DOF’s
Number Type

0 → 1 – Component within task manipulation space, d<3cm (free
space).

6
3 Translations
3 Rotations

1 → 2 – Component located on dowel end 6 (∼4)
3 Translations
(1 Translation)
3 Rotations

2 → 3 – Component located on long dowel pin 5 (∼4)
2 Translations
(1 Translation)
3 Rotations

3 → 4 – Component located on short second dowel pin 3 (∼1)
1 Translations
2 Rotations
(0 Rotation)

4 → 5 – Component fully in contact with mating face (fully in-
stalled)

0
0 Translations
0 Rotations
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Haynes et all. [27] defined a formal way of describing assembly tasks, based on the
15 fundamental contact possibilities. Mason [28] introduced the concept of com-
pliance frame: a coordinate system related to the task and aligned with the object
natural constraints. This was the basis for a hybrid control strategy which applied
position control for the degrees of freedom, force control for axis orthogonal to the
degrees of freedom. Bruyninckx [29] formalised and developed this approach fur-
ther into the Task Frame Formalism, which has been widely used in sensor-based
control.
For the case study, we decided to select 6 functional tasks (functional classification
approach), to stay close to practical applications. These 6 tasks (described in the
next section) were selected to have a wide variety of physical characteristics, or
task frames (task-centred classification approach). This variety is reflected in the
different combinations of unconstrained and constrained translational (t) and rota-
tional (r) degrees of freedom for the (final state of the) tasks. The task–centred
classification was used because it is a formal way to describe and distinguish tasks
and it allows analysis of task execution related to different task axes.

3.3. A Case Study
3.3.1. Subjects
Five right-handed subjects participated to provide data for the task analysis. The
subjects had a mean age of 24.6 year, with a standard deviation of 3.5 year. Their
experience with telemanipulation varied; 2 subjects (subjects 1 and 2) had 30-
40 hours experience, 1 subject (subject 3) had around 5 hours experience and 2
subjects (subjects 4 and 5) had no experience with telemanipulation. The study
satisfied the guidelines stated by the Human Research Ethics Committee of the Delft
University of Technology.

3.3.2. Task Description
The subjects performed six basic telemanipulation tasks which were selected to
cover a wide variety of characteristics according to the defined categorization. The
six tasks are (see Fig. 3.2):

A) Visual inspection: Move with the robot hand to the hand-held camera start
position (S), grasp the camera (grip feature), move to and inspect plane 1,
2 and 3, respectively, and bring the camera back to the start position (S).
Inspection of the planes was defined as the identification of the randomly
placed small white characters on the black planes (for more detail, see [32]).
Collisions should be avoided. Subtasks: Move, grasp, transport. Physical
characteristics: unconstrained (3t,3r).

B) Assembly task; Move with the robot hand to the tube assembly, grasp the
tube assembly (yellow grip feature), transport the tube assembly to the desti-
nation and place the tube assembly fully aligned. The task was finished when
the subject assessed the placement to be successful. The actual success of
the trial was assessed later on during the analysis. Notice that a placement
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Figure 3.2: The six experimental tasks; A-Visual inspection, B-Assembly, C-Bolting (Fig. 3.3), D-
Polishing, E-Peg-in-hole, F-Cable placing. Start position of the tool is marked by ‘S’. See [30, 31] for
videos of task A and D.

strategy as mentioned in Table 3.1 and Fig. 3.1 was not explicitly mentioned.
Subtasks: Move, grasp, transport, place. Physical characteristics: constrained
(3t,3r).

C) Bolting: Move with the robot hand to the bolt runner (S), grasp the bolt
runner, move to the bolt head, rotate the bolt a quarter of a turn and return
the bolt runner (S). Subtasks: Move, grasp, transport, place, push. Physical
characteristics: unconstrained (2r), constrained (3t,1r).

D) Polishing: Move with the robot hand to the polisher (S), grasp the polisher
(yellow grip feature), move to and polish plane 1, 2 and 3 respectively (see red
arrows and black planes), and bring the polisher back to the start position (S).
Polishing was finished when the black planes (each subdivided into 8 sections)
had disappeared completely. The opacity f of the black plane subsections
changed from 0 to 1 according to the next equation:

𝑓(𝐹, 𝑉) = (∑𝐹 • 𝑉 ) • 𝐾effort

with 0 ≤ 𝑓 ≤ 1, and a fixed gain 𝐾effort.
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Subtasks: Move, grasp, transport, place, apply pressure + slide. Physical
characteristics: unconstrained (2t,1r), constrained (1t,2r).

E) Peg-in-hole: Move with the robot hand to the welding tool (S; placed in a
stand), grasp the welding tool, move the welding tool to the tube and insert it
completely. Subtasks: Move, grasp, transport, slide. Physical characteristics:
unconstrained (1t,1r), constrained (2t,2r).

F) Cable-placement: use the robot hand to grab the cable from the table (S)
and wrap the cable around the markers as indicated (see Fig. 3.2F). Sub-
tasks: Move, grasp, transport, place, release, (repeat until finished). Physical
characteristics: -

The initial position of the master and the slave device was identical for all tasks.

3.3.3. Experimental Setup
The experiment was performed using a Haption VirtuoseTM 6D master device (in
top-down configuration) [33] and a simulated slave and environment, available in
the Remote Handling Study Centre (RHSC) at FOM DIFFER. The master device pro-
vides a 6 DOF workspace with force feedback. Virtual Reality (VR) technology was
used to simulate the slave robot in an ITER-like environment. The virtual Bench-
mark tool [34] – designed to contain a reference set of representative ITER remote
handling maintenance tasks – was chosen as task environment. A rigid body simu-
lator, based on Nvidia PhysXTM technology, was used to emulate real-time contact
interaction, providing realistic feedback to the human operator [35]. A position-
error control architecture was implemented between the master and slave. The
master-slave control loop and physics simulation ran on 200-500Hz, depending on
the complexity of the scene. The subject was provided with visual feedback from the
remote (VR) environment via a computer screen (22inch, resolution: 1680x1050)
placed 1.5 meter in front of the subject. Besides an overview, 4 camera views were
provided on the left side of the screen, showing (from top to bottom) the hand-held
camera view, a top view and the views of cameras on the left and right slave arm
(Fig. 3.3).

3.3.4. Experiment Design & Data Analysis
At the start of the experiment, all subjects performed a general training session
to get used to the telemanipulation system. This general training comprised the
learning of master and slave workspace limits, position indexing of master with
respect to slave and gripping/releasing of objects. After this general training, the
subjects trained the six different tasks until they reached steady performance. The
actual experiment consisted of 4 repetitions for each task. The complete experiment
took around 2 hours.

Measured Variables & Metrics
To analyse how the teleoperated tasks are executed, a vast amount of variables
was recorded during the experiment, all sampled at 200Hz. Based on the recorded
data, a number of metrics was calculated to determine the task performance:
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Figure 3.3: Top: Schematic representation of the telemanipulation setup used for the experiments. The
human operator controls the simulated slave robot by manipulating a 6DOF master device (Haption
VirtuoseTM). The human operator gets visual, haptic and auditory feedback from the remote environ-
ment. Bottom: Screenshot of the visual feedback provided to the subjects; main view (1), front view
(2), top view (3), camera on left/right arm (4/5). The overlay with white and red characters is not visible
for the subjects.

• Task completion time (tct). The time it takes for a subject to complete the
(sub)task.

• Normalised task completion time (ntct). Completion time of a (sub)task nor-
malised to the fastest subject trial.

Besides task performance metrics, the following time traces were analysed for spe-
cific parts of the tasks:

• Position/rotation error. Position: Euclidean distance to the goal position. Ro-
tation: the swing rotation error with respect to the defined task normal.

• Translational/rotational velocity. The magnitude of the translational/rotational
velocity vector.

• Contact force. Magnitude of the linear/rotation force vector
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Data Analysis
The task analysis is performed in three phases, which is later referred to as the
Three Phased Task Analysis. Each phase comprises a different level of detail. Phase
I regards the task level, phase II the subtask level, and phase III the within-subtask
level (see Fig. 3.4). The task elements in the within-subtask level are called ‘states’
and are defined based on physical task constraints [27]. Fig. 3.1 and Table 3.1
show an example of the state levels for the Assembly task.

The main metric used in this analysis is the task completion time since it is a
general and relevant metric available for all tasks. Instead of using the absolute
completion time, which is not a very useful metric to compare completely different
(sub)tasks, a normalised completion time is used. Since the goal of the analysis is
to find potential room for improvement, the completion time is normalised to the
fastest subject trial. The difference between group average and the fastest trial
gives an indication for potential room for improvement. The most detailed analysis

Figure 3.4: The three phases of the applied Phased Task Analysis.
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during phase III comprises besides completion time also the analysis of signal time
traces which capture skill-based behaviour. The analysis starts in phase I with 6
different tasks, phase II and III only are only discussed for the task with the largest
normalised variation: the Assembly task (B).

3.4. Results

I n section 3.4.1, the results for each of the six tasks are presented. Section 3.4.2,contains the results for the selected subtask; the Assembly Task (B), which is
analysed per state in section 3.4.3.

3.4.1. Analysis Phase I - Tasks
Table 3.2 shows the task completion time for the six experimental tasks. The task
completion times for the different tasks are in the same range, with mean times
between 84 to 146 seconds. A large between-subject variation is observed for all
tasks, with standard deviations ranging from 33.7 to 89.1 seconds. Notable is that
subjects perform for the most part consistently over the different tasks (i.e. fast
subjects are fast for all tasks and vice versa). Fig. 3.5 shows the task comple-
tion time normalised to the fastest subject trial. The largest difference between
group average and fastest trial was found for the ‘Assembly Task’ (B) followed by
the ‘Peg-in-hole task’ (E) and the ‘Bolting Task’ (C), namely 78%, 67% and 63%,
respectively (Table 3.2). Also, these tasks show the largest normalised standard
deviation (between-subject variation relative to fastest trial), 2.6, 1.8 and 1.5 re-
spectively (Table 3.2).

Task B shows a relative high within-subject variation, especially when normalised
to the fastest trial: a mean normalised standard deviation of 2.87 in comparison
with normalised standard deviations between 0.2 and 0.61 for the other tasks (Table
3.2).

Table 3.2: Experimental results - Phase I; Task completion time per task

Tasks
A B C D E F

tct [s] 𝜇 111.2 138.9 84.5 114.1 146.8 119.0
𝜎BS 43.7 79.8 46.8 33.7 89.1 62.4
𝜎WS 11.2 88.1 18.6 27.9 29.3 29.2

Comparison to fastest trial

Fastest trial 57.5s 30.7s 30.5s 57.7s 49.1s 47.9s
𝜇 - fastest trial 53.7s 108.4s 54.0s 56.4s 97.7s 71.1s

48% 78% 63% 49% 67% 60%
ntct[-] 𝜇 1.93 4.52 2.77 1.98 2.99 2.49

𝜎BS 0.7 2.6 1.5 0.6 1.8 1.3
𝜎WS 0.20 2.87 0.61 0.48 0.60 0.61

=mean, BS = standard deviation between subjects, WS =mean standard deviation within subjects,
bold = mentioned in text.
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Figure 3.5: Analysis phase I. Task completion time for the six tasks per operator (4 repetitions , 3x 2
repetitions for Polishing), normalised to the fastest subject trial. The potential room for improvement
(group average->fastest trial) is largest for the Assembly task. The figure shows a large within-subjects
variation for task B.

3.4.2. Analysis Phase II - Subtasks
The Assembly Task (B) shows the largest difference in task completion time between
group average and fastest trial, and is analysed in more detail in this case study.
Task B can be divided into four functional subtasks: move, grasp, transport and
place. Fig. 3.6 shows the normalised task completion time for these 4 parts. The
‘grasp’ and ‘place’ parts show the largest difference between group average and
fastest trial; respectively 95% and 88% (Table 3.3). The execution of the grasp
subtask was characterised by a high number of failed grasps per trial; an average
of 5.4 failed grasps (maximum of 27). The cause of these failed grasps was clear
from observation: it appeared very challenging and time-consuming to grasp a free
floating and unsteady tool with a binary gripper. The average amount of failed
grasps was much lower for the other tasks, namely between 0.05 and 1.4.

3.4.3. Analysis Phase III - States
The ’grasp’ subtask showed the largest variation in time performance, but since
observations already revealed the origin of this variation, the third analysis step
of this cases study will examine the ’place’ subtask in more detail. To incorporate
task-context, also the preceding subtask ’transport’ is included in the analysis. Fig.
3.7 (bottom) shows the course of states during the task execution for 4 repetitions
by a typical subject. The top part of the figure summarises the cumulative time
per state for each subject repetition, which is part of Analysis Phase IIIA. The most
time was spent in state 1 (position long dowel in place) and state 0 (move with tool
to target place), see Fig. 1 and Table 3.4. The most variation in execution time was
found for state 1.
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Figure 3.6: Analysis phase II. Task completion time for the four subtasks of the Assembly Task (B), per
operator (4 repetitions). The potential room for improvement (group average->fastest trial) is largest
for the ‘grasp’ and ‘place’ subtasks (see also Table 3.3). In Fig. 3.7-3.8 the ‘transport’ and ‘place’ subtask
are analysed in more detail.

Table 3.3: Experimental results - Phase II; Task completion time per subtask - Task B: Assembly task

Subtasks
Move Grasp Transport Place

tct [s] 𝜇 4.7 80.3 15.1 38.8
𝜎BS 1.6 57.7 3.7 27.1
𝜎WS 2.3 66.0 5.7 22.5

Comparison to fastest trial

Fastest trial [s] 1.8 4.3 5.1 4.6
𝜇 - fastest trial 2.9s 76s 10s 34.2

61% 95% 66% 88%
ntct[s] 𝜇 2.5 18.8 2.9 8.5

𝜎BS 0.9 13.5 0.7 5.9
𝜎WS 1.3 15.4 1.1 4.9

=mean, BS = standard deviation between subjects, WS =mean standard deviation within subjects,
bold = mentioned in text.

Fig. 3.8 shows, for a successful and an unsuccessful placement from the same
subject, five relevant measured variables (Phase IIIB) related to the different states.
During the successful trial, the position and rotation errors with respect to the target
were gradually reduced. During the unsuccessful trial, especially the rotation error
stayed large. In general, the successful trial was much faster and more smooth,
with lower contact forces, and an increasing progress.
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Figure 3.7: Analysis phase IIIA - Assembly task (task B). Top: Cumulative time per state for each subject
repetition. States 0 (transport) and state 1 require the most time. Bottom: Typical example of states
(Fig. 3.1/ Table 3.1) during the ‘transport’ & ‘place’ subtasks of the Assembly Task (four repetitions of
subject 3). State 5 means fully placed. Note that not always the final state 5 is reached. Also note that
state 0 and 1 require most time and are therefore identified as possible candidates for improvement
(viz. decreased duration).

Table 3.4: Experimental results - Phase IIIA; Task completion time per state for the state ’transport’
(state 0) and ’place’ (state 1-4) of the Assembly task (task B)

States
0 1 2 3 4

tct [s] 𝜇 15.1 23.1 7.0 4.9 3.8
𝜎BS 3.7 15.5 8.8 3.8 4.7
𝜎WS 5.7 15.8 9.0 4.2 2.7

=mean, BS = standard deviation between subjects, WS =mean standard deviation within subjects,
bold = mentioned in text.



3.4. Results

3

43

Fi
gu
re
3.
8:
An
al
ys
is
ph
as
e
II
IB
-
As
se
m
bl
y
ta
sk
(t
as
k
B)
.T
im
e
tr
ac
es
ca
pt
ur
in
g
sk
ill
-b
as
ed
be
ha
vi
ou
r
(a
bs
ol
ut
e
fo
rc
es
,a
bs
ol
ut
e
lin
ea
r/
ro
ta
tio
na
lv
el
oc
ity
an
d

ab
so
lu
te
po
si
tio
na
l/r
ot
at
io
na
la
lig
nm
en
t
er
ro
r)
of
tw
o
ty
pi
ca
lt
ria
ls
of
su
bj
ec
t
3.
Fo
r
a
su
cc
es
sf
ul
tr
ia
l(
le
ft
):
al
ig
nm
en
t
er
ro
rs
w
ith
re
sp
ec
t
to
th
e
ta
rg
et
ar
e

gr
ad
ua
lly
re
du
ce
d,
w
hi
le
co
nt
ac
tf
or
ce
s
ar
e
re
la
tiv
el
y
lo
w
an
d
sm
oo
th
.
O
n
th
e
co
nt
ra
ry
,t
he
un
su
cc
es
sf
ul
tr
ia
l(
rig
ht
)
sh
ow
s
la
rg
e
ro
ta
tio
na
le
rr
or
in
pa
rt
ic
ul
ar

(s
ho
w
n
in
gr
ee
n)
,s
ug
ge
st
in
g
th
e
ro
ta
tio
n
is
di
ff
ic
ul
t
to
co
nt
ro
l.



3

44 3. A Task Analysis Approach to Quantify Time Performance

3.5. Discussion

W e proposed a Three Phased Task Analysis to systematically analyse six repre-
sentative virtual remote maintenance tasks at three levels of detail. In the first

phase the distributions in task completion times were analysed for each of the six
tasks, each of which could then be analysed at the level of abstract subtasks (e.g.,
move, grasp, transport) in the second phase, which in turn could each be analysed
at a signal-level (e.g., forces, positions, rotations) in the third phase. This allows a
coherent analysis of elementary operator behaviour underlying the observed differ-
ences in time-to-complete at phase 2 or phase 1. In this chapter, the task with the
largest potential improvement (phase 1), was chosen for further analysis in phase
2 and 3 to identify opportunities for improvement. The experimental results will be
discussed per analysis phase.

3.5.1. Task Analysis Phase I
The average task completion time over all subjects for each of the six tasks was
comparable (Table 3.1), which was the intention when designing the experiment.
However, some subjects completed tasks substantially faster than other subjects,
and with less variability. The better subjects (1,2,3) were generally faster for each of
the six tasks than the other subjects (4,5), who also showed much more variability
between identical repetitions of the task (Fig. 3.5). An additional observation from
Fig. 3.5 is that some tasks evoked this variability much more than others: Task D
(‘Polishing’) showed the smallest difference in completion time between the fastest
and the slowest subject (a factor of 2.1), whereas task B (‘Assembly task’) showed
the largest (a factor 4.6). If the fastest subject trial is taken as ‘ultimate reference’,
the highest potential improvement could be reached for task B (‘Assembly task’):
on average 108s or 78%.

3.5.2. Task Analysis Phase II
What is the origin of the observed variation in phase I? The subtasks that comprise
each of the six tasks were analysed in more detail in phase II. For this chapter,
the Assembly task (task B) was selected as an illustrative case because it showed
the highest variation (relative to the fastest trial). Task B consists of the 4 subtasks
‘move’, ‘grasp’, ‘transport’ and ‘place’, of which ‘grasp’ and ‘place’ showed the largest
variation. Based on the observations during the ’grasp’ subtask, it is expected that
the use of a tool stand (to constrain the tool) and the use of a non-binary gripping
interface, will reduce the execution time and its variation drastically. Regarding
the other subtasks of task B, the highest potential improvement - with the fastest
subject trial as benchmark - is found for the ‘place’ subtask: on average 34s or 88%.
A better understanding of the origin of this variation in execution time requires
analysis on a more detailed level.

3.5.3. Task Analysis Phase III
In Phase III the ‘transport’ and ‘place’ subtasks were analysed in more detail by
looking at the defined 5 different states within these two subtasks (Fig. 3.1). Anal-
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ysis Phase IIIA shows that 28% and 43% of the total transport + place time was
required for state 0 (transport) and 1 (alignment pin between 3 to 0 cm of the en-
trance) respectively. State 1 showed also the highest variation in execution time,
so appears most difficult. This can be explained by the fact that this part of the task
requires positional accuracy, but the mechanical alignment features are not assist-
ing yet, so all 6 degrees of freedom need to be controlled. In the later states, the
mechanical guiding features assist during the placement by reducing the remaining
degrees of freedom systematically. By design, the used guiding feature mainly as-
sists with constraining the translations, leaving the rotations largely unconstrained.

Phase IIIB gives more insight at a signal-level to understand the elementary
operator behaviour. The difficulty of rotations is reflected in the plotted time series
of an unsuccessful trial (see Fig. 3.8); the rotation error stays large (e.g. in state
4) and appeared difficult to control. This figure indicates the fidelity of the use of
VR for the detailed analysis of the task-understanding and execution of a single
operator. In principle, this could be extended to a variety of operators.
For task B, the mechanical alignment feature could easily be changed to also assist
for the orientation [26], but the current design is more representative for similar
type of tasks for which orientation is important and mechanical rotation guiding
features are difficult to implement (peg-in-hole tasks, cable placement, etc.).

3.5.4. General
The main opportunity for performance improvement identified during the three
phases of the task analysis is the reduction of the overall large variation in task exe-
cution (reflected in e.g. the task completion time). Particularly for fine positioning,
which appeared difficult and time-consuming (especially without mechanical align-
ment features). Literature implies that an important part of the observed variability
is related to operator skills and aptitude. Operational experience at JET stressed the
important role of appropriate operator skill and aptitude: only a small percentage
of humans has the required skills and aptitude to become a good master-slave op-
erator [3]. This experience corresponds with other human factors research which
identified three different groups of learners (e.g. [36]); high performers (at the start
of the training already high performing), low performers (doing poorly at the outset
and only marginally improving throughout the training), and transitional performers
(starting poorly, but improving rapidly early in training). The common practice to
deal with this is strict operator selection, which in this case would imply selecting
operator 1, 2, or 3 [3]. There remains, however, a substantial amount of between-
subject variability (and within-subject variability), which was also found during real
executed maintenance performed by experienced operators at JET, where even
between highly experienced operators statistically different task completion times
were observed [17].

Besides the differences between subjects, also a high variation within subjects
was found for identical task repetitions. Although more extensive training is likely
to decrease this variation, an in-depth task analysis comparing experienced versus
novice operators during remote maintenance in JET showed that even experienced
operators exhibit considerable variability during similar tasks [17]. The results ob-
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tained in analysis phase I and literature imply that human task execution has in-
herent variation in execution time, and apparently training can only partly decrease
that.

Potential ways to improve the performance are a more transparent telemanipula-
tion system (vision/haptics) or operational assistance by augmented visuals/haptics.
The first option is the more conventional approach and does not show direct pos-
sibilities for innovation. Instead of focusing on improvement of natural feedback
and obtaining “a sense of being there”, the authors aim to develop a “sense of
feeling what to do” [37], for which the second option could be promising. Can we
assist the human operator in such a way that less skilled operators can perform
as skilled operators? For example by visual assistance and/or by providing guiding
forces to assist the orientation during state 4 (or more general, to the degrees of
freedom which are left unconstrained by the task)? Experiments in a simplified set-
ting showed promising results for applying guiding forces during a bolt-and-spanner
task and an insertion task [25, 38].

3.5.5. Task Analysis Approach
The applied three phased task analysis appeared to be an insightful approach to
analyse task execution and quantify task performance and potential room for im-
provement. In this chapter the detailed analysis was only applied to the Assembly
Task, but the methodology is applicable to any other task. Depending on the start-
ing point, the number of phases can be adjusted. Furthermore, other metrics than
task completion time could be used, depending on the task.

The current analysis and solution-direction focus on task performance in the
sense of technical skills, but it is important to note that other aspects of operator
competence like knowledge, decision making and team skills are also important for
overall task performance in real situations. In the surgical field, the performance
assessment of skill based tasks showed nevertheless that dexterity or technical
proficiency of the surgeons/trainees is of biggest importance [20].

The experimental task was performed in a simulated environment, which has
the benefit of repeatability (more control over secondary factors which could disturb
the experimental results), accessibility of variables for measurement and it gives
freedom in task design. The use of VR appeared very useful and insightful, and the
results seem in line with the (limited) available literature describing hardware tests.
To be sure to incorporate all real life effects, the results or implications should be
validated in hardware tests in a later stage.

A limitation of the study is the absence of real experienced operators for the
system. The subjects who participated in this study followed a training (0.5h), but
that is relatively short compared to typical learning curves for these types of tele-
operation tasks, which can last years [3]. The fact that the subjects are relative
novice operators could make the inherent difficulties of the tasks even more clear.
A study in the medical field which analysed a non-clinical point-to-point task, re-
ported for example much higher variability in task-relevant motion components for
novice surgeons compared to experienced surgeons [39]. On the other hand, it
could be the case that some of the found difficulties would be less an issue for ex-
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perienced operators since they could be (partly) by-passed with a learned strategy.
For complex tasks, these effects could have been substantial, but since the defined
tasks are rather basic, novice behaviour is expected to be a good trigger for task
difficulties.

The results of this case study illustrate the strengths of the proposed Three
Phased Task Analysis, however, due to the low number of subjects in this case
study (n=5), no hard conclusions can be drawn from the current dataset.

3.5.6. Future Work
In this chapter, six fundamental tasks were defined and investigated using the Task
Analysis Phase 1, but the full three-phased analysis was presented only for task
B, selected because of its large variability between and within operators. To be
able to generalise these findings on telemanipulated task performance beyond the
observed task B, future work should include further analysis of the other five tasks.
This future work should include a larger number of test subjects to increase the
reliability of the data.

Besides data gained during (exploratory) virtual reality experiments, like de-
scribed in this chapter, the Three Phased Task Analysis should also be applied to
operational data from real-life teleoperated maintenance. Although the availability
of measurement signals is maybe less in reality when compared to VR - which will
limit the level of detail in the third analysis phase - real data will reveal the ac-
tual task difficulties the best. VR can then be used to (re)do specific detailed task
analyses up to signal level.

The gained insight in underlying causes for degraded task performance will be
used to explore the impact of support systems that aid the operator with augmented
visual or haptic guidance. The main improvements are expected from providing the
operator with haptic orientation guidance during the fine positioning phase of grasp
and place tasks.

3.6. Conclusion

I n this chapter, we proposed a novel hierarchical analysis approach to identify andquantify potential room for performance improvement in remote nuclear fusion
maintenance. The approach consists of three phases: a set of general tasks was
analysed in the first phase, followed by an analysis on subtask level in the second
phase, and finally, specific difficulties per subtask were identified in the third phase.

To explore the utility of this approach, a data set was generated in a virtual
environment with a small number of relative inexperienced operators, since it was
not possible to have the three real operators from JET participating. Five subjects
performed six fundamental 6-DoF remote maintenance tasks with a haptic master
device and a virtual slave and environment. The main conclusion of this chapter is
that the proposed Three Phased Task Analysis can be used to identify and quan-
tify potential improvements and is able to relate high-level problems (e.g. large
variability) to behaviour on lower task-levels. This is illustrated by the case study
results for the small dataset:
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• Teleoperated task execution is characterised by inherently large between- and
within-subject variance.

– Variance between and within subjects in task-completion-time is specif-
ically large for tasks which require accurate control of forces in one or
more DoFs (Assembly, Bolting, Peg-in-Hole).

– With the fastest trial as a reference, operators can (theoretically) reduce
the task-completion-time by 48-78%.

• Analysis phase II (subtask level) allows to identify sources of variance.

– Variance in time for the Assembly Task originates mostly from ‘grasping’
and ‘placing’ (and not from ‘moving’ and ‘transporting’).

– ‘Grasping’ appeared specifically difficult for the Assembly task; the amount
of failed grasps is much higher compared to other tasks, which was
caused by slipping away of the not fixed component.

• Analysis phase III pinpointed specific difficulties of the states within the sub-
task:

– Transition from free-space to contact proves the be most critical, as
shown by the large amount of time spent in this state.

– Rotational errors are most difficult to control as unsuccessful placement
is characterised by high rotational errors.

Based on the case study results, it is a promising option to improve specific (low-
level) difficulties in task execution with specific performance enhancing methods
(e.g. visual/haptic assistance during contact transitions, haptic guidance to improve
orientation accuracy during assembly tasks). By detailed analysis on subtask level,
such specific methods can be designed and their (absolute) effectiveness evaluated.

Future research will apply the Three Phased Task Analysis approach on larger
VR and real-life telemanipulated maintenance datasets, to obtain reliable results on
potential room for task performance improvement. These results will be the basis
for further research on the applicability of support systems that aid the operator
with augmented visual and haptic guidance.
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4
Where to Improve in
Human-in-the-Loop

Teleoperated Maintenance? A
Phased Task Analysis Based

on Video Data of
Maintenance at JET

For the planned teleoperated maintenance of the experimental fusion plant
ITER the time performance will be critical. Telemanipulated task execution is
however characterised by long execution times compared to similar tasks per-
formed hands-on. There is little quantitative research on task performance
of telemanipulated maintenance available to give insight into most effective
areas for improvement. In this chapter a detailed analysis of real world re-
mote maintenance at fusion plant JET is performed with the aim to: i) identify
bottlenecks in task completion time and ii) quantify the room for potential im-
provement. Video recordings of the installation of 50 tiles executed by the
three official master-slave operators were analysed. The task execution was
characterised by a large variation in time performance, between but also
within operators. Reduction of this variation could theoretically result in time
reduction up to 41%. Recurring tasks like ‘rough/fine approach’ and ‘retreat’
covered more than 50% of the total task completion time and were identified
as most promising for further improvement.

This chapter has been submitted for publication.
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4.1. Introduction

T he planned experimental nuclear fusion plant ITER [1] is a worldwide project
with the aim to prove the feasibility of fusion power as a future energy source.

It is envisioned to require human-in-the-loop remote maintenance techniques [2]
due to the presence of high radiation levels and toxic materials and the complex-
ity and unpredictable nature of maintenance tasks. Besides satisfying high quality
and safety requirements, it is a critical challenge to perform the teleoperated main-
tenance in the smallest possible time-frame to keep the substantial downtime of
the plant within reasonable limits [3]. This is especially a challenge because tele-
operated task execution is often characterised by low situational awareness, high
operator workloads, human error and relative long execution times [4, 5]. What are
promising directions to improve teleoperated task execution for ITER maintenance?

Most research in the telemanipulation domain strongly focuses on the perfor-
mance and stability of the telemanipulation device. Although significant improve-
ments have been achieved in terms of device performance (e.g. control algorithms
[6–9], hardware design [4, 10, 11] and visual feedback (e.g. stereoscopic viewing,
augmented visual feedback [12, 13]) it is widely recognized that telemanipulated
task performance, especially reflected in task completion time, is still sub-optimal.
To improve task performance in operational practice, several practical approaches
have been applied such as stringent operator selection and training [5] as well as
design upgrades in the environment to make it more robust for robot assembly
(e.g. applying Design For Assembly principles [14, 15]: captive bolts, mechanical
alignment features, grip features, etc.). There is, however, limited insight in how
to further improve telemanipulated maintenance. Which tasks or aspects are most
time-consuming and would be most effective to improve? To focus these improve-
ments, more quantitative research on time performance in telemanipulated task
execution is required.

A unique and extensive body of experience with human-in-the-loop teleoperated
maintenance tasks can be found at the Joint European Torus (JET) [2], ITER’s pre-
decessor and currently the largest tokamak with a fully operational remote mainte-
nance system. Performedmaintenance tasks range from component handling (0.5 –
250kg), mechanical cleaning, TIG/MIG welding and thread tapping to visual inspec-
tion and diagnostic system installation and calibration [16]. A considerable amount
of descriptive literature about the remote maintenance at JET has been published,
covering the maintenance philosophy [16], the RH system development [2, 17],
planning of operations [18] and the required strict operator selection procedures
and extensive operator training periods [5]. However, detailed quantitative analy-
ses of task performance (e.g. execution times and errors) are hardly available. A
recent study made a first start to identify and quantify room for improvement based
on performed maintenance at JET. To identify the most time-consuming subtasks
of a generic installation task, an analysis of the task execution was performed using
logbooks, two video fragments and operator interviews [19]. The subtasks ‘install
to beam’ and ‘torque bolts’ required the most time and would be most effective
to improve. Furthermore, large variation in time performance, between qualified
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operators with different levels of experience, but also within operators was found.
Bringing the average task completion time closer to the fastest trial could substan-
tially decrease overall maintenance time. It should be noted that the performed
analysis only suggests effective/promising task elements for improvement. To what
extent a reduction of the (variation of) task completion time of the identified task
elements can actually be achieved depends on the task (e.g. task complexity) and
is subject for future research. To be able to draw more detailed conclusions on
smaller specific tasks, time data with a smaller resolution (seconds instead of min-
utes) and less noise would be required. Furthermore, besides the high-level results
(execution time data), insights in underlying (skill-based) causes of variability would
be required to guide solution directions.

In literature from the industrial and medical domain, time motion or time-action
studies are described as powerful quantitative methods which can be used to ob-
jectively analyse task executions [20, 21]. By measuring the number and duration
of the actions needed for the operator to achieve his goal, the course and the effi-
ciency of the execution can be assessed. For example in surgery [22], time-action
analysis appeared a useful approach to identify and quantify possible improvement
of skill based tasks and procedures.

To obtain detailed quantitative data on potential improvements of telemanipu-
lated task execution, in a preceding study a Three Phased Task Analysis approach
incorporating such time-action analysis was proposed (chapter 3, [23]). This ap-
proach was illustrated with a small human factors case study performed in VR. Anal-
ysis results on task, subtask and within-subtask level indicated that for a placement
task, the final approach state requires the most time. Although the capturing of
skill-based behaviour in the measured time traces appeared challenging, the data
indicated that subjects had difficulties to correct errors in tool orientation during
placement.

To obtain detailed real-world data and to verify this case study results, in the
current chapter this Three Phased Task Analysis approach is applied on video data
of real executed remote maintenance at JET performed by qualified operators.

The main objective of this chapter is to identify key areas for further improve-
ment of human-in-the-loop teleoperated task execution and to quantify potential
time reduction, based on in-depth analysis of actual performed maintenance at JET.
Secondly, the analysis can serve as a benchmark for preceding research done in VR
[23]. Since (re)placement of components is one of the most fundamental and most
recurring actions during maintenance, a placement and fixation task during JET
remote maintenance [19] was chosen for a detailed time-action analysis on task,
subtask and within-subtask levels. The metrics absolute time duration and variabil-
ity in time duration are used as triggers to analyse in more detail. This because the
most time consuming (sub)task are most effective to improve. Furthermore, a large
variation in time performance indicates that some aspects of the task execution are
not controlled well: either the task itself (e.g. manufacturing tolerances, small de-
viations of the environment) or the task execution by the human (e.g. feedback
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to the operator, situational and/or spatial awareness, accuracy, training). For the
latter, variability in performance can, therefore, be seen as a measure of skill, but
could also be used to assess design parameters of a teleoperator device [24] or to
identify task difficulty. Reduction of variability in time performance saves overall
execution time. In this study, the amount of variation is addressed as an indica-
tion for potential room for time reduction. More specifically, where do we find the
largest variation in time performance, so for which subtasks is it most effective to:

1. reduce between-subject variation, with the ultimate goal to enable less expe-
rienced operators to perform like experts, and

2. reduce within-subject variation with the ultimate goal to enable all operators
to perform on average like their fastest trial.

Section 4.2 describes the methods for the performed time-action analysis, fol-
lowed by section 4.3, 4.4 and 4.5 describing the results, discussion and conclusions.

4.2. Methods
4.2.1. Remote Handling System Configuration
The remote maintenance at JET is performed using a dexterous two-armed master-
slave telemanipulator called Mascot [2]. The Mascot slave is situated on the end of a
multi-jointed boom, which allows relocation throughout the JET vessel (see Fig. 4.1,
right). A second boom carries task modules, providing tools and components close
to the working area. Master and slave are kinematic identical and bilateral control is
implemented via joint-based position-error control. Additionally, the operator can
use several assistive features: (partial) weight compensation, force multiplication
(1:15/1:3/1:6) and simple constraints (locking of degrees of freedom). The Mascot
operator gets visual feedback from multiple (adjustable) camera views. Two cam-
eras are mounted on the two slave-arm and a top-, front- and overview camera are
available. The camera views of the remote environment are complemented with a
virtual reality (VR) view.

Figure 4.1: Schematic representation of the Mascot telemanipulation system at JET. The human operator
controls the two arms of the Mascot slave robot (right) by manipulating the two Mascot master arms
(left). The master and slave robot are kinematic identical (2x 6DOF + gripper). The human operator
gets visual and haptic feedback (FFB) from the environment.
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4.2.2. Remote Maintenance Task
The JET maintenance task that was selected for the time-action analysis is part of
the installation of the ITER Like Wall (ILW) Poloidal Limiter (PL) tile carriers. These
tile carriers function as protection of the inner vessel wall and are placed on 10
vertical beams. Based on analysis of rough logbook data a preceding study showed
that substep ‘Install tile to beam’ required most time; up to 30% of the total task-
completion-time [19]. The current study will analyse this substep ‘Install tile to
beam’ in more detail (see Fig. 4.2). Per vertical beam 25 tiles (+/-10 kg) have to
be installed in a sequence from bottom to top. The tile placement is a two-handed
task and the final alignment is facilitated by a central alignment pin on the tile. After
placement one of the (robot)hands is used to grasp the bolt runner, which is used
to subsequently run in and fasten the two location dowels and the two fixing bolts.

Fig. 4.3 shows the nominal actions or subtasks of the task ‘Install tile to beam’
(a more detailed task breakdown can be found in section 4.2.4). Although the

Figure 4.2: Analysed maintenance task: ‘Install tile to beam’ during ‘Installation of ITER Like Wall (ILW)
Poloidal Limiter (PL) tile carriers’. a) 1 of the 10 Poloidal Limiter Beams in the JET vessel, consisting of
25 tiles. b) ILW PL tile (+/-10 kg). c) A tool interface with two grip features is connected to the tile
(highlighted in blue) to allow the two handed placement (see two slave arms highlighted in green). The
bolt runner tool is also transported with this tool interface. The target location (PL beam) is highlighted
in red.
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Figure 4.3: The nominal task execution of the task ‘Install tile to beam’ consists of four subtasks’.
Non-nominal situations require additional corrective actions and/or repetitions and will cause delay.

overall task itself is application specific and does not exist in other telemanipulation
domains, the subtasks are highly representative and relevant for other (hard con-
tact) domains: placement of components (multi-point and complex contact tasks),
grasping, bolting, etc.

This study focusses on the task performance of the master-slave operator and
the analysis will therefore only include the skill-based master-slave tasks, the time
required for general robot positioning, task planning and logistics of tools and com-
ponents are not included.

In this chapter, the data of two PL beam installations, in total 50 tile carriers, is
analysed: PL4D (start date 25-01-2011) and PL4B (start date 22-03-2011).

4.2.3. Master-slave Operators
Working with a master-slave system is a highly demanding task, for which only a
limited amount of people possess the required skills (e.g. good visual-spatial ability
and eye-hand coordination) to become a master-slave operator on expert level. The
master-slave operators at JET are therefore put through an extensive selection and
training procedure before they become a qualified Mascot operator [5]. During the
last shutdowns, only three or four qualified Mascot operators were available at JET.

The analysed tasks were executed in January and March 2011 by three qualified
operators with the following experience levels (months of shutdown operations, up
to January 2011): A-33 months, B-12 months, C-2 months. For some part of the
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tile installation a novice operator was being trained by operator A. This data was
excluded from the analyses since it is not clear who was controlling the master–slave
system.

4.2.4. Time-action Analysis
The time-action analysis was executed based on available CCTV video recordings of
the selected maintenance task executions. The (unedited) video logs provided four
synchronised camera views, showing the four main views of the task environment,
varying between the two slave arm cameras and top-, front and overview cameras.

To get detailed information on different task levels, the time-action analysis was
performed following the Three Phased Task Analysis approach [23]. A Hierarchical
Task Analysis [20, 23], was used to break down the nominal maintenance task
‘Install tile to beam’ into subtasks (phase II of the Three Phased Task Analysis) and
states (phase III of the Three Phased Task Analysis), see Table 4.1 and Fig. 4.4.
The states are defined based on task relevant stages and environmental constraints.
The motion-centric task taxonomy as defined in [25] was used to classify the states
in a generalized set of actions: ’Rough approach’, ‘fine approach’, ‘fine push/pull’,
‘rough follow path’, ‘apply pressure’ and ‘retreat’ (table 4.1, bold terms in right
column).

The task breakdown is based on the nominal task execution; only actions that
directly contribute to the advancement of the task (so called ‘Goal Oriented Ac-
tions’, as shown in Fig. 4.3) are included. Non-nominal actions (e.g. extra visual
inspection, unsuccessful trials, repetitions) are a separate category.

The task analysis started when the slave robot was in the right position and

Table 4.1: Subtasks and states during ’install tile to beam’

No. Subtask
(Analysis phase II)

No. State
(Analysis phase III)

State characteristics

1 Tile placement (2-handed) 1.1 Move tile to beam Rough approach (>2cm)
1.2 Align tile Fine approach and make contact (<2cm)
1.3 Final position tile Fine movement in contact (fine push/pull)

2 Get bolt runner 2.1 Move gripper to bolt runner. Rough approach (>2cm)

2.2 Grasp bolt runner Fine approach, align and close gripper
(<2cm)

2.3 Extract bolt runner from stand
Unlock bolt runner by 30 degree rotation (bay-
onet), retreat bolt runner carefully (no wedg-
ing)

3 Run in bolts/dowels (4x) 3.1 Move bolt runner to bolt. Rough approach (>2cm)
3.2 Align/insert bolt runner Fine approach and make contact (<2cm)

3.3 Rotate bolt Rough rotational movement (rough follow
path)

3.4 Retreat bolt runner from bolt Fine movement / retreat (no wedging)
4 Fasten dowels/bolts (4x) 4.1 Move bolt runner to bolt Rough approach (>2cm)

4.2 Align/insert bolt runner Fine approach and make contact (<2cm)

4.3 Apply torque to fasten bolt Increase torque until 8Nm threshold (apply
pressure)

4.4 Retreat bolt runner from bolt Fine movement / retreat (no wedging)

Bold terms are based on the motion-centric task taxonomy defined in [25]
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Figure 4.4: Schematic representation of the Mascot slave in the remote environment showing the defined
state transitions for subtasks ‘1-Tile placement’ (top left), ‘2-Get bolt runner (BR)’ (top right), and ‘3-Run
in bolts’ (bottom) and ‘4-Fasten bolts’ (bottom). The states are described in more detail in table 4.1

the slave arms started moving, and stopped when the bolt runner was retreated
after fixing the last bolt. The duration of all states was measured for the 50 task
executions. Non-nominal actions were logged separately.

The Three Phased Task Analysis was used to systematically quantify the distribu-
tions in task completion time for different task levels, using metrics in the following
groups:

• Absolute time duration and variation in time duration (indication for magnitude
of potential time improvement).
Metrics: Median and 1st / 3rd quartiles of task completion time, group mean
of task completion time.

• Comparison to fastest trial (indication for ease to achieve potential time im-
provement).
Metrics: Difference in average task completion time and the fastest trial,
group mean of task completion time normalised to fastest trial.

The complete task (phase I) was further analysed at the level of abstract subtasks
(phase II). Subtasks with the largest variation were then selected to be further
analysed at the state level (phase III).

Because the execution time data has a (positive) skewed distribution, it is de-
scribed with the median and the 1st/3rd quartiles. The data was compared using
a non-parametric Mann–Whitney U-test. The significance level was corrected for 3
tests per dataset using the Bonferroni correction: p = 0.05/3 = 0.017.

4.3. Results

F ig. 4.5 shows the task completion time for the installation of each of the 50
tile carriers. Non-nominal actions (grey) resulted in substantial peaks in task
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Figure 4.5: Task completion time for the installation of 50 tile carriers. The bar colour shows which
master-slave operator was on shift. Grey peaks show non-nominal actions. Marked tile installations (●)
are performed by fully trained qualified operators and are used for further analysis.

completion times; all together responsible for 30% of the total task completion
time.

Table 4.2 lists the non-nominal actions and gives a short description explaining
the causes for the peak in completion time. The two longest delays were 28 and 13
minutes (1711s and 786s) and occurred during the final positioning state of the tile
placement. In both cases, the installation location needed only a small adjustment,
but identifying this required a lot of time. Furthermore, the placement itself was
not executed in a smooth way and required a second attempt. The other 11 delays
ranged from 12s to 635s and occurred during the ‘Rotate BR’ state of the ‘run in
bolts/dowels’ subtask. Most of them were caused by a small misalignment in the
positioning of the tile carrier.

The results of the time action analysis for the nominal execution are presented in
three phases: Section 4.3.1 covers the whole task, section 4.3.2 and 4.3.3 provide
more detailed results for the subtasks and states respectively.

4.3.1. Analysis Phase I – Complete Task
Table 4.3 and Fig. 4.6 show the same data as Fig. 4.5 but without the non-nominal
actions and only for the task executions performed by fully trained qualified opera-
tors. The least experienced operator (C) required substantially more time, namely
240s as a median, compared to operator A and B, which required 163s and 164s
respectively (pAC<0.001, pBC=0.002, Mann-Whitney U-test). Between operator A
and B no difference was found (pAB = 0.86). The variance within operators is also
quite high, shown in the interquartile ranges of 23, 43 and 66 for operator A to C
respectively (Table 4.3). Even the two most experienced operators (A and B) show
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Table 4.2: Description of non-nominal actions

Tile
#

Subtask State Time
[s]

Description

1 3 - Run in bolts 3.1 - Move to bolts 12 Initiated wrong task; movement to wrong bolt
3 1 - Tile placement 1.3 - Final positioning 786 Tile location required some adjustment; tile

was removed again to adjust a bolt
3 3 - Run in dowels 3.3 - Rotate to run in dowels 160 Location dowel got stuck; loosen other bolts

slightly again and shift tile slightly
13 1 - Tile placement

& 3 - Run in dowels
1.3 - Final positioning & 3.3 - ro-
tate to run dowels

1711 Final positioning did not succeed; loosen bolt
on location side slightly and retry (528s). Sec-
ondly the location dowel got stuck; complete
tile was removed for visual inspection, no er-
ror was found and the retrial succeed (1183s).

15 3 - Run in bolts 3.3 - Rotate to run in bolts 267 Visual check with camera zoom; the tile was
not placed properly. Loosen bolts, shift
slightly, and refasten bolts to solve it.

17 3 - Run in dowel 3.3 - Rotate to run in dowel 635 Location dowel got stuck; loosen other bolts
slightly again and shift tile slightly

20 3 - Run in bolts 3.3 - Rotate to run in bolts 20 Change of procedure: Started with running in
a location dowel, but in between first a bolt
was run in.

20 3 - Run in dowels 3.3 - Rotate to run in dowels 152 Location dowel got stuck; loosen other bolts
slightly again and shift tile slightly

27 3 - Run in bolts 3.3 - Rotate to run in bolts 148 Bolt got stuck; re-insert BR and retry, then
loosen bolt again and retry

27 3 - Run in dowels 3.3 - Rotate to run in dowels 131 Location dowel got stuck; loosen other bolts
slightly again and shift tile slightly

46 3 - Run in dowels 3.3 - Rotate to run in dowels 63 Location dowel got stuck; loosen other bolts
slightly again and shift tile slightly

50 3 - Run in bolts 3.3 - Rotate to run in bolts 20 First bolt got stuck; loosen again and first do
the position dowels

50 3 - Run in bolts 3.3 - Rotate to run in bolts 46 Second bolt got stuck; loosen again and retry.

a difference between median and fastest trial of 32%.

4.3.2. Analysis Phase II – Subtasks
Can we pinpoint these found variations in time performance to (one of) the sub-
tasks? Fig. 4.7 shows the task completion time of the four subtasks. All subtasks
show a substantial variation in task-completion-time. The largest absolute variation
was found for the subtasks ‘3 - Run in bolts’ and ‘1 - Tile placement’ (interquartile
range: 31s and 28s respectively, Table 4.4). This variation was also reflected in a
large difference between group average and the fastest trial: 53.2s and 21s respec-
tively, which comes down to a relative difference of 58.3% and 63.6% with respect
to the group mean (Table 4.4). The largest relative difference between group mean
and the fastest trial was found for subtask ‘2 - Get bolt runner’, with a factor 2.9
between the fastest trial and group mean (Table 4.4).

As found for the whole tasks, operator C showed a larger median task completion
time for all the four subtasks when compared to operators A and B. This effect was
significant for subtasks ‘2 - Get BR’ (pBC=0.002), ‘3 - Run in bolts’ (pAC=0.003)
and ‘4 - Fasten bolts’(pAC=0.002, pBC=0.002).
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Figure 4.6: Analysis phase I. Task completion time for the nominal tile carrier installations per operator.
A large variation can be seen for all subjects. The least experienced operator (C) needs on average sub-
stantial more time. Even the more experienced operators (A,B) can potentially improve their completion
time with a factor 1.5 (median -> fastest trial). Only the 40 executions performed by qualified operators
(marked (●) in Fig. 4.5) are included, and the non-nominal actions are excluded.

Figure 4.7: Analysis phase II. Task completion time per subtask. A large variation for all subjects. The
largest absolute variation was found for ‘3 - Run bolts’, the highest relative variation was found for ‘1 -
Tile placement’. Subjects C has the highest average time. Only the 40 executions performed by a single
operator (marked (●) in Fig.4.5) are included

4.3.3. Analysis Phase III – States of Subtasks
Can we find specific states which require the most time and/or are the origin of
found variations in task completion time? What are promising states to improve?
First, the states of two subtasks with respectively the largest absolute and the
largest relative variation are investigated.
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Figure 4.8: Analysis phase IIIA. Task completion time per state of ‘3 - Run in bolts’, (4x per tile; 160 data
points per state). Largest relative variation for ‘3.1 - Move’ and ‘3.2 - Position’, but absolute times are
small. Largest absolute variation for ‘3.3 - Rotate bolt’. Only the 40 executions performed by a single
operator (marked (●) in Fig. 4.5) are included.) are included

The subtask analysis showed that the largest absolute variation was found for
subtask ‘3 - Run in bolts’. Where does this variation originate from? Fig. 4.8 and
Table 4.5 show the task completion time for the four states of subtask ‘3 - Run
in bolts’. The largest absolute variation was found for the state ‘3.3 -Rotate bolt’
(interquartile range: 6s, Table V), with a fastest trial of 7 seconds but also a peak
up to 54 seconds.

The largest relative differences between group mean and fastest trial were found
for states ‘3.1 - Move to bolt’ and ‘3.2 - Position bolt runner’, namely a factor 3 (Table
4.5).

Except for state ‘3 - Move to bolt’, the time performance of operator C was
significantly worse compared to operator A and B (p<0.001).

The subtask with the largest relative difference between group mean and fastest
trial was ‘2 – Get bolt runner’. Fig. 4.9 and Table 4.6 show the task completion time
of the three states of subtask ‘2 - Get bolt runner’. The largest absolute variation
was found for the state ‘2.1 – Move to bolt runner’ (interquartile range: 7s, Table
4.6 VI), with peaks to 23 seconds. The largest difference between group mean and
the fastest trial, namely 4.2 seconds, was found for state ‘2.3 – Extract bolt runner’,
which corresponds to a factor 3.1 between the fastest trial and group mean (Table
4.6).

The time performance of operator C compared to operator A and B was sig-
nificantly worse for states ‘2.2 – Grasp BR’ (pBC=0.002) and ‘2.3 – Extract BR’
(pBC=0.004)

Besides the impact of the different states on a specific subtask, it is even more
relevant to look at the impact of the different states on the whole task. Fig. 4.10
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Figure 4.9: Analysis phase IIIA. Task completion time per state for ‘2 - Get BR’. The largest absolute
variation was found for ‘2.1 - Move to BR’, the largest difference between group mean and the fastest
trial was found for ‘2.3 - Extract BR’. Only the 40 executions performed by a single operator (marked (●)
in Fig. 4.5) are included.

Figure 4.10: Analysis phase IIIA. Task completion time is shown for all states (complete task) grouped
according to a generalised set of actions (see table I and (Owen-hill et al. 2013)). The bars show the
median duration and are plotted cumulative per generalised action. Bar colours show the corresponding
subtasks. The error bars represent the 1st and 3rd quartiles.
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shows the task completion time for all states, grouped in elemental actions accord-
ing a motion-centric task taxonomy [25]. Relative short states in a specific subtask,
like ‘rough’ and ‘fine approach’, appear to require a substantial amount of time at the
task level. The more frequent elemental actions ‘rough approach’, ‘fine approach’
and ‘retreat’ together take 51% of the total time.

4.4. Discussion

A time-action analysis of teleoperated maintenance at JET was performed with the
goal to identify and quantify potential room for improvement. Although the main

focus of the analysis was on nominal task execution, it must be noted that 30%
of the time was spent on non-nominal tasks. First, non-nominal task execution
is discussed, after which the analysis of nominal task execution is discussed per
analysis phase.

4.4.1. Non-Nominal Execution
For the analysed set of 50 tile placements, potentially up to 30% of overall task
execution time could be saved if non-nominal task executions could be prevented
(Fig. 4.5). The two longest delays were observed in state ‘1.3 - Final positioning’
and were caused by a small mismatch between tile interface and place location.
The operators could have resolved this mismatch easily by slightly adjusting a bolt
on the location side, and this action would not require much extra time (in the order
of minutes). However, finding out this mismatch (by trial-and-error) showed to be
difficult and very time-consuming, which indicates that situation awareness of the
operator was low.

The ten out of the eleven other delays were observed during state ‘3.3 - Rotate
to run in bolts’. For this state, a small misalignment of the tile was the main cause
leading to non-nominal actions. State 3.3 itself is not very demanding for the op-
erators, but the state appears to be a critical part of the task where inaccuracies or
errors made in preceding subtasks show up. The placement accuracy in preceding
subtasks is partly facilitated by mechanical (self)alignment features, which constrain
and guide the tiles to the final location. Improvement of assistance during this (fi-
nal) alignment could reduce the occurrence of non-nominal re-adjustment actions
in later stages.

Operators sometimes deviated from procedures, enlarging the negative effect
of small tile misalignments. Instead of ‘first run in all bolts, then fasten all bolts’,
operators sometimes chose to take a shortcut and fasten a bolt in one go. In
ideal cases, this shortcut results in small time savings, but in the case of (small)
misalignments, it will result in non-nominal actions causing relative large delays.
More strict adherence to the procedures could prevent the delays caused by this
type of non-nominal executions.

Interestingly, the four longest delays all were observed when a trainee handled
the device (Fig. 4.5), suggesting that these errors can (partly) be seen as beginners
errors. The observed low situation awareness of the operator described earlier
is likely also related to the training phase and could be a cause of the delays.
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Although the number of errors and their impact is expected to be lower when a
fully trained operator would have performed the same tasks, these trainee trials do
show some fundamental difficulties of the tasks (e.g. final alignment/ procedure
following/ situation awareness). Improving these aspects would not only be helpful
for trainees but would probably also make the task less demanding for fully trained
operators.

4.4.2. Nominal Task Analysis Phase I – Task Level
When looking to the nominal tasks executions of the three qualified operators (Fig.
4.6), it appears that the least experienced operator (C) required substantially more
time for the same tasks. This trend was also observed in the logbook-based analysis
of the overall task [19]. The difference in task completion time between least expe-
rienced operator C and operators A and B is likely to decrease with more training of
operator C. Potentially, this could improve the median of the task completion time
from 240s to 164s. Whether an expert performance level actually will be reached or
not is however strongly dependent on operator skill and aptitude, and the required
training time can take up to 2 year [5].

The observed large variation in time performance for the experienced operators
A and B is remarkable (inter-quartile-range of 23s and 43s, Table 4.3). Compared
to the fastest trial, even the experienced operators could potentially improve 32%
in time performance (Table 4.3). Since it concerns strictly selected and very ex-
perienced operators, more training is not likely to reduce this variation. Are there
specific parts of the task which are primarily responsible for this large between and
within subject variation? And could these variations be reduced? These questions
were addressed by the analysis of subtasks (phase II) and states (phase III) with
the goal to give more insight in how the tasks are executed and where to focus for
improvement.

4.4.3. Nominal Task Analysis Phase II – Subtask Level
All subtasks show a large difference between group mean and the fastest trial
(>44.5%). Although it is not known to what extent this variation originate from
inconsistency in the task itself or from poorly controlled aspects in human execution,
it is most promising to investigate tasks with the largest variation. Subtasks ‘3 - Run
in bolts’ and ‘1 - Tile placement’ show the largest absolute variations (interquartile
ranges of 31s and 28s) and potential reduction of variation in these subtasks could
have the largest effect on total task completion time.

The variation in execution time relative to the fastest trial is largest for subtasks
‘2 - Get bolt runner’ and ‘1 - Tile placement’. The large factors between the fastest
trial and group mean, respectively 2.9 and 2.75, give an indication that variation in
task execution can be reduced easiest for these subtasks.

The difference in median execution time between the most and least experi-
enced operators, as found for the overall task, is visible for all subtasks, however
only partly significant. The subtasks with the largest absolute variation ‘3 – Run in
bolts’ and the subtask with the largest difference between group mean and fastest
trial ‘2 – Get bolt runner’ are analysed on the state level.
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4.4.4. Nominal Task Analysis Phase III – Within Subtask Level
All subtasks show a large difference (>50%) between group mean and the fastest
trial. Most of the time variation in subtask ‘3 - Run in bolts’ originates from state
‘3.3 - Rotate bolt’, so reduction of time variation in this state is most effective for
the total task completion time. Close observation of the video data shows how-
ever that the variation is not caused by the bolt rotation part of the task, but by
small misalignments of the tile which resulted in jamming of the bolt and required
some wiggling to be corrected. Although jamming and wiggling will be an inherent
part of the ‘run in bolt’ state in the not-perfect real world, it should be avoided as
much as possible. Better alignment in the preceding placement state could poten-
tially be reached by better mechanical alignment features or visual/haptic operator
assistance and so reducing the variation in the bolt running state.

For subtask ‘2 – Get bolt runner’, most variation originates from state ‘2.1 – Move
to bolt runner’ and ‘2.3 – extract bolt runner’. The observed movement during
the rough approach in state 2.1 looks relative slow and hesitant. This could be
caused by the fact that the human operator needs to define the best approach
trajectory while taking into account the robot kinematics in the small workspace
available. During the extraction phase in state 2.3, the variation is mainly caused
by misalignment of the bolt runner and the holder resulting in jamming. Making
the operator more aware of appropriate trajectories and orientations by visual or
haptic assistance could improve time performance and reduce variation.

The categorization in elemental actions shows the impact of the duration of a
certain type of task elements on the total task completion time. The quality of
the rough/fine approach and final placement already showed to be important for
the duration of the following bolting state, but Fig.4.10 shows that the rough/fine
approach and retreat states all together also represent more than half of the total
task completion time. This makes these approach and retreat tasks a promising
and important focus for performance improvement.

4.4.5. Limitations
The main limitation of the unique data is the low number of subjects, even though it
constitutes the entire population of active operators. The data is, however, the best
data available for real executed teleoperated maintenance tasks. Furthermore, the
potential bias caused by the small sample size is expected to be small and with little
impact, since the population consist of strict selected and highly trained operators.

The applied time-action analysis method gives a clear insight in the time distri-
bution over subtasks and states, but only limited insight into the underlying reason
for a certain time distribution. Besides time data, other measures for task perfor-
mance (e.g. position, exerted forces) or operator workload would have been very
useful, but were not available. Interaction with the operators and good knowl-
edge of the task execution was, therefore, essential to be able to interpret the
time results. A factor that has a large effect on the efficiency of the master-slave
operator, but which was not obvious from the analysed data, is the performance
of the support team. Especially the operation of the viewing system, which is the
responsibility of a second operator, is important. The speed and quality of camera
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positioning, tool tracking during an approach phase, and camera adjustments like
zoom, focus, and roll do have a large effect on the master-slave operator perfor-
mance. The current study did not take this effects into account and assumed a
constant performance of the trained viewing-system operators, but improvement
and partly automation of the viewing system could definitely improve the efficiency
of the master-slave operator. To allow for more detailed task analysis in the future
and facilitate interpretation, we recommend to use more detailed time logbooks
(accuracy and resolution), ideally linked to additional measures like master/slave
positions, velocities and forces, video data (operator views) and settings of the
viewing-system.

The task ‘Install tile to beam’ was selected as general and representative main-
tenance task, however besides installation of new components, maintenance also
consists of the removal of old components. Although the required subtasks and
states are similar, it is expected that removal operations encounter more unex-
pected situations, like components being stuck/damaged/deformed or more diffi-
cult to distinguish because of a changed colour (heat) or a layer of dust. This will
result in more non-nominal executions and larger variation in time performance
during nominal executions. The proposed focus for improvements will still be ben-
eficial, but the impact on total time will be somewhat lower than indicated for this
installation task.

Important to note is that the found efficiency of the analysed task executions is
also affected by the component design. The design of the tile carriers at JET was
compromised because it had to be retrofitted to already existing in-vessel compo-
nents. If a completely new design could have been made, the design would have
been much more remote handling ‘friendly’, allowing more repeatable and accurate
handling. For other future applications which require efficient remote maintenance
it is, therefore, important that remote maintenance is already taken into account in
the design phase [14, 15].

Other design improvements could be made in the tooling. In the analysed sit-
uation, the bolt runner had to be parked to change its rotation direction. This
amplified the time lost when there was a jammed bolt or misalignment. And it was
made worse if the operator was slower at parking/collecting the bolt runner.

Since the analysed task consists of elemental actions, the results do translate to
other telerobotic domains with hard contact environments like deep-sea and nuclear
industry.

The analysis in this chapter focusses on the amount of variation in execution
time as an indication for potential time reduction. The amount of achievable im-
provement depends however on the ratio between inherent variation in the task
and variation that could be decreased by an improved system, operator assistance,
etc. A large variation in time performance is, therefore, no promise for possible
time reduction but should be seen as a promising direction.

4.4.6. Implication
The current state of the art telemanipulated maintenance is characterised by large
between and within-subject variation. The between-subject variation can be re-
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duced by strict operator selection and training, however, the large within-subject
variation seems inherent to telemanipulation, or at least to the current telemanipu-
lation configuration. This corresponds with findings of Lumelsky [26], who related
the source of difficulty of telemanipulated tasks to the limitations in human abilities
for space orientation and interpretation of geometrical data. He concluded that
further task performance improvement will require an ‘effect of telepresence’.

As shown by this analysis, operator behaviour and (time) performance differs
per task, subtask or state. It would, therefore, be effective to focus performance
improvement on specific tasks, enabling to solve specific task related difficulties
encountered by the operator. Traditionally telepresence aims to give virtual infor-
mation to the user in such a way that he/she experiences “a sense of being there”.
This could well be hindered by Lumelsky’s observation of human limitations [26],
and is in fact not important for maintenance applications since it is all about task
performance. Instead, I aim to develop this concept to “a sense of feeling what to
do”, to clearly and intuitively convey constraints in the environment and in the tools
themselves [27]. This could potentially be reached by providing operators with
intuitive task execution related guiding in the visual and haptic domain. Future re-
search should focus on the applicability of support systems that aid the operator
with augmented visual and haptic assistance.

4.5. Conclusion

T his study provides a detailed analysis of unique data concerning real-world re-
mote fusion maintenance, to identify key areas for further improvement and

quantify potential time reduction. The novel data was gathered from video record-
ings at fusion plant JET, of the remote installation of 40 tile carriers performed
by the (only) three qualified master-slave operators, and of 10 extra tile carriers
performed during training of a new operator. Based on a time-action analysis of
the 50 tiles, it can be concluded that incidental non-nominal actions have a large
impact on the absolute execution time of the entire tile placement; if these could
be prevented it would result in a decrease of 30% in total execution time.

Also for nominal task execution of the 40 tiles, there is substantial room for
improvement: the total teleoperated task execution is characterised by inherently
large between- and within-subject variance:

• The median task completion time of the least experienced operator is 240
seconds for 40 tiles, which is 46% higher than the two most experienced
operators (164s and 163s respectively).

• Compared to the fastest trial, even the two most experienced operators can
reduce the task completion time with 32%.

Key subtasks, states and actions for further improvement in terms of time reduction
were identified:

• Subtask ‘Run in bolts’ and the corresponding state ‘Rotate bolt’, which showed
the highest absolute variance.
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• Subtask ‘Get bolt runner’ and the corresponding states ‘Move to bolt runner’
and ‘Extract bolt runner’, which showed the highest relative variance.

• Recurring elemental actions like ’Rough approach’, ‘fine approach’, and ‘re-
treat’.

The data shows that reduction of variance in task completion time would sub-
stantially reduce required maintenance time. Enhancement of currently available
approaches like extensive training and mechanical alignment features is not likely
to decrease this variation in a substantial amount. Future research will focus on the
applicability of support systems that aid the operator with augmented visual and
haptic assistance.

4.6. Appendix - Result Tables
Table 4.3: Results - Phase I; Task completion time of ’Tile installation’

Task completion time per operator [s]
A B C

Median 164 163 240
(1 q / 3 q) (160/183) (152/195) (216/282)
Group mean 189
Fastest trial 111

Comparison to fastest trial

Normalised median 1.48 1.47 2.16
(normalised 1/3q ) (1.44/1.65) (1.37/1.76) (1.94/2.54)
Diff. median & fastest trial 53s (32%) 52s (32%) 129s (54%)
Norm. group mean 1.70

Bold = mentioned in text, Normalised with respect to fastest trial

Table 4.4: Results - Phase II; Task completion time of subtasks ’Tile installation’

Task completion time per subtask [s]
Tile placement Get BR Run bolts/dowels Fasten dowel/bolts

Group median 27.5 14 75 45
(1 q / 3 q) (20.5/48.5) (11/24) (64/95) (37/55)
Group mean 33.0 20.3 91.2 46.8
(over subject median)
Fastest trial 12 7 38 26

Comparison to fastest trial

Normalised group mean 2.75 2.90 2.40 1.80
(normalised 1/3q ) (1.44/1.65) (1.37/1.76) (1.94/2.54)
Diff. group mean & fastest trial 21s (63.3%) 13.3s (65.6%) 53.2s (58.3%) 20.8s (44.5%)

Bold = mentioned in text, Normalised with respect to fastest trial
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Table 4.5: Results - Phase IIIA; Task completion time - States of ’3-Run in bolts’

Task completion time per state [s]
Move BR to bolt Position BR Rotate bolt Extract BR

Group median 3 3 13 2
(1 q / 3 q) (2/4) (2/3) (10/16) (1/2)
Group mean 3.0 3.0 14.0 2.0
(over subject median)
Fastest trial 1 1 7 1

Comparison to fastest trial

Normalised group mean 3.0 3.0 2.0 2.0
Diff. group mean & fastest trial 2s (66.7%) 2s (66.7%) 7s (50.0%) 1s (50.0%)
Bold = mentioned in text, Normalised with respect to fastest trial

Table 4.6: Results - Phase IIIA; Task completion time - States of ’2-Get bolt runner’

Task completion time per state [s]
Move to BR Grasp BR Extract BR

Group median 4 4 5
(1 q / 3 q) (3/10) (3/6) (4/6)
Group mean 5.5 4.3 6.2
(over subject median)
Fastest trial 2 2 2

Comparison to fastest trial

Normalised group mean 2.75 2.10 3.1
Diff. group mean & fastest trial 2.5s (63.6%) 2.3s (53.8%) 4.2s (67.6%)

Bold = mentioned in text, Normalised with respect to fastest trial
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5
A Task-Specific Analysis of

the Benefit of Haptic Shared
Control During

Telemanipulation

Telemanipulation allows human to perform operations in a remote environ-
ment, but performance and required time of tasks are negatively influenced
when (haptic) feedback is limited. Improvement of transparency (reflected
forces) is an important focus in literature, but despite significant progress, it
is still imperfect, with many unresolved issues. An alternative approach to
improve teleoperated tasks is presented in this study: offering haptic shared
control in which the operator is assisted by guiding forces applied to the mas-
ter device. It is hypothesised that continuous intuitive interaction between
operator and support system will improve required time and accuracy with
less control effort; even for imperfect transparency. An experimental study
was performed in a hard-contact task environment. The subjects were aided
by the designed shared control to perform a simple bolt-spanner task using a
planar three degree of freedom teleoperator. Haptic shared control was com-
pared to normal operation for three levels of transparency. The experimental
results showed that haptic shared control improves task performance, con-
trol effort and operator cognitive workload for the overall bolt-spanner task,
for all three transparency levels. Analyses per subtask showed that Free Air
Movement benefits most from shared control in terms of time performance,
and also shows improved accuracy.

This chapter is based on a publication in the IEEE World Haptics Conference Proceedings [1] and on a
publication in IEEE Transactions on Haptics (2013) [2].
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5.1. Introduction

C ertain tasks need to be performed in environments where direct manipulation
by humans is not possible, due to for example the hostile nature of the envi-

ronment (e.g. deep sea and nuclear or toxic environments), or due to dimension
constraints (e.g. micro assembly or minimally invasive surgery). A human-in-the-
loop approach using telemanipulation robots is commonly used when tasks have
an unpredictable nature [3, 4]. Especially because this unpredictability, combined
with issues like safety, responsibility [5] and costs, often restrict the usability of full
robotic automation. Fig. 5.1 shows a schematic representation of the total sys-
tem of human operator, telemanipulator, and environment, which is defined as the
Connected Telemanipulation System (CTS) [6].

Task performance achieved using such systems is limited and needs to be im-
proved [7]. The conventional approach focuses on the telemanipulator itself, aim-
ing at increasing task performance by improving the naturally available visual/haptic
feedback to the operator. In an ideal situation, the human should have the sen-
sation of actually being present at the remote location performing the task (telep-
resence [8]). Accurate visual and auditory representation of (interaction with) the
remote environment is important for a good telepresence, but also a precise rep-
resentation of physical interaction is required. Especially this last issue, also called
transparency, remains one of the main challenges of the field. Perfect transparency,
defined as perfect tracking of both forces and positions [9] or as a ratio of one be-
tween transmitted and environmental impedance [10], is still far from achieved in
most practical applications.

Previous research showed that improvement of transparency by providing force
feedback from the environment to the human is beneficial and improves task per-

Slave robotMaster device

Controller

Haptic Shared 

Controller

Human 

operator

Task 

environment

Human goal

System goal

Visual/audio feedback

Figure 5.1: The five components of the Connected Tele-manipulation System (upper part), adapted
from Christiansson [6]. The lower part shows the haptic shared control approach to assist the human
operator with the task. Arrows indicate information flow. Both human and shared control system get
feedback from the task performance and have a goal input.
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formance [11, 12] and reduces cognitive workload [13]. However, technical issues
limit the quality level of the provided force feedback. Although great efforts have
been made over the past decades to improve transparency, and substantial progress
has been made (e.g. [6, 7, 10, 14, 15]), optimal transparency is not yet realized.

Instead of focussing on the telemanipulator and the achieved transparency to
improve task performance, another option is to assist the task execution. This
approach was first used by Rosenberg [16], presenting additional passive guiding
forces - called virtual fixtures - to assist the operator during a teleoperated peg-
in-hole task. The artificial forces worked like a virtual ruler and resulted in a large
improvement of task performance. This research laid the foundation for further
research in virtual guiding forces, which can be seen as a way of combining au-
tomation and manual control. In literature, all kinds of definitions and names can
be found for this type of shared control (e.g. virtual fixtures, haptic guiding, virtual
guiding forces), in this chapter we will use from now on the term haptic shared con-
trol. Haptic shared control is defined as an approach in which an assisting system
continuous communicates a calculated ideal control input to the human operator
by forces (in a passive or active way). The operator and the shared control system
share control by applying forces on the same input device (see Fig. 5.1).

One of the main applications of haptic shared control that is found in literature
is in operational assistance; guiding to a certain reference position (e.g. [16–19]),
protecting areas (e.g. [20, 21]) and vehicle control (e.g. car following [22] and
curve negotiation [23, 24]). The results of these studies are positive although most
of this research is limited to one or two degrees of freedom and/or focuses on
motions in free air. A closely related field of research is the use of haptic shared
control for training of manual tasks (e.g. [25, 26]).

In literature different examples and implementations of haptic shared control
were found, but how should control be shared in a comfortable and intuitive way?
An interesting metaphor is horse-riding [27]. The rider is in control and guides the
horse. The horse can act autonomously and find a way by itself in case the rider
loosens his or her control for a moment. Through the forces on the reins, control
authority is switched smoothly back and forth between horse and rider.

As described above, haptic shared control seems a promising candidate to assist
full-scale telemanipulation. This chapter proposes an extension of the found haptic
shared control in literature to telemanipulation in more degrees of freedom, using
the continuous haptic shared control based on the principle used by Abbink and
Mulder [28]. Based on additional information like virtual models and sensor infor-
mation (e.g. about the human, the task, and the environment), the haptic shared
control system calculates the ideal control action. This ideal control action is pre-
sented as a force on the master device, making the operator continuously aware
of the optimal control action. The system assists the operator in execution of the
optimal action, but the operator is in control and can always resist the shared con-
trol forces if he does not agree with the system. A general scheme of the proposed
haptic shared control is illustrated in Fig. 5.1.

A preliminary study showed beneficial effects of haptic shared control on time
performance; showing an improved time-to-complete of 20-32% for the teleoper-
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ated bolt-and-spanner task [1]. The current study aims to provide further insight
in two directions. First of all, besides time performance, effects on other factors
like control effort and cognitive workload of the operator are considered [23]. Sec-
ondly, it is interesting which part of the task benefits most from the applied shared
control. Interesting task-specific performance metrics are; execution time (for each
subtask), positional accuracy (movement in free air) and applied forces to the en-
vironment (in contact situations) [29].

For different types of motions, human beings apply different control strategies
(e.g. they adjust their response to visual and haptic feedback). When designing and
analysing a haptic shared control system, it is important to consider these different
types of motion. Wildenbeest [30] defined four fundamental types of motion for
a hard contact task environment, based on an analytical task span presented by
Aliaga [15]. For each of these fundamental motion types a different haptic shared
control strategy was proposed:

1. Free Air Movement. The slave robot has no interaction with the environment.
Proposed guiding strategy for haptic shared control: guiding of tool position
and orientation to an ideal path (as considered by the automatic controller).
This type of guiding is also used in vehicle control [28].

2. Contact Transition. The slave robot moves close to a surface and makes
contact. Haptic guiding should prevent hard collision by an artificial damping.

3. Constrained Translational Movement. One or more degrees of freedom of the
slave robot are constrained (e.g. moving over a surface, coaxial sliding of
pipes, peg-in-hole task). Proposed guiding strategy for haptic shared control:
guiding of tool position and orientation.

4. Constrained Rotational Movement. A movement around a rotation point, con-
taining a constrained circular trajectory (e.g. moving a door handle). Pro-
posed guiding strategy for haptic shared control: haptic guiding introduces a
virtual rotation/compliance centre at the bolt origin.

The main objective of this research was to provide evidence that appropriately
designed haptic shared control can result in larger improvements in human-in-the-
loop (task) performance than improving transparency; and that this applies not
only for task completion time [1], but also for control effort and operator cognitive
workload. Secondly, this research wanted to answer the question which of the
subtasks benefits most. To test and quantify this, an experiment was designed using
a simple bolt-and-spanner task [30], containing the four fundamental motion types.
To prevent the results to be valid for only one arbitrary controller, the subjects had
to execute the task for three different levels of transparency: Direct Control (almost
perfect transparency), telemanipulation with force feedback and telemanipulation
without force feedback (no transparency). These conditions were tested with and
without haptic shared control.

It was hypothesised that, for the total task, reducing transparency will degrade
(task) performance, while appropriate haptic shared control will increase task per-
formance with respect to Direct Control, independent of the level of transparency
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Table 5.1: Hypotheses about the effect of shared control on task performance and operator cognitive
workload for different levels of transparency.

Transparency / F1:
Ideal ←−−−−−−− Medium −−−−−−−→ No

Direct Control Teleoperation -
Force Feedback

Teleoperation -
No Force Feedback

Total task (time, control effort, operator workload)

F2:
No Shared Control 0 - - -
Shared Control + + +

Subtask: Free Air Movement (time, accuracy)

F2:
No Shared Control 0 0 0
Shared Control + + +

Subtasks: Movement with contact (time, force on environment)

F2:
No Shared Control 0 - - -
Shared Control + + +

Direct Control is taken as baseline (denoted as ’0’)

(see Table 5.1). Moreover, it is expected that the hypotheses for the total task
will be reflected in the individual three ’no Free Air Movement’ subtasks. Note that
the level of transparency is expected to have no influence on time performance
and accuracy during Free Air Movement, since Free Air Movement is mainly a vi-
sual task. Since all subtasks contain movement, the use of haptic shared control
is expected to improve time performance for all subtasks. Because Direct Control
is the ’golden standard’ in transparency-oriented research, it is defined here as the
baseline condition.

5.2. Methods
5.2.1. Subjects
The proposed shared control was tested on a group of 9 male subjects. The mean
age of the subjects was 26.1 year, with a standard deviation of 1.1 years. All
subjects were right-handed and no one had experience with teleoperation. The
subjects participated voluntarily and did not receive a financial compensation for
their efforts. All subjects gave their written informed consent prior to the experi-
ment. The study was approved by the Human Research Ethics Committee of the
Delft University of Technology.

5.2.2. Task Description
The subjects were asked to take place in front of the master device and hold the
interface of the master device like a normal spanner. Subsequently, the following
task had to be executed (see green arrows in Fig. 5.2): begin 2 cm below P1,
move to points P1, P2, and P3, make contact with the bolt (moving from P3 to
P4), slide the spanner over the bolt at P4 and finally rotate the bolt to the visible
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Figure 5.2: Visual feedback to the subjects; a tilted camera view from the task environment. The
experimental task is indicated in the picture by the green arrows; move to the bolt (P4) following
the red path (via P1, P2 and P3) and rotate the bolt until the visible reference. and is
Operational/Centerpoint slave respectively.

reference angle. The subjects were asked to perform this task as fast as possible.
The locations of the target points were respectively: (x, y, 𝜃) = (0m, 0m, 0º), (0m,
0.02m, 0º), (-0.06m, 0.07m, 0º), (0.06m, 0.08m, 65º) and the bolt position (x, y)
= (0m, 0.12m).

These instructions were handed out to the subjects and were verbally explained
in addition by the experiment leader before the start of the experiment.

5.2.3. Experimental Setup
The haptic shared control experiment was performed using a 3-DOF planar tele-
manipulation system. The system consisted of a parallel force-redundant master
device and a serial slave device. A schematic drawing (top view) of the master and
slave is shown in Fig. 5.1, note the spanner on the master device required for the
’Direct Control’ condition.

A position-error control was implemented and the controller ran on a Math-
works xPC Target real-time operating system at 1kHz. The positional accuracy
was 0.03mm and the minimal time delay between master and slave was estimated
at 1.5ms (1ms measurement interval and 0.5 due to the zero-order hold of the
analogue output. The design of this telemanipulator is discussed in detail by Chris-
tiansson [31].

The device performance and stability was evaluated by Wildenbeest [30] using
the two-port network modelling framework [32]. The device characteristics for the
different transparency conditions are listed in [1].
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The setup was equipped to perform a bolt and spanner task. Both master and
slave were equipped with a spanner interface. The interaction forces at the slave
side could be estimated using the series-elastic principle.

The (remote) environment consisted of a construction with an M6 bolt (Fig.
5.2). This construction could be placed at the slave or the master side. The torque
required to rotate the bolt was artificially created by a friction force induced by
a spring. The tightening torques to overcome static and dynamic friction were
estimated to be respectively 35.7 Nmm (standard deviation: 2.0) and 31.6 Nmm
(standard deviation: 6.0). The bolt rotation was measured with an angle sensor.

5.2.4. Haptic Shared Control Design
The haptic shared control design could be based on two fundamentally different
types of guiding; attractive guiding [17],[24], creating guiding forces towards an
ideal path and repulsive guiding [16],[21], preventing users to enter forbidden re-
gions by presenting repulsive forces. Attractive motion guiding can be done in a
passive or in an active way: Passive guiding only applies forces orthogonal to the
path and will not initiate a motion along the path by itself. Active guidance actively
pushes the master to the (sub)goal and will induce a motion along the path when
the operator releases the master.

A small pilot experiment with two subjects was used to get an indication of
which type of haptic shared control design is most promising for this type of task.
A variety of shared control designs, partly based on the literature that was dis-
cussed above, was implemented: A protective layer protecting the environment,
a passive/active guiding tunnel, passive/active guiding on an ideal path with and
without look-ahead guiding. The different types of shared control were judged on
required time to complete the task and the subjective measure how intuitive the
guiding was. Passive look-ahead guiding based on an ideal path showed the best
performance and was chosen for the experiment. This chosen guiding is not neces-
sarily the optimal guiding and neither totally optimised, though suitable for a proof
of principle.

Fig. 5.1 shows that both human and the haptic shared control system have a
goal input. Ideally, the haptic shared control system should be able to figure out
the human goal (intention and strategy) and adapt to this goal. The shared control
system used in the current study is simplified at this point: the shared control
system determines the goal (e.g. the ideal path), and shows this visually to the
human. This ”ideal” path is chosen and is not optimised to human motions for this
study.

The haptic shared control design used for the experiments is described below
per subtask (see also Fig. 5.3):

1. Free Air Movement. A smooth path between the target points was chosen
as ideal path (see red line in Fig. 5.2). The guiding forces were based on
the ’look ahead’ path error (E2 in Fig. 5.3) [24], which is defined as the
path error at an estimated position in future (B) based on the current velocity
vector (ẋ) and a look ahead time of 0.1s. The resulting guiding force was
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Figure 5.3: Shared control design. Left: The position guiding force is based on the path error E2 at ’look-
ahead position’ B (look-ahead time is 0.1s). This force is applied at the current position A, orthogonal to
the path (in direction of E1), adapted from Mulder [24]. Right: The rotational guiding force increased
linear within the reported radia of the target points (visualised by the black circles).

applied orthogonal to the path (in a passive manner, i.e. when the operator
does not touch the master, the device does not move by itself).

𝐹 = −⃗⃗⃗⃗⃗𝐸 ∗ 𝑘 (5.1)

The shared control stiffness was 𝑘 = 120[𝑁/𝑚]. Within a radius of 0.04m of
the target points 1 to 3, guiding of the tool orientation was linearly increased
to a stiffness of 0.5 [Nm/rad].

2. Contact Transition. Between a radius of 0.05m and 0.04m of the bolt, the
tool orientation guiding was linearly increased to a stiffness of 0.5 [Nm/rad].
A linearly increasing artificial damping of 15 [Ns/m] prevented hard collision.

3. Constrained Translational Movement. The spanner was guided to the right
orientation with a stiffness of 0.5 [Nm/rad]. Within 0.5cm from the bolt, an
attractive force of 1.5 N was activated, pulling the spanner to the bolt.

4. Constrained Rotational Movement. The presented guiding force was only per-
pendicular to the movement. The attractive force of 1.5 N was active to ensure
that the spanner stayed on the bolt head. In the No Force Feedback (NoFF)
condition, the shared control system introduced a virtual rotation/compliance
centre at the bolt origin with a stiffness of 150 [N/m].

5.2.5. Experiment Design
Experimental Conditions
The two main factors of the experiment were two different types of haptic informa-
tion: (F1) the ’level of transparency’, and (F2) ’with/without haptic shared control’.
These factors were combined into six experimental condition (see Table 5.2).

Transparency was defined as how transparent the interaction forces were trans-
mitted to the operator. The two extremes of this factor were Direct Control (DC),
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Table 5.2: The six experimental conditions

Transparency / F1:
Ideal ←−−−−−−− Medium −−−−−−−→ No

Direct Control Teleoperation -
Force Feedback

Teleoperation -
No Force Feedback

F2:
No Shared Control DC FF NoFF
Shared Control DC-SC FF-SC NoFF-SC

which gives almost perfect transparency, and No Force Feedback (NoFF), which
gives no transparency. A third condition in between was Force Feedback (FF) using
a classical position-error controller. The FF and the NoFF conditions were tested
in telemanipulation configuration. The NoFF condition was tested by setting the
position-error slave-to-master PD-gains to zero. For the DC condition, the environ-
ment was placed at the master side and the task was executed hands on using the
spanner mounted at the master.

The experiment contained 8 repetitions of each of the six conditions per sub-
ject. Every subject started with the Force Feedback (FF) condition, to have a ref-
erence for the subjective measures. The remaining conditions were presented ran-
domly to minimise the influence of learning effects during the experiment. All trials
were analysed for the total task, but also for the four fundamental subtasks; Free
Air Movement, Contact Transition, Constrained Translational Movement and Con-
strained Rotational Movement.

All subjects did have training sessions for each new condition in advance of the
actual experiment.

Controlled Variables
Visual Feedback Visual feedback from the remote environment is very important
during telemanipulation tasks and is usually achieved by camera views. Yet in
many cases, the often hazardous environments limit the quality and available depth
information, which increase the difficulty of the task for the human operator.

For all conditions of the experiment, the subjects were dependent on visual
feedback from the (remote) environment by a camera view (see Fig. 5.2). This
camera view had a limited resolution (960 x 544 pixels) and was displayed on a
14-inch laptop screen next to the setup. The camera was placed at an angle of 45
degrees with respect to the horizontal and could be placed at the slave or master
side. This tilt of the camera was done to make the task more difficult (and realistic)
by introducing depth effects.

Task Instruction Upon executing a task humans always have a (subconscious)
preference for certain control strategies. In most cases, this control strategy has
to do with a trade-off between energy consumption, accuracy and/or time. During
the training trials preceding the experiments the subjects got an explicit instruction
to perform the task with one of the two following control strategies:

1. Accurate; perform the task as accurate as possible. This would lead to opti-
misation of strategy towards low forces and positional accuracy.
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2. Fast; perform the task as fast as possible. This would lead to optimisation of
strategy towards time duration.

During the pilot study, it appeared that testing both strategies on each subject
resulted in a high burden on the subjects. Hence, during the actual experiments,
the subjects were instructed to perform the task as fast as possible for all conditions.

5.2.6. Measured Variables & Metrics
To analyse the effect of shared control on teleoperated task performance, a vast
amount of variables were recorded during the measurements, all sampled at 1 kHz.
Based on the recorded data, a number of metrics were calculated to determine
the performance. These metrics can be separated into two categories and are ex-
plained below:

Task performance metrics:

• Time-to-complete (ttc); The time it takes for a subject to complete the (sub)task.
• Integrated path error (𝑒𝑟𝑟 ); Integration of the error with the ideal path.
• Average contact force (𝐹 , ); Average of the measured interaction force with
the environment.

Control effort metric:

• Reversal rate (𝑛 ); Number of steering corrections done by the human op-
erator, which can be seen as a measure for control effort of the subject to
control the system. The reversal rate was defined as the amount of times the
movement changes direction (amount of sign changes of the velocity). The
raw position data was first filtered with a 15Hz low-pass filter to reduce the
’not human induced’ measurement noise (human manipulation frequencies
go up to around 10 Hz). The derivative of this filtered vector was checked for
sign changes. This chapter only presents the reversal rate for the x-direction,
but same trends were found in y- and rotational direction.

Furthermore, the following subjective measures were tracked for all six conditions:

• Self-reported cognitive workload using the NASA Task Load Index (NASA-TLX)
[33]. A scale from 0 to 100 represents the amount of workload.

• The subjects were asked to grade their own performance with respect to
accuracy and with respect to time performance. A visual analogue scale from
1 to 8 was used (measurement resolution: 0.1); 1 represented ’very bad’ and
8 represented ’very good’.

• The subjects were asked to rate the helpfulness of the shared control. A
visual analogue scale from -4 to 4 was used (measurement resolution: 0.1);
-4 represented ’totally opposing’ and 4 represented ’very helpful’.

5.2.7. Data Analysis
A repeated measurement design was used; all 9 subjects performed the task under
all conditions in random order. The 8 repetitions per subject were averaged for each
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of the six conditions. Per metric, the effects of the factors ’transparency level’ (F1),
’haptic shared control’ (F2) and their interaction were assessed using a two way
repeated measures ANOVA. A Greenhouse-Geisser correction was applied in case
the sphericity assumption was violated. For significant main effects (p<0.05), the
following post-hoc tests were performed, corresponding the defined hypotheses.
First of all, the differences between the three consecutive transparency conditions
(F1) without shared control were analysed. Secondly, the effect of shared control
(F2) was analysed for each of the three transparency conditions separately. Thirdly,
the effect of shared control was compared to the ’baseline’ condition Direct Control.
For the post-hoc tests, the difference in mean with the corresponding 95% confi-
dence interval and the p-value are shown. Results were regarded as statistically
significant for p ≤ 0.05. The boxplots in figures 5.4, 5.5, 5.6 and 5.9 show the
median, the 25th and 75th percentiles. The whiskers extend to the most extreme
data point within 1.5 times interquartile range. The marks (•••), (••), (•) denote
the significance of 𝑝 ≤ 0.001, 𝑝 ≤ 0.01 and 𝑝 ≤ 0.05 respectively, and (-) denotes
no significance.

Although multiple comparisons were made, the authors chose to not apply a
multiple comparison correction because a limited amount of specific hypotheses
were tested and it is easier to compare H0 and H1 rejections. The drawback is a
higher chance on type 1 errors (false rejection of H0).

5.3. Results

T he measured metrics as defined in section 5.2.6 are presented in the upcoming
two paragraphs, the first paragraph presents the general results for the entire

task, the second paragraph presents the results per subtask. Only the main findings
are described in the text, a complete overview of the results can be found in Tables
5.3 and 5.6 (RM ANOVA results), Tables 5.4 and 5.5 (post-hoc analyses) and Tables
5.7 and 5.8 in the Appendix (descriptive statistics).

5.3.1. Effect of Transparency and Haptic Shared Control on
Entire Task

Task Performance and Control Effort
Fig. 5.4 shows the time-to-complete for the entire task. With respect to ’no haptic
shared control’, it shows that the baseline (DC/almost perfect transparency) yields
the shortest time to complete. Compared to DC, the FF and NoFF conditions showed
an increased time-to-complete of 1.71s (p=0.001) and 3.5s (p=0.010). Haptic
shared control resulted in an improved time-to-complete of 1.43s (p = 0.006), 2.17
(p = 0.0002) and 3.43 (p = 0.008) for respectively the DC, FF and NoFF condition.
No interaction effects were found between the transparency level and the presence
of haptic shared control F(2,16)=3.6, p=.052. See Table 5.3 and 5.4 for more
details.

Reversal rates for the entire bolt-and-spanner task are shown in Fig. 5.5 as
control effort measure. Presented are the reversal rates in x-direction, but the same
trends were found in y- and rotational direction. No main effect on transparency on
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Figure 5.4: Time-to-complete for the entire bolt-and-spanner task (9 subjects, 8 repetitions), shown
for six conditions. The boxplot shows: median, 25th and 75th percentiles, and whiskers untill the most
extreme data point within 1.5 times interquartile range. The marks (•••), (••), (•) denote a significance
of . , . and . resp.

Figure 5.5: Reversal rate entire bolt-and-spanner task (9 subjects, 8 repetitions), shown for six conditions
(see also Table 5.4). The marks (•••), (••), (•) denote a significance of . , . and .
resp.

Table 5.3: Repeated Measures ANOVA results for the entire task.

F1: Transparency F2: Shared Control F1 x F2
ttc F(1.16,9.25)*=10.9, p=.007 F(1,8)=26.7, p<.001 F(2,16)=3.6, p=.052
𝑛 F(2,16)=2.6, p=.105 F(1,8)=15.3, p=.004 F(2,16)=2.2, p=.143
𝑒𝑟𝑟 F(2,16)=1.9, p=.182 F(1,8)=22.9, p=.001 F(2,16)=2.7, p=.097
𝐹 , F(1,8)=1.7, p=.129 F(1,8)=0.1, p=.738 F(1,8)=2.5, p=.150
NASA-TLX F(2,16)=1.3, p=.303 F(1,8)=22.2, p=.002 F(2,16)=2.8, p=.091

*Sphericity criterion was violated: Greenhouse-Geisser correction has been applied.
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reversal rate was found (F(2,16)=2.6, p=.105). Haptic shared control resulted for
all transparency conditions in a significant decrease of the reversal rate (see Table
5.4).

Subjective Measures
The TLX-scores for each of the six conditions were compared (Fig. 5.6). On average
the cognitive workload for DC, FF, and NoFF was rated at respectively 52, 52 and
64. Haptic shared control resulted in a decreased workload of 28% (p=0.005), 18%
(p=0.138) and 39% (p=0.002) for DC, FF and NoFF respectively. Seven out of nine
subjects reported a decreased cognitive workload for all transparency conditions
when shared control was added. Two subjects reported a slightly higher workload
for the FF-SC condition.

Eight out of nine subjects rated the helpfulness of haptic shared control positive
for all conditions, with an average grade of 2.4, 2.5 and 2.5 (range -4 to 4) for
DC, FF and NoFF respectively. The only negative rating was a -0.3 for DC_SC. The
mean of self-reported time performance (how fast do you think you performed the
task?) were 5.9, 5.6 and 4.5 (range 0 to 8) for DC, FF, and NoFF respectively. The
means for self-reported accuracy were 3.9, 4.9 and 3.3 (range 0 to 8). Eight out of
nine subjects rated their time performance higher when haptic shared control was
added, for self-reported accuracy this was seven out of nine subjects

Figure 5.6: Self reported cognitive workload; NASA TLX test (9 subjects). The marks (•••), (••), (•)
denote a significance of . , . and . resp.

5.3.2. Effect of Transparency and Haptic Shared Control on
Fundamental Subtasks

The results above showed the effects of transparency and haptic shared control for
the entire bolt-and-spanner task. Question remains how these effects are related to
the four fundamental subtasks. Fig. 5.7 shows a bar chart of the time-to-complete,
per fundamental subtask (see Table 5.8 for descriptive results). The general trends
found for the total task are reflected in the subtasks. The ANOVA results show
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Figure 5.7: Time-to-complete for the entire bolt-and-spanner task (9 subjects, 8 repetitions), separated
for the four fundamental subtasks (see Table 5.5)

Table 5.6: Repeated Measures ANOVA results for the subtasks.

F1: Transparency F2: Shared Control F1 x F2
FAM F(2,16)=7.4, p=.005 F(1,8)=30.0, p<.001 F(2,16)=1.7, p=.21
CT F(1.13,9.08)*=4.5, p=.059 F(1,8)=7.8, p=.023 F(2,16)=0.8, p=.45
CTM F(2,16)=8.4, p=.003 F(1,8)=10.3, p=.012 F(2,16)=4.7, p=.026
CRM F(2,16)=9.0, p=.002 F(1,8)=7.7, p=.024 F(2,16)=2.3, p=.23

*Sphericity criterion was violated: Greenhouse-Geisser correction has been applied.

main effects for the level of transparency for all subtasks except for the Contact
Transition (CT) and main effects for the presence of haptic shared control for all
subtasks (Table 5.6). Compared to DC, the time to complete increased with de-
creasing transparency for each subtask. Table 5.5 shows the effects of haptic shared
control on time-to-complete per subtask. The subtasks Free Air Movement (FAM)
and Constrained Translational Movement (CTM) showed significant improvement
in time performance for all transparency conditions. Constrained Rotational Move-
ment (CRM) showed only significant improvement for DC and not for FF (p=0.132)
and NoFF (p=0.062).

Although a slightly improved completion time was measured, the average force
exerted on the environment during Contact Transition and Constrained Translational
Movement showed no significant effect (see Table 5.4). Note that the average con-
tact force (𝐹 , ) was only measured and analysed for the teleoperated conditions
(FF and NoFF).

The effect of haptic shared control on positional accuracy is shown in Fig. 5.8.
This figure shows the master motion trajectories of a typical subject during the DC
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Figure 5.8: Comparison of the Free Air master trajectories of the center point from a typical subject (8
repetitions each), obtained during the Direct Control condition (almost perfect transparency), without
(left) and with (right) haptic shared control.

Figure 5.9: Integrated error subtask Free Air Movement (9 subjects, 8 repetitions), shown for six con-
ditions (see Table 5.4). The marks (•••), (••), (•) denote a significance of . , . and

. resp.

condition. Compared to normal control, shared control showed less deviation and
a lower nominal path error. Trajectory plots for FF and NoFF showed comparable
results, indicating that transparency does not influence positional accuracy. Results
for the metric integrated path error are shown in Fig. 5.9. The level of transparency
showed no main effect on the path error (F(2,16)=1.9, p=.182), while providing
haptic shared control improved the path error with 38% to 56% (see Table 5.4).

5.4. Discussion

T he experimental results showed that this telemanipulated bolt-and-spanner task
benefits from haptic shared control, for all three levels of transparency. Essen-

tially, the presence of haptic shared control allowed for a worse transparency while
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the level of performance was maintained (required time) or even improved (control
effort, cognitive workload, and accuracy) compared to the Direct Control condition
(almost perfect transparency).

The experimental results for the entire task, are quite close to the defined hy-
potheses. The association between time-performance and transparency was as
expected; a lower transparency yields to a higher time-to-complete. These find-
ings correspond with existing literature. For example Hannaford [12] and Lawrence
[10] reported/supposed an improved performance when providing higher quality
force reflection. The relative small difference between the NoFF and FF condition
represents the limited force feedback quality of the used tele-manipulator, most
likely due to the simple PERR controller that was used. The difference in perfor-
mance between FF and DC shows the room for improvement when focusing on
improvement of telemanipulator transparency. Although shared control improved
time-to-complete for all transparency conditions, the beneficial effect was larger
for imperfect transparency. Even without any force feedback from the environment
shared control resulted in task execution approximately as fast as in Direct Control.

The time-to-complete only deviates from the hypothesis for the FF_SC and the
NoFF_SC conditions; it was not expected that lower transparency levels would result
in decreased time performance when applying shared control. The result indicates
that when applying haptic shared control, improvement of transparency may result
in an extra decrease of time-to-complete for at least a part of the task. Subjec-
tive measures show that the subjects perceived shared control to be beneficial for
improving accuracy and speed.

It was expected that less transparency would result in a higher control effort
of the human operator since less force feedback was expected to make the task
more difficult. The found differences in reversal rate were not significant, however,
the increased variation between subjects for the FF and NoFF conditions indicates
a higher control effort for at least a part of the subjects. Shared control resulted
in a decreased control effort for all transparency conditions. Comparable results
were found for the self-reported cognitive workload. This result corresponds with
findings of Griffiths [23], reporting a lower workload during car steering with haptic
shared control. The decreased cognitive workload found during haptic shared con-
trol is important to notice, since it has been shown that workload directly influences
the human’s ability to perform tasks [13]. Optimization of cognitive workload could
reduce human error, improve system safety, increase productivity and increase op-
erator satisfaction [34].

When examining the four different subtasks in detail, all subtasks showed a de-
creased time performance during worse transparency conditions. This decrease in
time performance was not expected to be found for the Free Air Movement subtask,
since Free Air Movement is mainly a visual task, not requiring force reflection. It
is possible that the addition of extra slave dynamics in the FF and NoFF condition
resulted in the decreased time performance.

For positional accuracy during Free Air Movement no difference was found under
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different transparency conditions. Most likely this is because Free Air Movement is
mainly a visual task as no contact is involved.

The largest improvement of haptic shared control in time-to-complete can be
found during Free Air Movement (FAM, from P1 to P3) and Constrained Translation
Movement (CTM, sliding over the bolt head). This is not surprising since the exe-
cution of these two subtasks highly depends on the right position and orientation
of the spanner, both guided by shared control.

The addition of shared control substantially improved the positional accuracy
during Free Air Movement for all three transparency conditions (as shown in Fig.
5.9).

The average force exerted on the environment during the Contact Transition
and the Constrained Translational Movement was not measured to be significantly
higher with shared control, although an improved time performance was found.
The artificial damping and orientation guiding added by the shared control system
allows for higher speeds without compromising exerted forces during the Contact
Transition and the Constrained Translational Movement.

It is remarkable that haptic shared control during Constrained Rotational Move-
ment (CRM) does not show a significant improvement for the NoFF condition. Sev-
eral subjects mentioned the difficulty of this subtask without shared control, as they
had to rotate around a ’virtual’ point. These subjects mentioned a beneficial effect
of shared control, and this effect is slightly represented in the measured time-to-
complete, but the effect is not significant. The beneficial effects are probably better
represented in other metrics like lower contact forces and a lower operator cogni-
tive workload, but this could not be verified with the available measurement data.

One of the main areas of improvement is the choice for the ’ideal’ path used
for the haptic shared control in free air. Currently, an arbitrary path was chosen
that was smooth but not optimised for minimum jerk [35]. In real telemanipulation
situations an optimised path, completely matching with the human intention, is
often not available (or hard to derive). Of course, a path which is far from intuitive
for humans would give strange results.

Haptic shared control is a special way of assisting, since it does not directly
control the output (e.g. the slave robot), but indirectly influences the output by
applying forces at the input device (e.g. master device). This approach is focused
on the human-in-the-loop, allowing the operator to be fully aware of the guiding
and the system status. In order to provide the proposed haptic shared control,
information is required about the environment, the task and the human intention,
since the control system needs to define an ideal path. These conditions limit the
general use of haptic shared control, because a large part of telemanipulation tasks
is typically performed in unknown and unstructured environments, and information
about the environment and task is not always available. Environmental information
could be obtained and derived from sensor data (in real time). In more structured
and known environments (e.g. maintenance of nuclear plants) virtual (CAD) mod-
els could be used, in combination with real-time calibration based on sensor data.
Obtaining specific task information is in most cases even more challenging. Except
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for specific maintenance applications, most telemanipulation situations do not have
closely monitored task sequences available. The level/amount of haptic shared con-
trol which can be applied depends on the detail of achievable information from the
environment and the task. Operator intention and operator motion planning also
play an important part. The experimental results showed the importance of includ-
ing human intention and motion planning into a haptic shared control design: in
9-14% of the executed trials, counteracting control behaviour between the human
and the shared control system was observed. A mismatch of intentions between
human and the shared control system (aiming for a different part of the trajectory;
P1-P2 / P2-P3) caused the struggles. Although the subjects could detect and solve
these conflicts with guiding forces quite fast, these mismatch problems should be
solved. Note that despite these imperfect trials, shared control still resulted in an
overall improved performance.

As described above, haptic shared control requires information about the task
and the environment. If this information is available, why apply haptic shared
control and not automation? First of all, automation requires exact and complete
information and also a high accuracy and reproducibility of the robot system, which
is often not available or hard to achieve in teleoperated situations. Since shared
control includes the human intelligence in the task control, the quality requirements
for the input information and system accuracy are less strict and therefore earlier
achieved. Furthermore, the human-in-the-loop approach of haptic shared control
keeps the operator involved and trained, which is expected to avoid common au-
tomation problems of losing skills and attention [28]. On the other hand, several
potential pitfalls might occur with haptic shared control: e.g. confusion about au-
thority and dependency on shared control [36]. It is important to include these
topics in future research.

5.4.1. Future Work
Shifting from a 3 degree of freedom (DOF) planar telemanipulator to a 6 DOF de-
vice will make the task considerably harder, mainly due to two extra rotations and
the need for visual depth cues. Because the haptic channel is inherent 3D, the
improvements of haptic shared control in 3D are expected to be even higher than
in 2D.

As discussed above, human intention recognition (i.e. goal) is an important
factor which is an important research direction. Closely related is the question
how to deal with conflicts between human goals and controller goals and how to
address changes in control authority. Our group has previously proposed to relate
such changes to adaptations in the stiffness of the shared controller [28, 37]. In
the ideal case this gain shifts automatically depending on human intention, shared
controller and the task and environment. This requires an in-depth knowledge of
human motion control [38] and about the physical behaviour of the human limb
[39].

Haptic shared control is best viewed as a human-machine interface for automa-
tion, that can smoothly shift authority between full automation and manual control.
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This research shows that haptic shared control exhibits some of the short-term
benefits of automation (e.g. improved time and accuracy, reduced cognitive work-
load), but does not address the long-term (negative) issues of human-automation
interaction (trust, over-reliance, dependency on the system and retention of skills).

Haptic shared control is a challenging approach: it does not only require the
design of an automation system but also requires information about complex human
behaviour. However, by including that information, it is possible to optimise the
entire human-machine interaction system, allowing us to bridge the gap between
full automation and manual control.

5.5. Conclusion

A ssistance of operators by haptic shared control was investigated for execution
of a teleoperated task in a hard contact environment. The designed shared con-

trol system has been evaluated using an experimental bolt-spanner task, executed
for three different levels of teleoperator transparency. For all three levels of trans-
parency, shared control allowed subjects to significant and substantially improve
their time performance and accuracy without needing to exert more force. Control
effort and cognitive workload decreased with shared control and subjective mea-
sures showed that shared control was perceived as helpful and beneficial. Analyses
per subtask showed that the level of transparency has limited influence on task
performance in Free Air Movement, while haptic shared control is most effective
in that subtask. The presented results indicate that teleoperated tasks, especially
tasks dominated by movement, may benefit more from focusing on haptic shared
control than focusing on improvement of transparency.

5.6. Appendix - Result Tables
Table 5.7: Experimental results for the entire task; Descriptive statistics covering five metrics measured
for the six conditions (9 subjects, 8 repetitions).

Experimental results; mean (std)
Metrics DC DC_SC FF FF_SC NoFF NoFF_SC
ttc [s] 7.26 5.83 8.97 6.80 10.76 7.33

(1.48) (1.25) (2.16) (1.68) (4.41) (1.73)
𝑛 72.81 44.89 81.29 50.11 99.97 48.84

[-] (25.93) (13.50) (34.91) (20.02) (60.50) (17.15)
𝑒𝑟𝑟 13.21 8.28 15.79 7.14 13.02 6.56
[𝑐𝑚 ] (3.32) (1.77) (5.65) (1.78) (4.27) (1.85)

𝐹 , - - 5.35 5.90 6.22 5.91
[N] - - (1.00) (1.08) (1.48) (1.34)

TLX 52.4 37.7 52.3 42.9 63.7 39.1
[-] (17.0) (14.6) (9.6) (17.8) (16.2) (10.1)

The table shows the mean and the standard deviation (std).
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Table 5.8: Experimental results for the four fundamental subtasks; Descriptive statistics covering time
to complete per subtask, measured for the six conditions (9 subjects, 8 repetitions).

Time to complete per subtask [s]; mean (std)
Subtasks DC DC_SC FF FF_SC NoFF NoFF_SC
FAM 4.19 3.33 5.00 3.87 5.34 4.02

(0.80) (0.97) (1.32) (1.31) (1.61) (1.24)
CT 1.23 0.97 1.56 1.05 2.05 1.25

(0.43) (0.31) (0.49) (0.32) (1.58) (0.54)
CTM 0.43 0.35 0.76 0.44 1.10 0.53

(0.15) (0.13) (0.49) (0.21) (0.78) (0.22)
CRM 1.41 1.18 1.65 1.44 2.27 1.53

(0.36) (0.18) (0.58) (0.44) (1.16) (0.35)
The table shows the mean and the standard deviation (std).
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6
Design and Evaluation of

Local and Continuous Haptic
Assistance for a 6DOF

Peg-in-Hole Task

Telemanipulation, for example during maintenance of nuclear fusion plants,
is difficult and time-consuming. Haptic guidance systems may assist opera-
tors, but it is unclear which approach is best in situations where anomalous
events may occur. An empirical study was performed to evaluate a local and
a continuous haptic assistance design, compared to the baseline of unas-
sisted control. Subjects (n=12) performed a realistic 6 DOF sequential peg-in-
hole task, using the Haption Virtuose haptic manipulator to control a virtual
slave in a virtual remote environment. Non-nominal situations were intro-
duced by occasionally blocking a hole. As hypothesised, experimental results
show that for nominal situations, task completion time and cognitive work-
load decreased with more elaborate assistance. Behavioural adaptation in
terms of speeding, which could lead to degraded performance in non-nominal
situations, was not found. Furthermore, effects of reduced awareness were
not reflected in longer error detection and higher contact forces during anoma-
lies. Overall it can be concluded that continuous haptic assistance resulted
in the best performance in nominal situations, with only marginally degraded
performance at the moment a non-nominal situation was encountered.

This chapter has been submitted for publication.
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6.1. Introduction

M any important manipulation tasks need to be executed in areas that are either
inaccessible to humans by being hazardous to humans (nuclear sites, deep

sea, outer space) or by being on a different scale (minimally invasive surgery, mi-
cro assembly). Full automation of these tasks is only possible in predictable closed
environments as present in industrial manufacturing, but the complexity of real-
world applications often requires human interaction. This can take the form of
direct telemanipulated control - possibly supported by augmented displays or con-
trol [1, 2] - or humans as supervisors of semi-autonomous control systems [3–6].
This chapter focuses on the real-world application of human-in-the-loop remote
maintenance of nuclear fusion reactors (as also envisioned for the experimental
fusion reactor ITER [7, 8]). Maintenance of such fusion reactors consists of a wide
range of different tasks, ranging from inspection and cleaning to the replacement
of components using cutting, welding and wiring loom installation. By means of
master-slave controlled (force feedback) robot arms, operators need to execute
these tasks, using visual feedback from cameras and additional visual feedback
from a three-dimensional virtual reality model of the environment. Direct telema-
nipulation in this circumstances is difficult: ample evidence shows that task execu-
tion is time-consuming, prone to errors, and highly variable - even with specially
designed environments and tooling, and extensive operator selection and training
[9–11]. The complexity and criticality of remote maintenance have so far limited
development of semi-autonomous systems where the human is merely a super-
visor. However, sensed information from the remote environment - and off-line
models of this environment - does offer opportunities to assist the operators with
multi-modal displays. For this purpose, haptic shared control was developed [12],
which physically assists operators by continuously translating sensor information
from the remote environment to guiding forces on the master device. In literature,
several comparable haptic assistance approaches can be found (e.g. [2, 13, 14]).
An important remaining question for designing this kind of haptic assistance (e.g.
haptic shared control) is: what elements of the task should be supported, and how
precisely? The first approach towards haptic assistance was virtual fixtures [15],
which advocated local haptic assistance features. Virtual fixtures, which can be
described as a virtual ruler providing visual or haptic cues, also paved the way for
no-go areas or “Forbidden Region Virtual Fixtures” [16, 17], that identifies local re-
gion which are to be avoided (either by high repulsive forces on master or slave, or
by decoupling the master and slave). This type of guiding requires no specific task
information, and performance improvement is mainly expected in decreased error
rates. Later work in local guidance features extended towards attractive guidance,
which would create a guidance funnel when close to a target [2, 13, 18]. Local
haptic assistance does not require information about task sequences and specific
trajectories, but only about local targets or forbidden regions. As a result, it offers
the operator infrequent support only locally, thereby inherently avoiding conflicts
between assistance and the human operator about how to move outside of these
local regions.

Haptic shared control extends the local support by providing continuous hap-
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tic assistance also between local areas that need to be reached or avoided. This
presupposes a more detailed and accurate scene representation than required for
local haptic guidance, and also a clear agreement in tasks goals between human
operator and robotic assistance. Our studies have shown that haptic shared con-
trol offers benefits in task completion time, position accuracy, physical workload
(exerted forces, control effort) and mental workload [19, 20], which corresponds
to similar benefits found in haptic assistance in other telemanipulation applications
(e.g. [21, 22]). We have also found evidence that these benefits are not substan-
tially diminished by small errors in the environment representation (generated from
sensors or an off-line model), suggesting that haptic shared control is robust to
real-world inaccuracies [20]. Real-world conditions will likely cause more human-
assistance conflicts for haptic shared control compared to local assistance. Although
haptic shared control makes any conflicts immediately tangible and easy to correct,
such conflicts may still be annoying or may even reduce task performance, espe-
cially when guidance forces are high. Several solutions have been proposed to
decrease conflicts between guidance and operator. For example to choose an opti-
mal strength of haptic assistance based on an experimentally determined trade-off
between performance in normal conditions and the ability to overrule the assistance
in case of anomalies [22]. More elaborate implementations focus on dynamic role
exchange/blending during (haptic) collaboration using intention recognition tech-
niques [14, 23].

Experimental studies that compare local and continuous approaches to haptic
assistance are limited. Recently, Kuiper et al. [24] compared local assistance to
continuous assistance for an abstract non-holonomic steering task (e.g., as found
in needle insertions or vehicle control); and found improved performance for the
latter, suggesting that providing support over the entire trajectory is better than
providing local information. However, these results may not translate to remote
maintenance. Moreover, literature in different domains suggests that although in-
creased levels of support increase benefits for nominal conditions (when there are
no conflicts or sensor errors), it results in large problems in case of support er-
rors. On an extreme end of the spectrum, human-automation literature points to
persistent issues such as over-reliance, loss of skills and reduced situational aware-
ness that all reduce the ability of the supervisor to correctly intervene and resume
control [25]. To some extent, these issues may also occur in haptic shared con-
trol, as illustrated by the following automotive examples: increased level of haptic
assistance during a car steering showed improved lane-keeping performance in
nominal conditions, but decreased safety boundaries in case of an unexpected er-
ror ([26]). Additionally, drivers with haptic shared control were found to exhibit
increased speeding behaviour [27], essentially using the operational benefits of
haptic support to adapt their tactical control behaviour of selected speed. A similar
behavioural adaptation was found in telemanipulation during repetitive movement
tasks [28], where subjects who received haptic assistance moved almost twice as
fast compared to unsupported control. These issues may contribute to decreased
performance in case of unexpected events (as mentioned in e.g. [9]); which is the
very reason why humans are needed in the control loop in the first place.
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In short, the benefits and limitations of different haptic assistance designs are
not well understood during real-world telemanipulation, where errors and conflicts
may occur. The goal of the current chapter is to compare local haptic assistance and
continuous haptic assistance (haptic shared control) against a baseline of unassisted
telemanipulation, for a realistic human-in-the-loop remote maintenance task where
anomalous events may occur. As a case study, we selected a 6-DOF sequential
bolting task, which was inspired by real remote manipulation tasks [11]. In order
to ensure safety and facilitate repeatable measurements, the slave interaction with
the remote environment was simulated. The task consisted of an operator using a
haptic master device to remotely operate a virtual bolting tool, inserting it with a
pre-determined sequence into four holes (peg-in-hole task), each having different
locations and orientations. non-nominal situations were introduced by occasionally
blocking one of the holes, which could not be seen by the operators and therefore
required correct identification and resolution.

We hypothesise that:

H1: Both continuous (CA) and local haptic assistance (LA) result in benefits to the
operator compared to unassisted control (NA); in terms of reduced task com-
pletion times and reduced variation in time performance between operators

H2: Compared to local haptic assistance (LA), continuous haptic assistance (CA)
leads to improved task performance in nominal situations.

H3: Compared to local haptic assistance (LA), continuous haptic assistance (CA)
leads to behavioural adaptation (speeding) and reduced awareness, resulting
in degraded task performance in anomalous situations

In the next section, the designed human factors study will be described in more
detail. Section 3 will present the experimental results, followed by a discussion in
section 4 and conclusions in section 5.

6.2. Methods
6.2.1. Subjects
Twelve healthy subjects (10 male, 2 female) between 19 and 61 years old (M=27.3,
SD = 11.0), all right-handed and with normal or corrected to normal sight, partic-
ipated in this human factors experiment. Subjects gave informed consent and did
not receive financial compensation for their participation. The study satisfied the
guidelines stated by the Human Research Ethics Committee of the Delft University
of Technology.

6.2.2. Task Description
This experimental task was inspired by real remote manipulation tasks during main-
tenance at the JET fusion reactor [11]. We selected a 6-DOF sequential peg-in-hole
task (bolting task): the subjects had to insert a bolting tool (Bolt Runner (BR)) with
a pre-determined sequence into four holes, each having different locations and ori-
entations, see Fig. 6.1 and Table 6.1. Between the holes, a yellow cross was placed,
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Figure 6.1: Experimental task and haptic assistance implementation. Shown the Gripper (G) and Bolt
Runner (BR), to be inserted in the four holes following the displayed sequence. Definitions: the Control
reference position (XC), guiding Path for the Control reference (PC), Tip reference position (XT) and
guiding Path for the Tip reference (PT).

Table 6.1: Experimental task details (see Fig. 6.1 and 6.2)

Description Value
Slave gripper (G) + Bolt Runner (BR)
Peg (BR) dimensions (r x l) 5 x 77 [mm]
Length X to X 192 [mm]
Start coordinate X (0,0,120) [mm]
Mass slave gripper & BR⋆ 0.4 & 0.8 [kg]

Task environment
Hole radius 5.4 [mm]
Hole coordinates (entrance) (+/-31, +/-31, 0) [mm]
Hole orientation (w. respect to z-axis) 25 [deg]
Anomaly location (dist. inside the hole) 25 [mm]
Cross dimensions 2x(l x h x w) (300 x 45 x 10) [mm]
Cross coordinate (bottom centre) (0,0,36.5) [mm]

⋆ Gravity compensation applied for the slave gripper and Bolt Runner.

which forced the subjects to make a detour. The sequence of these 4 peg-in-hole
tasks was always clockwise or counter-clockwise and was visualised by numbers 1
to 4 on the screen. The initial hole was top right or bottom left. The completion
of an insertion was notified to the subject by the background colour of the corre-
sponding number turning green. The subjects were instructed to prevent collisions
and high interaction forces with the environment. Within the boundary of this first
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criterion, they had to execute the task as fast as possible. During an actual assem-
bly task, it can happen that small misalignments of the component cause jamming
of one of the bolts. In the experiment, non-nominal situations were introduced by
occasionally placing an obstruction inside one of the holes, which could not be seen
by the operators and therefore required correct identification and resolution. In
such a situation the subjects were instructed to ’solve’ the ‘misalignment’ by pro-
ceeding in the reverse direction (e.g. if the 2nd hole is blocked, then proceed with
hole 1, 4, 3 and finish with hole 2). In the case of Continuous Assistance (CA), this
reversing-procedure required to disconnect from the support path by opposing the
guidance forces and moving outside the snap range of the path. After disconnec-
tion from the path, the task had to be completed without guiding. See Fig. 6.1 and
Table 6.1 for more details on the task.

6.2.3. Experimental Setup
The experiment was performed using a Haption VirtuoseTM 6D master device (in
top-down configuration) and a simulated slave and environment, available in the
Remote Handling Study Centre (RHSC) at FOM DIFFER. The master device provides
a 6 DOF workspace with force feedback. Virtual Reality (VR) technology was used
to simulate the slave robot in the (hard contact) task environment. A rigid body
simulator, based on Nvidia PhysXTM technology, was used to emulate real-time dy-
namic behaviour and contact interaction, providing realistic feedback to the human
operator [29]. For this experiment, no slave robot kinematics were simulated: the
slave robot consisted only of a gripper which was holding the bolting tool. Force
feedback to the operator was provided using a position-error control architecture
implemented between the master and slave (see Fig. 6.2), with for the translational
DOF’s a p-gain of 1000 [𝑁/𝑚] and a d-gain of 1 [𝑁 ⋅ 𝑠/𝑚] and for the rotational
DOF’s a p-gain of 30 on the quaternion error and a d-gain of 0.5 [𝑁𝑚 ⋅ 𝑠/𝑟𝑎𝑑].
On top of this force feedback, additional assistance forces were provided on the
master side. The reflected forces and torques at the master side were limited to
30 [N] and 3 [Nm]. The master-slave control loop and physics simulation ran on
1kHz. The subjects were provided with visual feedback from the remote (VR) en-
vironment via two computer screens (22inch, resolution: 1680x1050) placed side
by side 1.5 meter in front of the subject. The left screen provided an overview (a
tilted top/front camera view) of the task environment, the right screen showed a
top view (Fig. 6.2A).

6.2.4. Haptic Assistance Design
In this chapter, we compare two ’goal-directed assistance’ approaches in which the
operator is assisted by attractive forces towards a local or continuous support path.
The design of the guiding forces is based on preceding work [19, 20, 28], which
was extended to 3D (6DOF). The position guiding was only perpendicular to the
support path and passive along the support path, not forcing any motion along the
support path. The support path was based on the tip of the tool because the human
operator typically uses the tip of the tool as reference position to control the motion.
The implementation of haptic support based on the tool-tip reference introduced
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Figure 6.2: Top: Schematic overview of the experimental setup. Bottom: A) Visual feedback to the
subjects: a tilted top/front camera view and a top view of the task environment, on resp. the left an
right screen. Shown is the start situation for the NA condition. B) an C) show the visualization of the
guidance path (indicated in picture by the red arrows) for resp. local and continuous assistance. The
colour of the half-transparent paths reflected the current status: grey (path present) or green (connected
to path).

some challenges: the physical control point (see Fig. 6.1) was not located at the
tooltip but at the robotgripper, resulting in unstable behaviour in case the tool target
orientation (twist axis) was not aligned with the path direction (e.g. during parts
of the continuous path). This was solved with a conditional switch, based on the
fact that the effect of used reference position only becomes prominent for larger
errors between tool orientation and target orientation (swing), and that the use of
the tool tip reference position is primarily important when approaching the Local
Assistance path in the in LA conditions.

The haptic assistance force is based on error E1 (using Control reference posi-
tion, X ) or E2 (using tool Tip reference position, X ):

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗𝐹 = {
−⃗⃗⃗⃗⃗⃗𝐸1 ⋅ 𝑘 if CA or LA

−⃗⃗⃗⃗⃗⃗𝐸2 ⋅ 𝑘 if LA

with 𝑘 = 200 [N/m], Continuous Assistance (CA) and Local Assistance (LA). The
LA state switched to LA if the swing angle between the tool and the tool target
𝐸 , > 23∘ and the tool was in range of the path. The guiding force was limited
at 8 [N].
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Figure 6.3: Shared control implementation (see also Fig 6.1). Definitions of the Control reference
position (XC), guiding Path for the Control reference (PC), Tip reference position (XT) and guiding Path
for the Tip reference (PT), with Gripper (G) and Bolt Runner (BR). The position guiding force is based
on path error E1 or E2, depending on the swing angle between the tool and the tool target. Rotational
guiding forces are based on the swing (E ,sw) and twist ( tw⋆ tw) rotational errors. The snap ranges
SPT,snap and SPC,snap determine when the guiding forces are faded in and out respectively, during ’Local
guiding’ conditions.

The used path errors are not based on a predicted future tool position (used
in [19, 20, 28]), but on the actual tool position. We chose to do so, because the
resulting guidance force felt intuitive and we wanted to keep the complexity of 3D
implementation as low as possible.

The guiding torques for the swing (𝑇 , ) and twist (𝑇 , ) angles were based
on the quaternion path-errors 𝐸 , and 𝐸 , as defined in Fig. 6.3:

𝐸 , = (𝑠, ⃗⃗𝑟), 𝑤𝑖𝑡ℎ 𝐸 , ∈ ℍ, 𝑠 ∈ ℝ, 𝑟 ∈ ℝ
⃗⃗𝑇 , = ⃗⃗𝑟 ⋅ 𝑘

𝐸 , = 𝜃 ⋆ − 𝜃 , 𝑤𝑖𝑡ℎ 𝐸 , , 𝜃 ⋆ , 𝜃 ∈ ℍ
𝐸 , = (𝑤, ⃗⃗⃗𝑣), 𝑤𝑖𝑡ℎ 𝑤 ∈ ℝ, 𝑣 ∈ ℝ

⃗⃗𝑇 , = ⃗⃗⃗𝑣 ⋅ 𝑘

with 𝑘 = 20 [-] and 𝑘 = 2 [-]. The guiding torques were limited to 2.5 [Nm]
and 1 [Nm] for 𝑇 , and 𝑇 , respectively.

Within the snap range SPT,snap0 and SPT,snap1, which were 20 [mm] and 30 [mm]
respectively, the guiding forces faded-in. Outside the snap range SPC,snap (100 [mm])
the guiding forces faded-out again. The fade time was 0.5[s].

The assistance as described above, was implemented using the master-based
approach: the assistance force was based on the error between the master position
and the assistance reference (which was translated to the master side).

We ensured that the Local Assistance (LA) condition was a subset of the Contin-
uous Assistance (CA) condition so that they can be compared as fairly as possible.
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6.2.5. Experiment Design
A within-subject repeated measurement design was used. Three conditions re-
garding the design of haptic assistance were tested; ’No Assistance’ (NA), ’Local
Assistance’ (LA) and ’Continuous Assistance’ (CA), all executed for nominal and oc-
casionally introduced non-nominal situations. After reading the written instruction,
subjects started with a training block of 5 repetitions to get used to the telema-
nipulation system and the task. During the training, subjects were not provided
with haptic assistance but did get normal haptic feedback and audio warning in
case of collisions and too high contact forces. These training blocks were repeated
until the task completion time of at least 2 task trials was below 60 seconds and
without collision/high force warnings. During the actual experiment, the NA, LA
and CA conditions were tested, each consisting of 4 training trials (2x nominal, 2x
anomaly), followed by 12 trial repetitions (see Fig. 6.4). During the 12 trials, four
different task sequences were presented to the subjects in semi-counterbalanced
order; varying the start hole (top right or bottom left) and the sequence direction
(clockwise or counter-clockwise). Four of the twelve trial repetitions contained an
anomaly, which was presented in random order but never in direct sequence. The
three conditions were presented in balanced order to the subjects, to minimise the
influence of learning effects.

T

Training &
validation

Actual experiment*

Condition I

if (min(tct) > 60[s] OR
# of collisions > 1)

T

Condition II  Condition III No Assistance

R

12x 
(8n/4a)*

5x 
(n)

4x 
2n
2a

T R

12x 
(8n/4a)*

4x 
2n
2a

T R

12x 
(8n/4a)*

4x 
2n
2a

Figure 6.4: Structure of the experiment. Each condition consisted of four training (T) trials and 12
repetitions (R). *The experimental conditions were presented in counterbalanced order, anomalies during
conditions were presented in random order, but never in direct sequence.

6.2.6. Measured Variables and Metrics
The data from master, slave and environment was logged at 1kHz. To evaluate
performance in nominal situations, the following metrics are used:

• Task Completion Time (Tct) [s]: Time required for the subject to perform
one insertion.

• Average velocity (Vel) [m/s]: Average absolute velocity of the tool (con-
trol reference position).

• Travelled tip distance (Dist) [m]: Travelled distance of the tool tip during
one insertion.
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To evaluate performance in non-nominal situations, the following metrics are used:

• Detection time (DT) [s]: Time required to detect an anomaly: time dura-
tion from the first contact with the anomaly till the start of the retract motion.

• Velocity at impact (VI) [N]: Velocity at the moment the Bolt Runner touches
the obstruction (anomaly).

In this chapter we focus on the effects of the different guiding strategies on (un-
desirable) behavioural adaptation, therefore the metrics specifically describe the
performance at the moment the non-nominal situation occurs. We did not analyse
the performance after the anomaly has happened.

The NASA Task Load indeX (NASA TLX) was used to measure the cognitive work-
load of the subjects for the three conditions. After the initial training the personal
weighting factors were determined and after each of the three conditions subjects
were asked to rate the scores.

6.2.7. Data Analysis
For the analysis of the nominal task executions, the three similar insertions (1-2, 2-
3, 3-4) were extracted for each trial. With 8 (nominal) trial repetitions this results in
total in 24 insertion repetitions per condition. For analysis, insertions were divided
in 5 segments: extraction (segment 1), retreat (segment 2), free air (segment
3), approach (segment 4) and insertion (segment 5). The metrics were calculated
per insertion, over the total insertion and for the 5 segments of the insertion, and
averaged over the 24 repetitions. For the analysis the effects of anomalies, the
calculated metrics were averaged over the 4 available repetitions per condition.
Since the data partly violates the normality assumption (checked visually and with
the Shapiro-Wilk test), a non-parametric (repeated measures) test was selected
for statistical analysis: the Friedman’s ANOVA. Post-hoc tests were performed with
’Wilcoxon signed rank’ test, to verify significant differences between conditions. We
applied the Bonferroni correction to compensate for multiple comparisons, resulting
in a significance level p=0.05/3=0.0167. The result tables show the uncorrected
p-values. The boxplots in the figures 6.5, 6.6, 6.7, 6.9 and 6.10 show the median,
the 25th and 75th percentiles. The whiskers extend to the most extreme data point
within 1.5 times interquartile range. The marks (••), (•) denote a significance of
𝑝 ≤ 0.01/3 and 𝑝 ≤ 0.05/3 respectively (Bonferroni corrected).

6.3. Results
First the results for nominal task executions are presented (section 6.3.1), followed
by the results for non-nominal executions (section 6.3.2) and overall perceived
workload (section 6.3.3). Descriptive statistics of the results can be found in Table
6.2 and 6.4, statistical results of post-hoc tests can be found in Table 6.3 and 6.5.

6.3.1. Nominal Task Executions
Fig. 6.5 presents the task completion time during nominal executions for the to-
tal trial and the 5 sub-trial segments (see also Table 6.2 and 6.3). For the total
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Figure 6.5: Time to complete for the total trial (left pane) and per sub-trial segment (right pane), for 12
subjects (each 24 trials). The boxplot shows: median, 25th and 75th percentiles, and whiskers until the
most extreme data point within 1.5 times interquartile range. The marks (••), (•) denote a significance
of . / and . / resp. (Bonferroni corrected).

trial, the task completion time decreased for increased levels of guidance: 19.5%
(p=0.005) for NA to LA, and 35.4% (p=0.002) for LA to CA. Also the variation in
completion time decreased; the interquartile ranges for NA, LA and CA were re-
spectively 4.1s, 3.7s and 1.0s. These effects mainly originated from the last three
sub-trial segments free air, approach, and insertion. For the free air segment (seg-
ment 3), CA resulted in a decreased task completion time of 38.8% (p=0.001) and
48.1% (p=0.001) compared to NA and LA respectively. For segments approach and
insertion (segments 4 and 5), LA and CA resulted in a lower task completion time
compared to NA: respectively 31.8% (p=0.007) and 54.7% (p<0.001) for segment
4 and 57.5% (p<0.001) and 57.8% (p<0.001) for segment 5.

The average velocity is presented in Fig. 6.6 (see also Table 6.4 and 6.5). No
statistical difference between the assistance levels was found for the total trial. For
sub-trial segments approach and insertion (segments 4 and 5) an increased average
velocity was found for LA and CA compared to NA: respectively 35.6% (p=0.007)
and 49.1% (p<0.001) for section 4 and 114.6% (p<0.001) and 110.6% (p<0.001)
for section 5.

The travelled tip-distance of the peg is presented in Fig. 6.7. For the total
trial a decreased travelled distance was found for CA compared to NA and LA:
respectively 17.5% (p<0.001) and 22.2% (p<0.001). For sub-trial segment free
air (segment 3), CA resulted in a decreased travelled distance of 17.7% (p<0.001)
and 26.3% (p<0.001) compared to NA and LA respectively. The travelled distance
for LA increased however with 11.8% (p=0.005) compared to NA. Furthermore, it
is striking that the deviation in travelled distance for CA is much less compared to
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NA and LA. This is the case for the total task, shown in an interquartile range of
1cm (CA) compared to 8cm (NA) and 17cm (LA), but also for segments 3,4 and
5. The effect of the applied levels of guidance on the trajectories is visualised in
trajectory plots of a typical subject, see Fig. 6.8.
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6.3.2. Non-nominal Task Executions
Fig. 6.9 shows the Detection Time (DT) and Impact Velocity in case of an obstructed
hole. No statistical difference was found for the detection time in the different con-
ditions. The found variation in the CA condition was more than twice the variation
during the NA and LA conditions shown by the interquartile ranges of 1.53s, 1.68s
and 3.58s for NA, LA and CA respectively. For Impact Velocity a in increase of
23.2% (p<0.001) was found between NA and LA.

6.3.3. Overall Perceived Workload
The TLX-scores for the three conditions are shown in Fig. 6.10. The median rated
cognitive workload for the conditions NA, LA and CA was 50, 40 and 33, respectively.
LA and CA resulted in a decreased cognitive workload of 20% and 34% with respect
to the NA condition respectively.

0

10

20

30

40

50

60

70

80

90

100
Rated workload (NASA TLX)

W
o

rk
lo

ad
 [

0 
−

 1
00

]

Experimental conditions
No Assistance Local Assistance Continuous Assistance

Figure 6.10: Rated NASA TLX workload. The marks (••), (•) denote a significance of . / and
. / resp. (Bonferroni corrected).

Table 6.4: Experimental results - Detection time and Impact velocity (non-nominal trials) and Workload
(all trials); median (1st/3rd quartile) per experimental condition and the Friedman’s ANOVA statistics.

Detection time (DT) Impact Vel. (VI) Workload (TLX)
N 2.86 (2.04; 3.57) 0.07 (0.06; 0.08) 50.10 (37.83; 58.00)
L 1.85 (1.29; 2.97) 0.09 (0.07; 0.09) 39.60 (28.53; 49.57)
C 1.84 (1.20; 4.78) 0.08 (0.06; 0.09) 33.33 (20.67; 48.27)

𝜒 (2)=6.167, p=0.046 𝜒 (2)=10.167, p=0.006 𝜒 (2)=8.043, p=0.046
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Table 6.5: Post-hoc tests for Detection time and Impact velocity (non-nominal trials) and Workload (all
trials), performed with the ’Wilcoxon signed rank’ test. A Bonferroni multiple comparisons correction
was applied; significance level p=0.05/3=0.0167

Detection time (DT) Impact Vel. (IV) Workload (TLX)
Diff. Signed-rank Diff. Signed-rank Diff. Signed-rank

N-L 1.01 p=.034, r=.37 -0.02 p=.001, r=.61 10.50 p=.014, r=.45
N-C 1.02 p=.470, r=.02 -0.01 p=.042, r=.35 16.77 p=.009, r=.49
L-C 0.02 p=.424, r=.04 <0.01 p=.733, r=.13 6.27 p=.096, r=.27

6.4. Discussion

F or a telemanipulated peg-in-hole task that required the detection of occasional
non-nominal situations, we compared unassisted manual control, to local haptic

assistance and haptic assistance over the full trajectory.

6.4.1. Nominal Task Execution
As hypothesised (H1), for the nominal task substantial improvements in task com-
pletion time were present for both local haptic assistance and continuous haptic
assistance, compared to unassisted control (baseline). This is in line with the ben-
eficial effects of haptic assistance reported in literature [2, 13, 18–22, 30]. This
experiment confirmed our hypothesis (H2) that haptic assistance over the full tra-
jectory (CA) provides improved time performance (in terms of time-to-complete
and reduced variability of that time) when compared to local assistance (LA). This
is in line with related research, where similar evidence was found during abstract
non-holonomic steering tasks [24] and curve negotiation during driving [26].

We analysed five different segments of the task: extraction (segment 1), retreat
(segment 2), free air (segment 3), approach (segment 4) and insertion (segment
5). The extraction and retreat phase (i.e. segments 1 and 2) required relatively
little time compared to the other segments, and the effects of both types of hap-
tic guidance were minimal. Segment 3, containing the largest distance, showed
most benefit in time performance for CA compared to NA. LA showed no significant
improvements compared to NA, which makes sense because LA does not assist in
segment 3. The approach and insertion phase (i.e., the last two segments 4 and
5) showed similar benefits for both types of haptic assistance, which was to be ex-
pected since they function similarly in these segments. Contrary to our hypothesis
(H3), haptic guidance did not significantly affect movement velocity for the overall
trial. Our per-segment analysis did show that LA and CA show a slightly higher
average speed during the approach phase (segment 4). During the approach both
types of haptic guidance facilitated the alignment, resulting in a significant but mod-
est increase in velocity compared to NA. During the insertion itself (segment 5) the
increase in velocity was substantial for both haptic guidance approaches. This is
caused by a reduction of jamming and wedging observed in many of the NA trials,
which correlates to the resulting lower velocities and increased travelled distance
(Fig. 6.7) due to repeated retractions during NA. The travelled distances (Fig. 6.8)
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during CA were substantially smaller as compared to LA and NA, with much less
variability between subjects. Note that the substantial time reduction of CA during
the free air movement in segment 3 is caused by shorter trajectories, not due to
higher average velocity (Fig. 6.6).

6.4.2. Anomalies During Task Execution
Contrary to our hypothesis (H3) we did not find significant effects on detection time
and increased impact speed for CA compared to LA. The variation in detection time
was higher for CA compared to NA and LA (interquartile range of 3.58 compared
to 1.53 and 1.68 respectively), which could be caused by (occasional) reduced
awareness. However, with the current experiment, no strong evidence was found
for deteriorated operator awareness with Continuous Assistance compared to Local
Assistance. The fact that no difference in impact speed was found during CA and
LA, results logically from the finding that the haptic assistance, in general, had a
negligible effect on behavioural adaptation in terms of speeding, when compared
to no assistance. Interestingly, this is opposed to observed behavioural adaptation
in another study tasks [28], where subjects almost doubled their speed with entire-
path haptic guidance. The difference in behavioural adaptation could have several
reasons. First, the presence of a contact phase in the current study probably plays
a large role: operators in the present study needed to insert a tool which poses
very different constraints on endpoint variability and speed compared to free-air
movement. Second, the higher complexity of motion control (a 3-dimensional 6
DOF task compared to the 2D 2 DOF planar task of [28]) probably played a role:
apparently even the supported task was challenging enough to prevent the operator
from substantially increasing speed.

6.4.3. Experimental Approach
Our findings do not only depend on experimental factors like the chosen task, but
also on the chosen design for the haptic assistance. This experiment focused on
comparing the two design choices local or continuous guidance, but the efficacy
of these haptic assistance approaches is influenced by many other design choices
for mapping spatio-temporal task constraints to haptic parameters, such as the
underlying controller [19, 20] the force magnitude [31], and the level of haptic
authority (LoHA, see: [12]). For this experiment, the haptic assistance was de-
signed according to previous work [19, 20] as controller steering towards a desired
path, and three important parameters were tuned by trial and error as the LoHA
(stiffness around desired trajectory), maximum forces and the (time-dependent)
‘snap-range’. The tuning of this last parameter could be improved: during the LA
conditions, some subjects moved fast along the local guidance during segment 2,
resulting in overshoot of the optimal trajectory. We expect this was caused by a too
large snap-range and a too slow fade-out of the local path guidance. The tuning
criteria for the guidance were to enable good task performance during nominal sit-
uations, but also to leave freedom to the operator to deviate from the guided path
(similar to [22]).

Interestingly, our experimental design posed a conflict to the operator in case
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of the task anomalies: after detecting an anomaly, the operator needs to reverse
the movement, but the guidance would still support towards a now incorrect path.
For the current study, subjects could easily resolve this conflict by overruling the
guidance. This ease of overruling strongly depends on the strength of the haptic as-
sistance - also called level of haptic authority (LoHA [12]). We expect that a higher
LoHA would result in more benefits under nominal conditions, but in undesirable
behavioural adaptation (e.g. higher speeds, reduced awareness), and increased
severity of conflicts when attempting to overrule the guidance forces [22, 26]. Lit-
erature offers additional design solutions to mitigate such event-based conflicts:
by reducing the strength of haptic assistance [21, 32] whenever conflicts are de-
tected. To cope with larger deviations in task execution, Aarno et al. developed
an algorithm that dynamically selects different trajectories in case of deviating sit-
uations [33]. An alternative approach can be applied when only small repetitive
conflicts occur, by using such conflicts to adapt the guiding trajectories to avoid
similar conflicts in the future [28].

The experiment was executed with a 6DOF haptic master device operating in a
virtual environment, which has clear benefits in terms of safety, repeatability (con-
trol over disturbing factors), accessibility of measurement variables and freedom
in task design. However, to ensure that the results or implications found for this
study also hold for task executions in real-world remote maintenance, they should
be validated in hardware tests in a later stage, preferably with real operators.

Another factor that complicates generalizability to the real world is the type of
participants: we chose relatively untrained subjects, with no long background in
remote manipulation. This was mainly done for practical reasons: qualified oper-
ators are rare and very busy. In related work, we performed one study with real
operators during real teleoperated maintenance [11, 34].

6.4.4. Future Work and Implications
The robustness haptic guidance to ‘event-based’ conflicts (resulting from a task
anomaly and guidance from a controller that does not recognise the task anomaly),
corresponds to a robustness when conflicts occurred to a consistent bias in haptic
guidance [20]. All in all, this suggests that haptic assistance keeps human operators
in the loop while offering benefits in nominal task performance, and which does not
compromise safety in non-nominal situations (errors in the automation).

These hypotheses need to be investigated (and also reproduced in real-world
maintenance with qualified operators, e.g. at JET [11]), also using longitudinal
studies that look at longer-term behaviour than studied so far. Our evaluation
methodology of analysing the peg-in-hole-task into generalizable task segments, is
transferable also for other remote handling tasks such as (dis)assembly or welding
since many real-world tasks are composed of free air move/transport phase and
some sort of critical alignment phase.

The experimental results imply that for repetitive remote handling tasks with
real-world uncertainties, haptic assistance over the entire trajectory yields consid-
erable improvements in accuracy, repeatability and task execution time, without
resulting in undesirable behavioural adaptation (e.g. over-reliance, errors due to
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increased speed).

6.5. Conclusion

Two different haptic assistance approaches (local and continuous haptic assis-
tance) were investigated for a teleoperated 6DOF peg-in-hole task during nom-

inal and non-nominal situations. As hypothesised, for nominal conditions it can be
concluded that:

• Local and continuous haptic assistance result in reduced task completion
times, reduced variation in time performance and reduced cognitive workload
compared to unassisted control.

• Compared to local haptic assistance, continuous assistance leads to reduced
cognitive workload and improved task performance.

• No difference in average speed was found between the unassisted and as-
sisted conditions for the total task.

Based on detailed analysis of the five subparts of the task (extraction, retreat,
free air, approach and insertion), it can be concluded that:

• During the free air phase, no difference in speed was found between condi-
tions. A more efficient trajectory (>17% shorter) was the cause of the shorter
task completion time with continuous guidance.

• The approach and insertion phase showed a (slightly) higher velocity during
the guided conditions. During the insertion phase, this was caused by the
reduction of wedging and jamming.

Contrary to our hypothesis, for the non-nominal situation of detecting a blocked
hole and reversing movement, no statistical difference was found between the con-
ditions for the detection time of the anomalies. Also, no evidence was found for
negative behavioural adaptation in case of continuous assistance (speeding, re-
duced awareness).

Overall it can be concluded that continuous haptic assistance (haptic shared
control) resulted in the best performance and that the performance at the moment
of a non-nominal situation was only marginally decreased when compared to no
assistance.
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7
General Discussion and

Conclusion

7.1. Conclusions

T he main contributions of this thesis on telemanipulated maintenance of nuclear
fusion plants are subdivided in analysis of current task performance to identify

and quantify bottlenecks, and in design and evaluation of haptic shared control
solutions for these bottlenecks.

Analysis of current task performance and identification of bottlenecks

1. During real-world remote maintenance, on task level a large vari-
ability in total task completion time exists, both between operators
and even per operator
Chapter 2 presents the task analysis performed on logged task completion
times of telemanipulated maintenance performed by the three operators at
nuclear fusion plant JET. This logbook data allows for a unique, valuable and
relevant analysis of real-world telemanipulated task performance. A large
variation in logged total execution times was found for similar tile placement
tasks (both within and between operators): the fastest successful execution
lasted only 11 minutes and the slowest 63 minutes. This large range indicates
substantial room for improvement even for these selected and highly-trained
operators:

• If all operators would work as fast as the average of the most experi-
enced operator (i.e., if haptic shared control would allow inexperienced
operators to remotely manipulate at the average level of an experienced
operator) the tile placement task completion time would decrease by
25,7%.
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• If all operators would consistently work at the speed of the fastest trial of
the most experienced operator, the total completion time would decrease
by 57%.

Two subtasks during tile-placement accounted for almost half of the total
task completion time: 1) the positioning of the tile and 2) tightening of the
bolts (each accounting for respectively 30% and 17% of the total time).This
suggests that supporting operators during these subtasks would have a large
impact on improving overall task performance.

2. A new hierarchical analysis technique exposes the relationship be-
tween total task completion time and control behaviour at sub-task
level
The underlying causes of the observed large (variability in) task completion
time is, however, unclear. Locating them requires zooming into more low-
level control behaviour, e.g. by analysing motion trajectories and exerted
forces. In chapter 3 a generic ‘Phased Task Analysis’ is proposed, which
enables the identification of the most difficult and time-consuming aspects
during task execution and the quantification of potential improvements, by
zooming in further each phase (task, subtask, states). Since low-level sig-
nal information during task execution is unavailable in the logged data and
could not be measured in reality at JET, an exploratory human factors case
study was conducted using virtual reality and six fundamental tasks. Case
study results showed that tasks which required accurate control of forces in
one or more DoFs (Assembly, Bolting, Peg-in-Hole) had specifically large be-
tween and within subject variance in task-completion-time. For the assembly
task, most of the variance originated from the ‘grasping’ and ‘placing’ subtask.
Further analysis within these subtasks identified transitions from free-space
to contact and control of orientation as most difficult elements.

3. During real-world remotemaintenance, two recurring subtasks sub-
stantially contribute to variability in overall completion time: free-
air positioning and bolting
The 3-phased analyses applied to virtual telemanipulation demonstrated its
ability to quantify variability in task-completion time - thereby identifying sub-
tasks that act as bottlenecks in the overall task and quantifying their contri-
butions to overall task performance. Such quantified data would be highly
desirable for real-world remote fusion maintenance to guide improvements
in time performance. Therefore, the ‘3-Phased Analysis’ was also applied
to video data of performed JET maintenance (chapter 4). The analysis ex-
posed that the large variation in time performance found at the overall task
level (chapter 2) was largely caused by the (subtasks of the) ‘Install tile to
beam’ task. Interestingly, most of the variation originated from incidental
non-nominal actions, mainly during trials including a novice operator. Pre-
vention of these non-nominal actions would result in a decrease of 30% of
the total execution time. Also for the nominal task executions, variation in
time performance indicates substantial room for improvement:
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• The least experienced operator had a 46% higher median task comple-
tion time, compared to the two other - more experienced - operators.

• Compared to the fastest trial, even the two most experienced operators
can reduce the task completion time with 32%.

By zooming in on the most time-consuming subtask found in chapter 2, the
following key (sub)task elements were identified for improvement of time
performance: ‘run in bolts’ and recurring elemental actions pertaining to free-
air positioning such as ‘rough approach’, ‘fine approach’, and ‘retreat’.

Design and validation of haptic shared control solutions
The analyses performed in chapters 2, 3 and 4 showed that the most high-impact
subtasks to support operators with during real-world remote maintenance would be
free-air positioning and bolting tasks. These subtasks were therefore included in
the concrete case-studies for which haptic shared control solutions were designed
and evaluated (chapters 5 and 6).

4. Haptic shared control substantially improves a remote 3DOF bolt
and spanner task, regardless of the quality of telemanipulator
As a proof-of-concept a haptic shared control approach was designed and
tested for a simplified remote bolt-and-spanner task, using an in-house de-
veloped 3-DOF planar telerobotic system. The haptic shared control solution
was assumed to have perfectly accurate knowledge of the environment and
task, but the quality of the telemanipulator’s controller was manipulated (no
force feedback; force feedback from a standard position-error controller; di-
rect force feedback by bringing the ‘remote environment’ to the master de-
vice). For any level of controller quality, haptic shared control allowed sub-
jects to significantly and substantially improve their time performance (20%
to 32%) and accuracy (37% to 55%) with decreased control effort (38% to
51%) and cognitive workload (18% to 39%).

5. Remote 6 DOF bolting tasks can be performed best when haptic
shared control is provided over the full path, which will not result
in risky movement speeds.
In order to evaluate two different haptic assistance approaches (local assis-
tance and continuous assistance), an empirical study was performed using
a sequential peg-in-hole task containing nominal and incidental non-nominal
task executions. Both local and continuous assistance resulted in reduced task
completion times (20% and 35%), reduced variation in time performance and
reduced cognitive workload (20% and 34%) compared to unassisted control.
With continuous assistance performing substantially better than only local as-
sistance. Interestingly, no difference in average speed was found between
unassisted and assisted conditions. During the appearance of anomalies also
no evidence was found for negative behavioural adaptation (speeding, re-
duced awareness) in the case of the assisted conditions.
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7.2. Limitations

T he analysis of real-world remote maintenance tasks was inherently limited: only
three operators exist for JET, severely limiting the sample size. Also, novel

experiments at JET were not possible, limiting the analysis to logged video data
without measurement data of slave position and interaction forces. In order to
better analyse and design haptic shared control solutions, novel human-in-the-loop
experiments were required. These were performed with haptic manipulators that
reflected slave-environment interaction either in a simplified 3-DOF real-world en-
vironment or during full 6-DOF realistic tasks in virtual reality. As a result, the
thesis has two main limitations that complicate validity of the conclusions when
generalising towards real-world remote maintenance.

7.2.1. Virtual Reality Versus Real-World Remote Maintenance
The task analysis in chapter 3 and the evaluation of haptic shared control in chapter
6 was based on telemanipulation executed in a simulated slave environment. A vir-
tual reality environment offers clear benefits for performing experiments, including
safety, costs, repeatability, experimental design flexibility, and access to variables
which are often not measurable in real situations. Although the simulation was sub-
jectively perceived as realistic and has passed basic dynamic validation tests [1],
the experimental results should be validated in real-world remote maintenance. Ex-
pected differences in control behaviour include possible differences in the simulated
dynamic response, but also the ‘pressure’ of working with a real system (in terms
of real-world accompanying risks and time pressure).

The analysis in virtual reality in chapter 3 was performed for six tasks, half of
which were part of the video analysis of real-world remote maintenance at JET in
chapter 4: ‘peg-in-hole’, ‘assembly’ and ‘bolting’. Both studies showed substantial
variability in task completion time within and between operators for all tasks and
subtasks. Based on the analysis of real executed maintenance (chapter 4) the most
room for improvement is expected for subtasks ‘run in bolts’ and ‘get bolt runner’
and the recurring elemental action ‘rough/fine approach’ and ‘retreat’. For the three
remaining fundamental tasks studied in chapter 3 (‘visual inspection’, ‘polishing’ and
‘cable placement’), a complementary real-world analysis would be interesting.

7.2.2. Operators: Novice Versus Experienced
Only three experienced operators exist that are qualified for (and experienced in)
real-world remote maintenance at JET. Therefore, the performance analysis of real-
world remote maintenance (studied in chapter 2 and 4) was inherently limited in
sample size, complicating statistical analysis and generalizability.

The human factor studies in chapters 3, 5 and 6 were performed with larger
groups of relatively novice operators. Unfortunately, the very limited availability of
the three experienced real operators precluded their participation in these experi-
ments. The novice operators were trained for 15-30 minutes before participating
in the experiments, in stark contrast to the strictly selected and highly trained real-
world operators. Therefore, the complications in task execution experienced by
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the novice operators - and the related benefit they receive from haptic shared con-
trol - may not fully generalise to experienced operators. On the other hand, also
the three qualified operators showed substantial variation in task completion time,
which makes it plausible that the use of assistive guiding forces will also be bene-
ficial for them.

7.3. Recommendations
7.3.1. Perform Task Analysis for a Broader set of Tasks
The performed task analysis for real maintenance data (chapter 2 and chapter 4)
only considered (sub)tasks of a ‘tile placement’ task. The virtual environment of
the case study in chapter 3 allowed the testing of 6 tasks covering a wide variety
of physical characteristics encountered during remote maintenance. Only the task
with the most variation in task completion time - the Assembly Task - was analysed
in full detail. To get a thorough understanding of time-consuming task elements
and potential improvements, the other five tasks should also be analysed in full de-
tail, preferably up to low-level signals (position, velocity, force) and with real trained
operators. Note that the associated states, and hence the needed metrics, could
be different. The implementation of the lowest level analysis phase will depend
on the specific task characteristics and should be further developed and extended:
especially the definition of useful time traces/metrics to analyse, capturing the rele-
vant low-level behaviour and potential problems. For the analysis of real-world task
performance, detailed execution data should be better accessible, for example by
coupling the task logging system to the video data and also logging more low-level
signals like slave position and interaction forces.

7.3.2. Design and Evaluate Haptic Shared Control for a Broader
set of Tasks

Haptic shared control approaches were designed and evaluated for a 3-DOF planar
bolt-and-spanner task and a 6-DOF sequential bolt runner insertion task. Although
the subtask level evaluation facilitates generalisation to other tasks, not all elements
of the defined fundamental tasks in chapter 3 are covered. To cover a wide range
of maintenance tasks, haptic shared control options should also be designed and
validated for the other tasks studied in chapter 3: Visual inspection (large free space
motion), Assembly task (multi-contact task), Polishing task (force task), and cable
placement (complex interaction task).

7.3.3. Further Investigate Effects of Design Parameters for Hap-
tic Shared Control

The effectiveness of haptic shared control for real-world remote maintenance de-
pends on a wide range of design choices. In this thesis, only a small subset of these
was implemented and tested. To increase effectiveness and applicability of haptic
shared control, future work should further investigate the following design choices:

• Supported Motion Trajectories
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In the current studies an arbitrary smooth guidance path was chosen, not
necessarily matching human intention (e.g. not optimised for minimum jerk
[2]). For relative short or constrained movements, this is probably less of a
problem, as no conflicts were reported for the relatively short and close-to-
contact free space motions during the sequential insertion task (chapter 5).
In chapter 4 however, about 11% of the trials showed (small) conflicts be-
tween the operator and the guidance forces regarding free space trajectory
selection. In another study, trial-by-trial adaptation of the supported trajec-
tory was found to be beneficial to mitigate conflicts during a repetitive free
space task [3]. To better match operator and guidance trajectories, future re-
search should investigate approaches like ‘learning from demonstration’ and
‘adaptation’ to generate trajectories for more general maintenance tasks.

The availability of sufficient information about the environment and task (goals),
as is the case in most fusion maintenance scenarios, is required to offer con-
tinuous haptic assistance. For less structured task situations, local assistance
features should be explored in more detail.

• Level of Haptic Authority (LoHA)
For the current studies, the strength of the haptic assistance (i.e. the LoHA)
was heuristically tuned to a helpful and comfortable level, allowing overruling
actions in case of conflicts (chapter 6). This trade-off is important since a
higher LoHA will probably result in more benefits in nominal situations, while
leading to undesirable adaptation and intenser conflicts in non-nominal situa-
tions [4, 5]. Future research should investigate how to deal with this trade-off
for different task settings by e.g. testing in literature proposed solutions to
mitigate such event-based conflicts as discussed in chapter 6.

• Behaviour to access/leave the guidance.
The ease to ‘disconnect from’ and ‘reconnect to’ the guidance in case of non-
nominal situations appeared to be important for task performance as well as
for perceived user-friendliness and operator acceptance. The implemented
‘position and time-based’ snap range to disconnecting from the local guidance
(chapter 6) appeared too slow, resulting in occasional undesired trajectory
overshoots and increased operator effort/frustration.

7.4. Future Directions
When looking to the future, the advances in sensors, computers and artificial intel-
ligence will allow for full automation of more and more complex tasks. However,
for the foreseeable future, there will be task situations with characteristics (uncer-
tainty, incomplete and/or unreliable sensory information, legislation, responsibility,
etc.), making it required or at least desirable to keep a human in the loop. Haptic
shared control approaches seem a very promising option to fill the gap between
complete manual control and growing share of full automation.

Specific for the fusion application, the final aim for maintenance of future fu-
sion power plants would be an automated mass-production system. Maintenance
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of such future plants will however also become increasingly challenging in terms
of tasks complexity, component size and radiation levels (resulting in less avail-
able/accurate sensor data) [6]. In this whole development process towards the
final goal, haptic shared control can have an important role to make maintenance
execution feasible and times efficient while keeping a trained operator’s insight and
skills in the loop.

We have demonstrated the merit of carrying out detailed task analyses with the
view to identify the main subtasks on which improvements can be made. Further-
more, the opportunity of performance improvement with a haptic shared control
approach was shown for the analysed maintenance application. This combination
of task analysis and the application of haptic assistance approaches is, however,
applicable to - and promising for - many other application areas in which skill based
tasks are required, such as telerobotic surgery, remote rescue operations, oper-
ations in deep sea or space, or being developed teleoperated care robots for el-
derly people. For all these situations, the haptic shared control between intelligent
sensor systems and skilled human operators could be a promising way to boost
performance without satisfying the requirements for full automation.
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