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Abstract

Search and rescue operations are often undertaken in dark and noisy environments
in which rescue teams must rely on haptic feedback for exploration and safe exit.
However, little attention has been paid specifically to haptic sensitivity in such contexts
or to the possibility of enhancing communicational proficiency in the haptic mode as a
life-preserving measur@he potential of robot swarms for search aedaue has been
shown by the Guardians projg&U, 20062010); however the project also showed the
problem of human robot interaction in smalynvisibility) and noisy conditions. The
REINS project (UK, 201:2015) focused on human rohnteraction in such conditions.
This research is a body of workdone as a part of th®EINS projec) which
investigates théapticinteraction of a person with guide robotin zero visibility The
thess firstly reflectsupon real world scenarios where peopieke use othe haptic
sensdo interact inzero visibility (such as interaction among firefighters aythbiotic
relationshipbetween visually impaired people and guide dolyslddition, it refects
on thesensitivity and trainability of # hapticsenseto be used for the interactiohhe
thesis presents an analysis and evaluatigheotlesign of a physical interface (designed
by the consortium of thREINS project) connecting the human aneé tlobotic guide in
poor visibility conditions.Finally, it laysa foundation forthe design of test cases to
evaluate human robot haptic interaction, taking into consideratiomwthaspects othe

interaction namelylocomotion guidance and environmergaploration.
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1. Introduction

Chapterl

Introduction

This chapter introduces the main context of making use of robotic guidesairvisibility It
also reports on the motivation behind the research, main research questions addressed and
presents the main outline of the thesis.

1.1. Context

Search and rescue segios are often complicated by low aero visibility
conditions because of smoke or dust. In the early stages of a fatal fire incident, the
situation is usually very far from stable and therefody@amic risk assessmely the
search and rescue teams (also calledfigigters) is essential. The terglyhamic risk
assessmer(DRA) is used to describe the continuing assessment of risk that is carried
out in a rapidly changing environméntOn the arrival of the initial tlendance, the
Incident Commander of the team needs to gather information, evaluate the situation
(Zuniga 2012)and then applyudgementto decide the appropriate course of action.
Initial strategy to locate and extinguish the seat of fire or conduct a primary search

depends on the amount of smoke at the location of the fire incident.

1.1.1. The smoke conditions on arrivalinitial stage

In the vast majority of cases, thaseeither no smoke dight / moderate smoke
on arrival of thefirefighting teamsat the sceng as depicted ifigure 1. The snoke

becomes heavy and densdiase progresses.

1

HM Government. 2008. Vol 2 Fire and Rescue Manual. [ONLINE] Available at:
https//www.gov.uk/government/uploads/system/uploads/attachment_data/file/7643/incidentcommand.pdf. [Accessed 1 January
2017].

2

William R. Mora. 2003. U.S. Firefighter Disorientation Study. [ONLINE] Available at: http://www.trispeceyegear.com/wp
content/uplods/2010/08/FirefighterDisorientationStudy.pdf. [Accessed 1 January 2017].
Add to My References
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1. Introduction

Figure 1, SmokeCondition at the time of the Arrival of the Fifighting team

1.1.2. The smoke conditions after arrival

In mostof the cases heavy smolevelopsduring the cotse of the incident and
lasts longer than 15 minutes, leading tolpnged Zero Visibility Conditions(figure 2).
The principal consideration of the incident commander, at that time, is the safety of all
personnel. On assessing the hazards and health and safety of personnel in the scene,

theycommonlytakesomerisk to save lives.

After initial assessmer(Zafiiga 2012) the incident commandereed to reduce
any remaining riskdo an acceptable level, by introducing further control messu
such as use of protective equipment like safety harnesses, safety glasses, etc. When fire
fighters enter a smoke filled environment, thegty also use a breathing apparatus due
to the presence of toxic fumes in the environment. The amount of air supply contained
in the breathing apparatus suffices for about 20 min(@asper & Murphy 2003)
meaning that the zero visibility condition lasts longer than the breathing time of the
apparatus and the crew needs to be out of the danger zone beforestiphiruns
out. This implies considerable time pressure for all the crew and their commanders
(Casper & Murply 2003)to locate the seat dhe fire. The chances for rescues reduce

considerably ovetime and in order to save lives fire fighters are required to act swiftly.

Pageld



1. Introduction

£

Figure 2, Smoke condition after 15 minutes of arrival of tlrefighting team

The deteriorating and unknowronditions make it very difficult for &irefighter
to safely traverse the obstacle laden environmEmerefore in attempts to carry out
evacuations under extreme conditions, firefighters are subjecte@te and when they
exceed air supply or are trapped, they can be highly vulner&his.can lead to
disorientation and firefighters can get loBisorientation,can be defined aa loss of
direction in absence of visiomndis one of the serious hazarfis rescue personnel
William R. Mor&®in his studies, states that lack of vision played a major part in most
firefighter fatalities.

1.2. Motivation

1.2.1. Warehouse Structure

Disorientation can depend on various occupatypes, construction types and
structues of different sizes and agésThese structures include places of assembly,
office buildings, warehouses, higise apartment buildings and commercial structures
Industrial warehouses in particular arermséjor concern for firefighters because they
typically consist of large open space®rad with storage areas consisting of vertical
racks. Modern warehouses are usually single storey buildings in which stairs are not

very commonihey can be as large as 40@00 m?. Some are large and divided into

% Wiliam R. Mora. 2003. U.S. Firefighter Disorientation Study. [ONLINE] Available at: http://www.trispeceyegear.com/wp
content/uploads/2010/08/FirefighterDisantationStudy.pdf. [Accessed 1 January 2017].
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1. Introduction

sections separated by fire resistant walls (resistant for several hdues)typical

dimensions of sections are in the order of $@DOM?.

In the eventof fire, the fire istypically confined to a certain area whereas the
smoke may cover the entire rghouse.Searching for victims is dangerous because
sometimesovering the enormous dimensions of the warehougermvisibility can be
very dangerousThere might be some debris on the floor, but one may assumia that
the majority of the warehousg things are kept in ordefThus, the grounds easily
passablehoweverif the situation deteriorateand the risk levels areigh, fire fighters

do not enter the building

Examples of Warehouse fire incidents

In a warehouse fire of 1991 in Gillender Street London (UK), two fire fighters
died and in the 1999 warehouse fire in Worcester (USA), six fire figlustrsheir lives.
In November 2007 a tragedy happened in Warwickshire (UK), when four fire fighters
were killed in a vegetable warehouse blg2enders et al. 2011)

In the Worcester case, first a crew of two fire fighters reported being lost 22
minutes into the incident; 30 minutes later, an emergency team consisting of four fire
fighters got lost as well. The Waster warehoussas a six storey building with largest
dimensions 40 x 50 mwhere thick smoke developed (Note that this floor space is only
a tenth of the floor space of a section of the modern warehouses). The communication

link was interrupted and emergency teamese not sure where the crew got lost.

In December of 2005 two firefighters died in a fire of-at@ry house in the city
of TUbingen in Germany. Their retreat path was blocked by a burning wall, and they
were not able to find a new way out before theohitheir respiration apparatuses was
gone. Their bodies were found 3 meters away from aawrmbnnecting to the outside
part of thebuilding (Denefet al. 2008)

1.2.2. Background of the research problem

To overcome the problem of disorientation in a zero visibility environme el
'GUARDIANSprgect (Penders et al. 201,13 group of robots provided localisation and

navigation and could in principle lead the fire figisté\ basic assumption was that if
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1. Introduction

the group of robots could tackle the naviga and localisation problems, thescue
workerswould welcomethem as assistantds an interfacethe projeciput into trial,a
wirelessvisual display (a visowith LEDs mounted in the mask of the fire fighter)

(Penders et al. 2011giving locomotion directions to the fire fighter.

Trials were held with professional fire fighters of South Yorkshire Fire and
Rescue. In the trials, the firefightingams wergequired to advancéeing directed by
the visor mask, along with setof distracting additional task3hey peformed on the
whole quite well despite dhe distracting additional tasks. However, adherence to the
direction indicatorof the wireless visual displawas pooy meaning theyhad alarge
amount of inbrmation to be processg@enef et al. 2008)on occasionssubjects
moved ignoring the directienndicated.

Afterwards, it was pointed out that confidencabout position and bearing is
extremely important in real fire incidents the trial settingattempts were made to
disrupt the familiaritywith the wall, which acts as a point of referen€&onsequently
the fire fighterssuggested there was a lack of realism and that the aid did not provide
any indication of bearing that they were confident with. Being away from a wall or a
physically stable point of reference is apparently problematic for fire fighters and they
suggestedhat the interface would be more useful if it could provide directions to and
from the wall(Penders et al. 2011)

To summarise, it became clear that -fighters by no means were prepared to
give up their procedural routira the feeing of securitygiven by these routineghey
simply ignored instructions that contradicted their procedural roufirieés.experience
led the Guardians project teanto reconsider the whole concept of interfacing with a
fire fighter when providing guidancdhey very strongly indicated that theely on
mutual physical contachaptic and tactile feedback aitdwas decided that the area

needs further exploration

Based onthesedisappointing findings of theGUARDIANS project a different
consortium decided to design a feedback systenctmplemerd the protocols of fire

fighters to enhance the search and rescue tasks and not bedsrupti
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1. Introduction

The resultwasthe 'REINS project(EPSRC funded)which aimedto explore the
possibility of designing a robot guide which will aid thee-fightersto explore and
safely navigate through an unpredictable space without feedback viaistgkaringln
addition to conditions of zero visibility, the audio cues are negated because the
oppressive search environments have a lot of ambient noise; ifigaltlifo interpret

audio feedback.

1.3. The researchclaim

Previousresearch has shown that robots have been depésygdides in environments of
zero visibility for fast navigation and safe exithese robot guides are technicatigpable of

large/small scalenappingof the environment and solving localisation problems autonomously.

However,not much attention hdseen given tahe interaction with these robadsd the
interaction designThe haptic sense (addressed in more detail in later chapters) is a natural fall
back option for interaction with the immediate environment in the absence of the visual as well
as the auditory sens€his researclinvestigateghe interactionwhich meangf a human being
is subjected to conditions of zevisibility with a robot guidehow haptic sensés usedas a

mode of communication between tfn.

This work isa part of the'REINS' project(mentioned in section 1.2;250me team
members have focusech alesigning a haptic interface that connects the human with the robot
guide and programming the trajectories of the robbly research and this dissertation
investigatedthe haptic interaction between the robotic guide and human being (henceforth
called'handleras an independent piece of wothkrough developing a thorough understanding
of haptic interaction in real world scenari@sg. visually impaired person and guide dddje
research alsbuilds on test cases to evalutiie effectiveness of theedign(done by other team
members)looking through the entire context of the interaction and following a-aesgric
approachAs an outcome ofhe evaluationsthe designguidelinesand recommendatiorere
identified to improve the usability and usexperience in regards to the haptic interfadeese
guidelines are used lesigners and solution developefghe team for design evolution of the

interface forthe zero visibility conditions

To summarise this resedércs concerned with the effectiveness of the haptic interaction

between the robot and the human.
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1. Introduction

1.4. What is the research not about?

In order to present the research in more clear and concise manner, it is important to note
what the research does not refleEirst, the research does not focus on designing any algorithm
for a mobik robot which involves extractingnowledge of the environmetihrough various
sensors Second, e research also does not focus on developing a motion plornsafe
navigation ofthe robot guideonsidering the zero visibility ohe environment.Third, defining
control strategies for humaobot interaction is beyond the scope of this thdsmurth, the
thesis does not address the issue of practical implementation of anyasioul$ localisation
and mapping (SLAM).For guidance, the research assumes the robot guide is technically
capable of mapping and navigating through the unknown environmgmtonditions of zero
visibility. However, interacting with the robot guide undsuch circumstances can be
demanding and strenuous. As previous research did not shed much light on the interaction, the
thesis aims at bridging that gap.

The research does not investigate any local or global navigation abilities of the guide
robot. Develojng large scale maps that could aid the navigation of the robot irvizdipdity is

beyond the scope of this research.

1.5. Research questionaind the methodology

The mainaim of this thesis iso study the haptic interactiowith the robotand
usability of the designed interface in the conditiongesb visibility This has led to the

following subquestions, which araddresseth the subsequent chapters:

Fire-fighters as well as visually impaired people resorthe haptic sense to
interact with the real worldVisually impaired people even make use of dogs to be

guided.The first research question is formulated as:

Research Question 1. What can we learn abouhaptic interaction in zero
visibility by studyingthe firefighting protocolsandthe use of guiddogs by visually
impaired people (addressedn Chapter 2)
Addressing research question 1 can give us an insighhumanrhuman haptic
interaction (between fireghters) and humaanimal (haptic interaction) and help us
use that insight into humabothaptic interaction. Howevethe haptc sense has been
used in assistive robotics before where people are at ease in a tranquil environment and

not deprived of auditory feedback. We intenduse haptic sense in a contesttere the
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handler is subjected ta sensory deprived stressful settifitperefore, wen assisting,
the robotic guide should in general not increase the physical or cognitive load of the
handler. The endusers (firefighters) are a set of skilled people and they undergo
rigorous training.Their haptic senses are highly trained in accordance with the existing
protocols. To develop a successful cooperation with a guide robot in these
circumstancesa major prerequisiteis haptic sense is sensitive enough to convey
information from the robo&nd it could be trained for the interaction. The second
research question is formulated as:
Research Question 2. How sensitive and trainable is the haptic sense?
(addresseth Chapter 3
Once the second question is addressed, ttheme are two different aspects to the
next phase of theesearch. The basic requisite for a robotic guide drextthe handler
from one point to the other successfully without collisions. This is referred as
locomotion guidancehenceforth. When the handler is guidedoiran unknown
enviornment and wants to search the immediate environment (especially in search and
rescue tasks), the robotic guide could be used as arfcmpdoratiori involves making
use of the same robot agool for scanning and searching the immediate environment.
Although these are integrated aspects of the task condition we are building towards, the
locomotion and haptic exploration problems are logically separable so that they can be
pursued either in parallel or sequentiallyie design of thehaptic interfacetherefore
needs to contribute to these aspects and this thesis evaluates the effectiveness of the
interface. The third and fourth research questions are formulated as:
Research Question 3. How can the physical interface cater for locomotion
guidance irzero visibilityconditionsaddresseth Chapter %
i. How can various test cases be designed to explore the use of the
interface under various predefined circumstances for navigation?
Research Question 4. How can the robotic guide be uses an exploratory
tool? (answered in Chapte)) 6
I. How caninformation from the robotic guide be transferred to the
human (feedback systengt the time of the exploration in a

meaningful waysing haptic sen8e
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1. Introduction

1.6. Thesis structure

Broadly the thesis consists of the following: Introduction (Chapter 1), Acting in
zero visibility (Chapter 2), Exploring the sensitivity of haptic sense (Chapter 3), The
'REINS'interface (Chapter &nd Chapter 6) and Conclusion (ChapterThe following
paragraphs summarise individual chapters and the work included in the thesis.

Chapter 1 provides the context and motivation for the dissertation and lists the
fundamental questions behind the research.

Chapter 2describes the real world scenariozaro visibility and their influence
on thework.

Chapter 31If the haptic sense is to be used a medium of communication
between the handler and robotic guide, it is importarstudy how reliable it is. This
chapter demonstrates the extreme sensitivity and trainability of the hapticirsehse
absence of visian

Chapter 4presents a snapshaitthe previous studies and existing work that focus
on HumanrRobot interaction irzero visibility. It also focuses on modelling assistive
technology in absence of visibility and how our system fits into that.

Chapter 5presents an analysis of the hapREINS interface (connecting the
human being and the robot guide) design. It also reports on the experiments performed
to test the interface concerning guidance, in which the robot takes the handler from one
way point to the next. We discuss evaluatinghbptic interface to enable a handler to
follow the guide and considerations that led to the design.

Chapter 6concerns a haptic feedback system, focusing on how it has to behave
when the robot is used as an acceptable exploratory tool.

Chapter 7 concludes and summarises the thesis and briefly discusses some

possible lines of future work.

1.7. Publications made through the thesis

X Ghosh, A.; Penders, J.; Jones, P.E.; Reed, H., "Experience of using a haptic
interface to follow a robot without visual f@eack,” in Robot and Human
Interactive Communication, 2014 R@AN: The 23rd IEEE International
Symposium on, vol., no., pp.323384, 2529 Aug. 2014
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Ghosh, A., Alboul, L., Penders, J., Jones, P. and Reed, H., Zoddbwing a

robot using a haptiinterface without visual feedbackn: ACHI, Barcelona,
Spain 2327 March 2014, pp. 14753

Jones, P, Ghosh, A, Penders, J, and Read, H, (2013), "Towards human
technology symbiosis in the haptic mode,".In: International Conference on
Communication, Medialechnology and Design, Famagusta, North Cyprus, 2
May 2013. 307312.

Ghosh, A, Pendsr J, Jones, P, Reed, H, and&ao, A, (2014), "Exploring
Haptic Feedback for Robot to Human Communicationriternational
ConferenceDisability, Virtual Reality andAssociated’echnologiesGothenberg,
Sweden.

Penders, J. and Ghosh, A., 2015. Human Robot Interaction in the Absence of
Visual and Aural Feedback: Exploring the Haptic Sense. Procedia Computer
Science, 71, pp.18595
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2. Interacting in zero visibility

Chapter2

Interacting in zero visibility

This chapter is dedicated to thesearch questianVhat can we learn about haptic interaction

in zero visibilityby studying the firefighting protocols and the use of guide dogs by visually
impaired people?\Ve look at how firdighters navigate a space in order to understand the task

in hand and what sense they use¢haabsence of vision. We explore the intei@ttof visually
impaired people with their guide dogs and we use that model as a reference, to develop a model
for interaction with the robotic guide irero visibilitythat could cater for the task in hand.

2.1 Reflecting upon Fire-fighting Protocols for seardh and

navigation with breathing apparatus

According to Denef et al. ( 2008) navigation in general can be defined as
human practice constructed out around technical possibilities such as indoor
positioning of orientation tools, but also around cognitwapabilities of the navigator
and, a deep understanding of the contegtrequired to provide good and supportive
navigaton technologies. Therefore it is important to take a deep look at the existing
navigation practices and protocols prevalent amongfifirging teams in ever changing
spaces angdet an insighinto thar experiencs, if we aim to develop a robotic guide fo
these conditions. Chapter 1 indicates that there are significant challenges for these teams

to effectively work in highly oppressive search environment due to:

X Poor visibility due to heavy smoke

x Limited audibility due to ambient noisResearch done bigeischl et al.
(1979) show that noise levs during firefighting exceed safe limits.
Firefighters have protection for noise abatement.

X Toxic environment because of presence of deadly gases; e.g. hydrogen
cyanide, phosgene, carbon monoxileEVINE 1979; Sanmons &
Coleman 1974; Dyer & Esch 1976) Fire sites may have carbon
monoxide levels as high as 3000 pp{Barnard & Weber 1979)
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2. Interacting in zero visibility

Firefighters carry breathing apparatus thatfise air supply for 20
minutes(Penders et al. 2007)
X Theprotectivegeargets heated up because of extreme temperatures at the

fire scene

Hence, firefighting teams usually operate in urids fast navigation and exit
Each unit comprises of three personnel, two firefighters and one lead, functioning with
established protocsl

i

Figure 3, Fire-Fighters proceeding along the walBénef et 412009

Whenever two firefightergnter a building, the unit lead stays in a safe place
outside. They are connected throwgtifeline’ (Ramirez et al. 2009k rope latched to
the belt of one of the firefighter and held on the other end by the unérlesadhait
can be used to find the way back to the start p@atause of the dangef losing
bearingand orientation, fire fighters proceatbng the wallgfigure 3) of a building and
they report recagition points and obstaclegach membein the unit will try to

memorize their findings.

In the United Kingdomprocedures for largeuddings are that a firsinit will lay-
out and fix themain guideline(or lifeline) along a wall, refer t¢Figure 4). Subsequent
units aiming towards the scene of operations follow the guidelineeh has a pashort
ropes knotted onto itat regularintervals, to define positions aloriy Timing the
guidelinefollowing by the firefighters, it is found that they progress at a rate of 12m in

about one minute.
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2. Interacting in zero visibility

3_' Entry point

Main guideline

branch lines

Figure 4, Guideline laid along the wall

Figure 5(a) Fire-fighters proceed along the wall and tied to each other with a rope (bfidiners use

dorsal side of their hand to scan hanging obstacles

If a team of two firefighters proceeds along the wall, they are tied to each other
with the help of a rope (as shownfigure 5(a) and the person behind places his one
hand on the shoulder of the person in frené medium of communication between two
human beings. When the space far from the wall needs to be explored, one member
stays close to the wall while moves away from the wall, explores thenaoea freely
and comes bacfas shown irfigure 6. While, no verbal interaction takes place between
them, they remaisafelyconnectedvith the guidelingtheir basic aid for locomotion
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2. Interacting in zero visibility

At the time of exploratiostanding on a rear foot, they use the front foot to stamp
ahead in a fafike pattern in order to feel for obstacles and to test the floor before a real
step is made. Meanwhile one hand will be moved up and down in frorng tietkld and
upper body to feel for hanging obstructions and in particular lbasging wires, as
shown inFigure 5(b) The firefighter always uses tli®rsal side of his hand to protect
him from accidentally grabbing an uncovered electric wiigh the palm as the

contraction of his muscles will move his hand away.

Figure 6, When one member stays close to the wall and the other member (connected with a rope)

explores the area far from the wall and comes back

After scanning the designated area, the unit returns to the point through which
they entered, using the guideline as their pathfirfdenef et a{2008)reconstructed the
path of one firefighting unit (as shownfigure 7).
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2. Interacting in zero visibility

Figure 7, path of a firefighting unit as reconstructed Dgnef et al 2008)

2.1.1 What can be learnt about navigation in zero visibility from
firefighters?

The navigation practices of firefighters involve complex structures of behaviour,
which are very sensitive to change and developed aitpdrience over long periods of
time (Denef et al. 2008)Here we list théessons learnwhich can help us understand

the interaction irzerovisibility :

x Navigation of firefighters is a collaborative activity and teamwork is an essential
elementWe are exploring the conterf using a robotic guide imero visibility
conditions, where thibandler and the guide can develop cooperation andtepera
as a teamsimilar to a team of two firighters. The human being must be able
to observe the behaviour of the robot in relation to the environment where it is
acting.

X When proceeding into an environment with no or limiegibility fire fighters
have to rely heavily otheir proprioceptive awareness, which can be defined as
a variation of the sensory modality of touch that involves the sensation of joint
movements and joint position sengksphart et al. 1997)Firefighters undergo
rigorous training and their proprioceptors develop, meaning they gather their
skills (looked in more detail in Chapter 3). Theref ahaptic interface seems a
natural solutionto connect the handleand the semiautonomous robotThe
primary focus is on creatinfpe haptic feedbacknd investigating whether litas

enoughbandwidthto aid the human being.
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2. Interacting in zero visibility

X There is a high level of dision of labour among firfighters while they scan a
room, stay close to the walls, and move to the middle of the room to get a sense
of the environment and build an impression of the spdterefore, we
summarise that in relation to a firefighter's igation of an unknown
environment, there arewb different aspects (amentioned in Chapter 1):
locomotion guidancéusing the wall or rope as a reference) argloration of
space(moving hands and feet). We define locomotion guidancé&abe ably
guided along a path from one point to the othExploration of space is defined
as:'to be able to gauge the environment ardudad they make use of their
proprioceptive senses to achieve these taSk® envisaged dndlerrobot
partnership will allowan integation oftwo haptically-mediated functions a)
safe locomotion guidancethrough an obstaclestrewn environmentand b)
explorationand discrimination of encountered obstacles according to particular
REMHFW SURSHUWLHYVY VXFK DV ZHLJKW uGLVFULPI

X Boesch & Boescl{1989)defined cooperation amdividuals acting togetheto
achieve a common goahnd Naderi et al. (2001) proposed that cooperative
interactions can be categorised along three dimensions ngieaiynilarity of
the actions performed or congruence (ining or synchrony andiii) spatial
coordination. WHe a team of two fire fighters navigatéhe space, the
cooperative interaction between them can be described as congruent (similar
actions aiming at a goal), simultaneous and homospheric (being in spatial
proximity). We believe thecooperativeinteraction betweerhandler and the
robotic guide wouldalso be categorised asongruent, simultaneous and
homosyeric.

x Firefighters have a remarkable ability of building a mental modelognitive
map of the environment while navigatinigg the absence fovision. The term
‘cognitive mappingis extensively usedni literature (Kitchin 1994) when we
look at the pocess of orientation in unknown environmelResearchers from
fields as diverse apsychology, geography and urban planning have explored
how humans process and use spatial informatmooreate a cognitive map for
navigation and way findingCognitive psychologists have broken navigation

down into itscomponent steps and asinterplay of neurecognitive functions,
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2. Interacting in zero visibility

such asspatial updatingand reference frameésr perceptionaction couplings
(Denef et al. 2008 Researchers have found that nav@ain humans can be of
two types: landmarbased and path integration. In landmbdsed navigation,
auditory, visual, tactual or olfactory landmarks provide information about
current position and orientation. Firefighters use recognition points, olsstacle
knotted ropes at regular intervals along the guideline as landmarks. In path
integration the person gathers informatiaile moving to update current
position and orientationefative to some starting poiriGallistel 1990. Path
integration primarily concerns proprioceptive informatitins believed that,he
proprioceptive information from the robotic guide can contribute to the path
integration of the handler and his perception of space and helpdmstruct a
cogritive map of the environmenthereby giving a sense of security during

navigation.

2.2 Reflecting upon navigation for visually impaired people

Firefighters undergo rigorous, systematic and careful training in a low visibility
and their cognitive capabilities learn to function more effectively in saoh
environment. Furthermore, when we try to understand proprioceptive and haptic senses
in the absence of vision, prime examples are visually impaired and blind people, who
are in a unigue position to appreciate anel more proficient at attending to nonvisual
stimulus and making better functional use of nonvisual s€ri#Ens 1989) The blind
community has long been believed to be a motivation for research zdyoutisibility.

It is thus inportant to have an insight intbe use of nowvisual senses and how it helps

the community.

2.2.1 Use of nonvisual senses

Visually impaired people live in a different perceptual world than people with
sight (Hardwick et al. 1998)When we use our eyes to see, the brain translates that
information into images and deprivation of this visual input to the brain can cause
permanent damage in the visual corfetardwick et al. 1998)When vision is absent,
distorted o reduced, one's functioning in the sighted world can be challenged by

changes to how one accesses the information. Even studies have revealed that people,
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with visual impairment, have difficulty in constructiagognitive or mental map of the
environmen{PerezPereira & ContiRamsden 2013because a comprehensive quantity

of spatial information is taken through the visual system in comparison with sensory
systems used bthe visually impaired (auditory, tactile, etc). But these people can
compensatéor their lack of sight with other sens@he improvement in the remaining
senses is an outcome of learned behayiouiother words visually impaired people
learn how to us theg senses more efficiently and hate ability to retain in the

memory things they have learn@éraser 1917)

Researches have showmat people nssing one senseot onlyjust learn to use
the others bettertheir brain has the ability to change and adapts to thealetme
progresseandthey gainexperiencelf one sense is lost, the areas of the brathodeed
to handling that sensory information do not go unudethey getused forprocessing
other senseKarns et al(2012)provideevidence of this hapingn the brains of deaf
people.People who are born deaf use areathefbrain typically devoted to processing
sound(primary auditory cortexjo instead process touch asgimatosensatiorPerhaps
more interestingly, this neural reorganization affects how deaf individuals perceive
sensory stimuli, making them susceptibleatperceptual illusion that hearing people do
not experienceA large body of evidence showsatwhen the brain is deprived of input
in one sensory modality, it is capable of reorganizing itself to support and augment
other senses, a phenomenon knoworassmodal neuroplasticityMerabet & Pascual
Leone 2010; Gilbert & Walsh 2004)Most of the research on cressdal
neuroplascity has focused on blind individuals, who often haamhanced auditory
abilities (Bedny et al. 2011)Brain imaging studies show thiesual cortex in the blind is
taken over by other sens¢&ougouxet al. 2005) such as hearing or touch, and
contributes tolanguage processin{Bedny et al. 2011)Because of this, visually
impaired people can read Braille alphabet with more ease than sighted peopléyperfec
familiar with the alphbet(PerezPereira & ContiRamsden 2013Warren(1978)in his
book says, thdthe blind have, through need, learned to attend better to auditory stimuli
and therefore can make more use of the available auditory informatiorcémesighted

peoplée
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2.2.2 Navigation and wayfinding in the absence of vision

The task of navigation gets congated in case of visual impairmerds one of
the main problems being acquiring knowledge of #erounding environment
However, they use much richer information, suchtlas environmental soundihe
gradient of the slope, direction tfe wind to faciitate path integratiofLoomis et al.
1993) They have higher mental faculties attention, giving them a sense of security

and ease during navigation.

While walking they drive beforethema slight wave of air, which, on striking a
solid object, is thrown back upon the face producing a slight sensation. The sensation
comes as a warngnto the blind pedestrian. Visually impaired people thus can avoid
contact with obstacles in their homes or with trees and posts on the sidewalks by the
impression made upon their faces from the sudden condensation of air, making them
aware of the presenoé such obstacles. This facial sensation is not necessarily confined
to persons who are blind but is occasionally experiencedeirdénk by people with
sight (PerezPereira & ContRamsden 2013) 7KLV LV FDOOHG WKH 3REV
3IDFYDOLRQ™ WKDW DOORZV WeoHalisenceopGobstat(ddarie® W K H
1978)

The sense of hearing coupled with the faculty of attention enaldesilly
impaired peopléo move through the streets with comparative ease and safety. They
note the vehicles that pass along the highway and can readily recognize the various
sounds made byarious automobiled.istening to various soundd)d trained earlearn
to estimate distance, to judge direction aget warned of a possible dangeso
basically, unlike sight, which is a comprehensive sense and gives synchronous
information about the environment as a whole, the other senses represent the
environment in partsResearchers have shown that the presence of obstaclé® can
mediated by audition, from ecfu®tection and echtpcation (Warren 1978; Hardwick
et al. 1998)

2.2.3 Mobility aids for navigation using proprioceptive awareness

Mobility is defined asthe ability to travel safely, comfortably, gracefully, and

independentlyHardwick et al. 1998)The task requires moitéme (Rieser et al. 1986)
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and more cognitive effortByrne & Salter 1983¥or the visually impaired. Although
sensespther than sight, can develop to a remarkable degimle aids such as the
guide dog and the white cane remain the dominant aids for mohiittyn the
community The use of hapticand proprioceptive feedback is well received by the
visually impairedcommunity The long cane, which was invented in the 1940s, is still
the most widely used mobility aid amomgsually impaired usergHardwick et al.
1998) It allows the detection of obstacles and doffs within al-meterrange. This
short range forces the user to be prepared to stop or to correct course quitkiysan
limits walking speedHardwick et al. 1998)The cane is easily identified by other
travelers, warning bystanders to get out of the way a marginalizing the blind
(Brabyn 1985) Despite its shortcomings, the long cane is a wonderful instrument
providing surprisingly rich information. It is generally used by making arcs, tapping on
each endBrabyn 1985) The sounds emitted by tapping can be used for echolocation.
The contact dynamics also provideformation about the texture arglope of the
ground. This andcues through the soles ofetlieetare a rich sources of information
(Lenay et al. 1997)

The guide dog is also a popular mobility éi¢hderi et al. 2001andeffective but
must be trained by professials and cared for by their owners. Their cost is
approximately $12,000 to $20,0@0 order to train guide dogand theirworking life is
of approximately five yearéShoval et al. 2003)Using a cane means finding a route
while the dog can obviously see the route; it's quickerfankgss stressful and far more
reliable. Clark-Carter et al. (1986) identified that guide dog users attain optimum
efficiency during independent mobility. We therefore study the interaction between a
visually impaired person and a guide dog during mobility; we model that interaction and
use that model as a refecenin studying how a person interacts with the robotic guide

in zero visibility.

Guide dogs for visually impaired people
A domain rich with experience on haptic feedbaoki proprioceptiois the use of
guide dogs for the visually impaire@Figure 9. In this section we give a general

description of using a guide dog. The information is basedntamaction withdog
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trainers of GuideDogsfor-the-Blind butit can also be found ithe literature (Marston
et al. 2007Marion & Michael 2008)

Handling a guide dog
For clarity the guiding link between user and dog is called a handle, and the user
is usually referred to as thieahdlet (as mentioned beforeThe dog is also on a lead,

but this lead does not serwhen the dog is guiding

Figure 8, the handle taken apart

Figure 9, Person being guided by a guide dog

The interface: the landle

The handle isattached to a harness on the dog's back and shoulders. The dog is
walking at the handler's side, 2/3 of the dog's body being ahead of the hargllez
- the dog is half a pace ahead. The handle is a rigid U shaped instrument (with a square

‘bottom for the actual handlg)Figure § and this is the only guiding instrument used
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during walking. The handle is shaped so as to hardly need any grip from the handler and

is rigid so as to immediately let the handler know when the dog stops.

The handle is noused to push the dog, nor does the dog drag the handler along
with it. The default condition is that dog and handler walk at the same pace: the handler
feels the dog's movements and direction while the dog monitors the handler's walking
and other aspects the behaviour as they proceed together. As the dog slows down to
stop at or negotiate obstacles the handler feels this through the handle. The handle is
also used by the handler to communicate particular commands and actions to the dog: it

can be usetb stop the dog, slow it daw prohibit certain things etc.

The dog can see the handler as well as feeling themgihtbe handle. On being
guided by a guide dog, one of the project team menmiomied: 'l walked blindfolded
with the dog along a busy wallay outside. Pretty soon | began to feel even the slight
changes of speed and direction. The trainer who walked with me said that it is important
to swing my hands so that the dog also gets some feedback on your active participation

of walking.

In addition to the handle, there & series of verbal and gestural commands that
dogs are trained on: directional commaniisft(, 'right’, etc) and control commands
('no, 'leave, 'steady, etc.); these can be used in conjunction with commanding through
the haulle. When stationary, the dog watches the handler’'s legs andtamaseive a
command (as referred iigure 1(c)). To start walkingthe handletakes the right leg
back and swigs the right arm forward sayingprward and then the dog starts to walk

again.

To the general description, notes are added from an interview (with a different
IRQW ZLWK D YLVXDOO\ LPSDLUHG IHPDOH DGXOW .
currently has a guide dog called Jasper and shkathether guide dogs in the past. She
travels to work daily by tram with Jasper's help.

" N uses a number of verbal commands and gestural signals with
Jasper (as per training) although she finds that the number of gestural

signals has dwindled as their rel ationship has developed; currently she
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is mainly relying on verbal commands. The handle is used primarily as a
simple guidance tool although she occasional ly communicates through it
(she might need to jiggle it or waggle it in order to emphasise

something).

Locomotion guidance

Locomotion guidance concerns moving from point to point in a nearly straight line
without collisions and it includes collision avoidand@ogs are trained to guide
according to a strict protocol: they walk in a straight,linehe middle of the pavement;
they slow down and negotiate minor obstacles on the pavement, réfegtioe 10).
The dog may begin to take evasive action in advance if a slight deviation is required;
which means that the handler will have avoided astamte without even knowing it. In
a supermarket people with trollelyaversehe aislesconcentrating on shopping and not
paying attention tevhat is going on behind them. The dogs are trained for this: the dog

stops when there is no way through withbuishing the handler against the obstacle.

On the streetfpeople are on the move and more aware of what is coming up ahead
and tend to get out of the wajhe dog continues in a straight line until faced with a
‘choicé of directions. At that pointthe handler will have to prime the dog as to the
required direction. For instance, the dog will sedpghe kerbside when there is a road to
cross, refer tqFigure 10(c). It is down to the judgement of the handler to initiate a
crossing: the handler wihave to command the dog forward. However, the dog will not
move forward if it is aware of a hazard, so the handler will have to wait and then issue a

further command etc.

It is told in the interview that if the pavement is blocked, for
example, Jasper will  take N. to the kerb, implying the need to cross
the road at that point. This deviation from the normal route, will be
interpreted by N. as Jasper taking evasive action, although she can
check this by telling Jasper to go ahead as normal (in which case it
can again refuse). The thing that makes N. most anxious is crossing

roads.
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Thus,on interviewing N' and looking at the experimisnperformed by Naderi et
al., (Naderi ¢ al. 2001) we conclude that locomotion guidance involves the following

actions:

x Start: Locomotion in any direction from a still position.

x Stop: Motionlessness lasting for more than 2 seconds.

x Obstacle avoidance: Change in direction by some anglenedioby a
similar change in opposite direction.

x Turning: Sharp change in the direction of walking.

x Slowing down: Decrease in the speed of walking.

X Stepping: Locomotion that results in continuation of walk on a higher

level or lower level.

Navigation and &ploration

Generally speaking, guide dog and handler only follow fixed routes with which
the handler is familiar; indeed prospective handlers are trained on the routes (eg the
safest route and way to walk) before they have aAdgg trainer says, Clients would
be taught that if they did not know where they were then to stop and ask someone. Most
clients have a fixed number of set routes and do not venture off those, some clients work
their dogs in lots of environments and they generally tend toe hbetter

orientation/spatial awareness and/or residual vision to support their other'skills

" N uses Jasper for a number of familiar routes (e.g. getting to
work) although these routes may vary slightly albeit in predictable
ways: for example, in comin g to work she may get off at different tram
stops but the route to work from each stop is familiar. Unlike some
guide dog users, ' N announces her destination to Jasper (for example
" let's go home ") and Jasper will head off in the right direction and
guide ' Nthere, subject to her control and command at junctions etc.
On leaving the tram to make her way to work N. will tell Jasper to
"find right ' - that is, turn right out of the tram and find the

appropriate starting point for the journey to the workplac e. On
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arriving at the specified destination Jasper will find the entrance

door or whatever looks most like an entrance door on arrival.

Figure 10, The dog always walk along straight lines at the centre of the walkway(left)tartbgin at
the curb or crossings (middle) and watches the handler's legs and arms to receive a command (right).
[N.] While being guided, N. knows where she is all the time on the
street due to her ' mental map of the route and her ability to read
all kinds  of environmental cues about location and direction etc.
There are occasional times (e.g. crossing the park) where such cues
are sparse or absent for some moments. She has only ever got lost
once, although - due to the familiarity of the route overall - she was
quickly able to find her way back again. She notes that people think
to help her by giving distance indications but these are of no use to

a blind person.

The cooperative interaction and the division of labour between the handler and the
guide dog

Leading a visually impaired person is fundamentally a cooperative task, where
both participants play important roles. Similar to a firefighting unit, the cooperative
interaction between a guide dog and a visually impaired person is congruent,
simultaneous ahhomospheric (being in spatial proximit@pparently, the guide dog is
not taking the handler to a destinatiothe handler is taking the dog to the destination.
The team is depending on the handler's spatial awareness and ability to read clues and

cuesfrom the environment. The handler (not the dog) has to find the destination; we call
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this navigation Navigation concerns making choices, deciding in which direction to go
and that requires a (mental) representation of the environment of some sor. It als
requires a link between the current position and that representation, if this linksis fail
the person is lost. Navigation requires some sort of localisation in the representation of

the environment.

Dog Locomotion |  Locomotion . Locomotion
- Guidance - Guidance o Guidance
| >® >® =
Mavigation MNavigation Navigation
decision decision decision
Handler

Figure 11, Handling aguide dog: task analysis

The handler initiates an action by movement or verbal command (sometimes)
whereas the dog always initiates by movemenke task of the guide dog is, as the
above shows, to negotiating a passage; this activity takes place inotoc@pace as it
is called in(Veraart & WaneDefalque 1987)and we call the task which the dog
performs locomotion guidancelLocomotion guidance by the dog and navigation
decisionstaken by the handler are complementary activities each performed by a

'specialised’ agemif cooperative actigrrefer to(Figure 1)

2.2.4 What can be learnt about navigation inzero visibility from visually

impaired people and their interaction with guide dogs?

X In theabsence of visigrthe human brain can be activated by nosual senses
given systematic training and can be improved with time and experienicthe
successful operation of éhrobot devicethe handler will need todevelop
particular haptic skills and proficiencieslevant to théocomotion guidance and
exploration Studying the use of guide dogs, it is concluded thahéptic sense
and proprioceptive awareness is highdnsitive and trainable to a remarkable

degreeand we further ingstigate that in the followingt@pter.
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x Inspired by thestudy of thehandle connecting the handler and the guide dog, we
connect thehuman user and mobile rolotguide with a rigid interfae (a
gticky. The communication between the user (handler) and the guide will take
place through the interface.

X It is perceived in the context of the dissertation that the interacton i
communicational landscape emerging between the human being and thét robot.
is a presumptiothat the human being, by nature, will try tead the situation
(Harris 1996)and base decision maig upon theview obtainedWe alsoexpect
that the landlerwants to remain the dominant and initiating partner, at least
from his/her perspectivelf not further specified this leads to the question
whether (a) the dndleris leading the robot or (b) whether the robot is leading
the randler However, as the analysis of a guide dog and handler team above
shows we can distinguish between (a) and (b). This seems a natural basis for a
mixed initiative mode of operation amfivision of autonomyetweenthem. At
the point of exploration, the human being has the autonomy (decision maker)
and uses the robot as a tool to explore the immediate environment, whereas,
between two points of exploration, the robot acts as an autonomalésand is
the decision maker ensuring a safe passage, exactly like a guide dog between
two points navigation. As shown iigure 12 the task of exploration is carried
out by the human while locomotion guidance is restricted to the robot. In each of
thesephases shown in thegure 12the dominant actor is marked in red, which

basically signifies the entity having autonomy.
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Point of Exploration Locomotion Guidance Point of Exploration
’_‘-II-~~ ’4’_-‘\.‘
’ .
4 * Robot (red) decision maker o »
& Handler (red) decision maker r b Y
I 1 I L}
1 I = I
1 ' Robot as guide i .
1 o Ay
* ol hs _”
N\ Al N ’
- - -~ »
- e [ L [
Robot as exploratory device Robot as exploratory device

Figure 12, Division of Autonomy between handler and the guide robot

2.3 Chapter closure

Collins et al, (2013) note that the human robot relationship draws similarities
from various kinds of existing bonds humans share with other humans, animals or
objects (as shown belowlHuman- human bonds are exjphed by Hazan and Zeifman
(1999) whereas human animal bondgeéhbeen discised by WalshZ009).

Keeping this in mind, in this chapter, we reviewed two real world scenarios where
interactions take place imero visibility and we reflected upon the conclusions that
could influence the interaction between the humamgdeand the robotic guide.
Providing technical solutions is not really difficult, however, since interaction is the
study of this thesis, providing a meaningful basis for the study is the real challenge.
These learimgs are the key factors for th&tudy andcan help understanding the

effectiveness of the design of the haptic interface connecting the human and the robot.
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Figure 13, Human robot bonding (Collins et al., 2013)

One of thdearnings is that the firefighters and visuatypaired community rely
heavily on their proprioceptive senses and it can develop to a remarkable extent, given

systematic training.
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3. Exploring the haptic sense

Chapter3

Exploring the haptic sense

This chapter is dedicated to thesearch questiarhow sensitive and trainabléhe haptic sense

is? Wereviewthe hapticsensen this chapter and conduct an experimental study to demonstrate
the extreme sensitivity and trainability of hapt@mmunication and the speed with which users
develop and refine thelraptic proficiencies. We discuss how these initial explorations may shed
light on the more general question of how a human mind, on being exposed to an unknown
environment withzero vigbility, may enter into collaboration with an external information
source in order to learn about that environment, using haggicse Part of this chapter is
published as

Jones, P, Ghosh, A, Penders, J, and Read, H, (2013), "Towards human teclsgotbmsis in
the haptic mode,".In: International Conference on Communication, Media, Technology and
Design, Famagusta, North Cyprusd2viay 2013. 30-312.

3.1 Human senses

Human senses, physiological tools for perceiving environmental information, as
describé by Aristotle, are broadly classified into: sight or vision, audition, olfaction,
taste or gustation and touch or traction. The sensory system actually extends beyond
five senses. These fiveersses are called exteroceptif@®ibson 1966) as they are
directed outwardor receiving stimuli fromthe outside world. There are senses that
involve sensitivity to internal eventsuch as body temperature, hunger dmist, sleep
cycle, heart rate, etc. Other important sensested&inaesthet sense and sense of
equilibrium, which are proprioceptive; involving position and motion of the body. The
characteristics of these senses have been investigated over decades by scientists. Each
of the sense modalities, is characterised by many factmb, as the types of received
and accepted data, the sensitivity to the data in terms of temporal or spatial resolutions,
the rate at which information is processed, ability of the receiver td ot data that
is received El Saddik et al. 2011b)Data pertming to the surrounding environment is
acquired using these senses and transformed into usable representations, creating new
possibilities for efficient interacte experiences with machinéBetersen et al. 2004}
is extremely important to realise the potential of the human senses, so that they are
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naturally integrated in humamachine interagbn as well as in the interaction design

process.

The haptic sense can be stimulated through heat, vibration, pressure etc. The
human haptic system peiges two types of informatiofEl Saddik et al. 2011¢)
kinaesthetic or proprioceptive and tactile or cutaneous. Thdwghdre not mutually
exclusive, this thesis is mostly concerned with the kinaesthetic awarenas$sioian
being. When exploring the haptic sense, the challenge is how to isligetential in
the interaction context; and what influence the use of teesses has on interactive

experience.ln this chapter, we study the sensitivity and trainability of the haptic sense.

3.2 Haptic sense

Haptics, theword originates from the Greek worHdptos'and it refers to the
science of manual sensing (exploration fetr&ction of information) and modification
of the environment through body anduth. (Gibson 1966)describes Haptics athé
sensibility of the individual to the world adjacent to his body by the use of his body
This word wasintrodued by researchers in the field efkperimental psychology to
refer to the activétactile-kinaesthetic actiongxploration(Klatzky & Lederman 2009)
of real objects by humansRoblesDe-La-Torre (2006) Q R W i Vexpgrimental
psychology and physiology, the word haptic refers to the ability to experience the
environment through active ghoration, typically with our hands, as when palpating an
object to gauge its shape and material properties. This is commonly called active or

haptic touch, in which cutaneous and kinaesthetic capabilities have importantfroles.

Furthermore, etive touch s closed loop and enables bidirectional flow of energy
due to acting and sensing. It is not limited to the zone of physical contact. It involves
voluntary and exploratory movements essentially resulting in kinaesthetic perceptions,
linked to the cutaneoyserceptionsandgenerating tactikkinaesthetic actiorit may or
may not be accompanied by other sensory modalities such as vision or atlriitian.
(2013) states thathapic senses may play a role in giving the world a sense of
objectivity. Sight and sound are spatial senses in that they can be used to locate objects
along spatial dimensions, but it is not clear phenomenology that these senses alone give

us the impressionfdhe objects existing in a space that is external to the mind. Haptic
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senses, because they often exploit bodily movement, may present space in a way that is
more decidedly externaland also convert the visual information into a meaningful
action (seein@nd reaching for an object), thereby contributing to imojpression that

things are out thete

Gibson (1962) notes that ta term haptics was first proposed Bgvész(1950)
IROORZLQJ RE MhtperioridnBe® df thelblifd W R GaH @nRR¥ddhized
mode of experience ... which goes beyond the classical modalities of @aadch
kinesthesi§ ORUH VSHFLILFDOO\ WKH WHUP LV I(&@WHQG
activity) DV RSSRVHG WR pBdnyg Youchet{GlhsdiX FI62) (R Eknsation)
HSFWLYH WRXHFRSK D Vil MriR&plopatory rather than a merely receptive
sensd[Gibson 1962)

The haptic sense is distributed over the entire body, unlike other senses, which are
centralised around specific parts of a human bAditough relatively undeexplored
LQ FRPSDULVRQ ZLWK VLJKW Ddqtical KoH Ddorha® bumdKH V't
functioning at many different levels, from controlling the body to perceiving the
environment, as well as learning about and interacting wiff{RbblesDe-La-Torre
2006) Consequently, there is now intense psychological interest in the cognitive
dimensions of haptic sensing generally as well aghim development of haptic

proficiency in blind and visually impaired adults and children.

3.2.1 Human haptics and haptic perception

Human haptics focuses mainly on the aspects related to human perception of the
sense of touch, relative locations of body partspace and the cognitive components of
the bodybrain haptic system. When a person touches an object, the interaction force or
pressure applied on the skin, is conveyed to the brain by the associated sensory system
and it leads to perception. As menga earlier, haptic perception can either be tactile
(through the skin) or kinaesthetic (through the movements of the position of joints and
muscles). lis a mental process that constructs the wimobkmgeafter the perception of
the parts a sharpcontrast to visual perception, which concerns observing the whole

image and then the paffdoé 2004) For instance, to sense the shape of a cup, one must
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run his/her fingers across its shape and surfaces to build a mental image of B cup
Saddik et al. 2011a)

Whenit concerns active touchhé most significanimechanical componewf the
human bodyis essentially theipper limb (hanearm) system as it plays an important
role in gathering information about the warlRadman(2013 states thatThe body is
knowledgeable in its own terms and the hand possesses its authentitduwow
“trivial" movement thus give birth to mental happenihgghis component consists of
the upper arm, the forearm, and the hand, which, as a wpotsessig twenty-eight
degrees of freedom for dexterous exploration and manipul@Eiobaddik et al. 2011c)
The sensory (or somesthetic) system includes large numbers of various classes of
receptors and nerve endings in the skin, joints, tendons, and muBghésally, a
physical stimulus activates these receptors and causes them to convey sensory
information to the central nervous system. The brain, in turn, analysepeaoeives
this information and issues appropriam®tor commands to activate the muscknd

initiate hand or arm movements.

Kinaesthetic information can be expresshrough active and free movemaenit
the hand, wheredsactile information is conveyed when the human hand is passive and
stationary while in contact with an object. Therefdaeaesthetic awareness invodve
the position and motion of the hand and arm, as well as the forces acting on them, to
give a sense of the total contact forcesiface compliance, and weigfiiaggard &
Flanagan 1996)

3.2.2 Kinaesthetic awareness using haptic sense

The anatomic definitin of kinaesthetic awarenesstie perception of movement
and position of one's body parts (mes;lbones and joints) in spa@asch & Burke
1972)at any given point of time (even when the body remains stationary). It gives one
the ability to know posture accurately and assess walghén an objecis picked up
the tension inone's muscles generates signals that are used to adjust posture.
Kinaeshetic awareness the bodily intelligence thatllowsa persoro react intuitively
without having to think aboutvery single movemer(Rasch & Burke1972; Floyd &
Thompson 2004) It also acts as &ocabulary fordescribing the body in motion and
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how it conditions ourexperience of the world in thimteractions with and through

interactive technologies.

Our kinesthetic sense therefore conditions the manner in which we experience the
world in framing our embodied actions, by providing a sense of spatiality and -bodily
motor potential in our relatiomo the physical and socitultural world. The motor
abilities are developed into motor skills when they meet the cultural wedgdonding
to the perceptual signals human body rece{fiedand 2007) Fogtmann et al(2008)
cite Ponty(1945)that kinaesthetic awareness is mediatedNdgtor-memory. It can be
defined as acombination ofmotor skills and kinaesthetic memory to guide human
actions(Noland 2007)

The pgchological aspect of motakills, known aspsychomotor abilities, is the
cognitive part of the motor systefsychomotor skill@re a result obrganized muscle
activity in response to stimuli from the environment. Whereas the physcabf motor
leaming is concentrated around reflex actionqsychomotor skills are complex

movement patterns that haveb® practicedBoucher 2004)

When engaged in any form gport, the notion of psychomotabilitiesis present
most of the time. Irtombat spo#d like boxing, fencing, taekwondetc, elements such
as tactics anggssychomotor abilities are gfreater importance than any othsill. It is
not only vital to know how to execute a certaction, but also to know where and
when to apply itwhich is also the case for fifgghters This is theempathic part obur

innate bodily intelligencéCzajkowskj 2006)

3.2.3 Sensitivity of haptic sense

Research has highlighted the extraordinary speed and sensitivity of the haptic
sense(Bushnell et al. 1991pnd has also demonstrated, comparable seipafial
DELOLWLHY LQ SHRSOH ZLWKRXW YLVLR®Il&Y &RIQ EH I
1996; Ungar et al1996; Espinosa et al. 1998; Ungar 20yishnell et al. (1991)
demonstratehat haptic sensés 20 times faster than visiand sensive to a vibration
up to 1 KHz (Bolanowski Jr et al. 1988humans are able to distinguish between two

successive stimuli 5ms apafthus there has been growing interest in haptic sensing
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and its technological applications (for reviews and commentary see(Hagward &
Astley 1996; Henriques & Soechting 2005; RobIRsLa-Torre 2006).

Haptic sensing of weight and force, as well as other object propertieassite,
volume and texture, hav®en extensively studied since the early 19th century (e.g. the
pioneering work ofErnst Weber(1996). The sensitivity of the haptic sense can be
demonstrated by the ability of a person to discriminate between objects in the
environment haptically. In generaiscrimination abilitieaising haptic sendgave been
shown b be extraordinarily acute and easily trainable. Indeed, in a study of haptic

discriminaion of textured surfacesamb(1983)concluded that:

BWQ\ LQFUHPHQWDO FKDQJH LQ WKH SHULRG RI WK
than zero; in other words, the subjects could detect to some degree any change in the
period of the RWV QR PDWWHU KRZ VPDOO 7KHUH ZDV (¢
behaviour in this discrimination tagk

Gepresented the discriminative performances of various subjects between two

different surfaces using active or passive touch.

In terms of the discritnation of weight more specifically, studies have
GLITHUHQWLDWHG EHW aéttiadnassk HWIKHHU FHHEBOMLQRIQ RR IWUK H
WR PRYH DQ REvt&tieNnM ma&s GWIKH ITHHOLQJ RI KROGLQJ
KDQG V KR ZgrapithtioNak D8I uJHQHUD O O\  I[(Hes$tO&/ KépplddsY L H U
2010) Studies have also shown the intelation between perceptions of weight and

perceptions of size, volume, colour and teg{iKahrimanovic et al. 2011; Jones 1986)

After looking at theliterature, n order to have an understandingtibé haptic
sense and address its potential in interactive systenesir own context the study
reported in this thesigmvolves designingan experiment based on haptic perception in
humans, their kinaesthetic awareness and the sensitivity of the lease s
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3.3 Testing the Haptic Sense

3.3.1 Experiment rationale

As the main aim is develapy a robotic guide for skilled handlers, the focus is
making use of theimotor memoryand motor learning Skilled handlers perform a
task enough number of times to form a nerve pathway that activate muscle contractions
and therefore the movements become autom@edch & Burke 1972)The skills
associated with onefaotor abilities are timing, tactics, response speed and ability, type

of action and level of attentiqizajkowski 2006)

Subjectsare WR PDNH MXGJHPRQWWIRH (S QU IUNGHEBIS E\ XV
mechanical device to collide with, and push, objects of various weigbtgever, the
weight discrimination studies referred to above have all invotliegtt touch contact
with objects.In contrastthis study involvesndirect haptic sensing in that subjects can
RQO\ pIHHOYT WKH ZHLJKW RI REMHFWV WKURXJK WKH |

device.

Kinaesthetic Interaction can be divided into three categories, individual gjuint
opposed; the last two are variations of Kinaesthetic Empathy Interaction. Individual
kinaesthetic interaction is wheame person is interacting with space orfactj while
Kinaesthetic Empathy Interactios focused around movements involving otpeople
(Fogtmann 2007)The experimental desigis an example of individual kinaesthetic
interaction as itnvolves making use of a mobile device as a prototype for the robot.

The study is interestenh the extent to which users would be ableus® their
haptic sense to discriminabetween objects in terms of weiglsensitivity) and how
quickly such mediated haptic powers would develop and improve over a short period of
time (trainability or motor learning). The main aim is to determine whether the haptic
sense is acute enough to be used for interaction with the robotic fuitteermore, the
study eliminates the influence of the perception of other object properties (size, volume,
texture, etc) on the perception of weight, since no tactile manipulation of objects is
possible and subjects are deprived of both visual and aud@edpack (by blindfold

and headphones).
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Five subjectsover the age of 1&re recruited to takpart in the experimental
study of haptic discrimination. Each subject underwent two sets of trials, during which
their behaviour was monitored awdleo recorded The subjectsire given the task of
pushing the mobile device by means of thendle attachedvhile blindfolded and
wearing headphones. On each push the subgetasked to report on whether they
could feel anything in front of the mobile device andsof how heavy it was. (exact
instructionsare given beloy

The task as outlined requires the subjects to develop communicational
proficiencies which involve a number of different typafs semiological integration
(Harris 2009) including:

1. gnvironmental integratiofi + W KH LQWHJUDWLRQ RI DQ
activities with objects and events in the physical wiHarris 2009)

trgnsmodal integrationy = [The integration of verbal with newerbal

FRPPXQLFDWLRQY YLVXDO ZLYHérriR 2ODIPHER FhE 3uQjecksD W L R
KDG WR LQWHJUDWH YHUEDO GIPWEWLXPWLRQM DRI\ HZUVY
feedback from the device. In fact, using such terms represents a complex integrational
FKDOOHQJH W LV QHLWKHU VLPSO\ WhR tBRcagd, WK u
NQRZOHGJH RI pu(QJOLYKY YRWHKE YXBRIULWSD/OMKBkd O LW\
perceptual discriminationdones & Colling2009)citesHarris(1981)

fEven the use of ordinary grading words, like heavy, good, unusual, typically
involves a simultaneous assessment of facts and terminological appropriateness
correlated in such a way that when doubts arise it often makes little sense to ask
whether they are factual doubts or linguistic doubts. They may in one sense be a mixture
of both, but not necessarily a mixture that could even in principle be sorteat@tivo
separate componenfs

&OHDUO\ WKHQ WKH VDPH REMHFW PD\ EH pOLJK
MKHDY\T IRU WKH SXUSRVHV RI DQRWKHU ,Q SUDFWLH
own experiences what appeared to them to be an amisoprtegration of their own
feelings with the words given. Thus, subjects would have to introduce some semantic
order into their understanding and use of these terms as an inseparable dimension of

developing the haptic discrimination skills themselvasffect, then, thevords used to
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describe weight QR OHVV WKDQ WKH PRELOH GHYLFH IRU plt
WUDQVIRUPHG LQWR pWUDQVSDUHQW WHFKQRORJ\YT LQ

3.3.2 Transparent technology and haptic sense

As Clark (2008) H{SODLQV W K tran5gRi@rf ke&Wolog GHULYHV U
WKH +HLGHJJH UaisgarepRQuipRépttRbuipment ... that is not the focus
of attention in us&Clark (2008) Dclpssic exampl§ E H th® dammer in the hands of
the skilled carpentef $V &ODUN DUJXHV WKH XVHU GRHV QRW
her hands:

MQVWHDG WKH XVHU 3VHHV WKURXJK”™ WKH HTXLSF
sign your name, theem is not normally your focus (unless it is out of ink etc.). The pen
in use is no more the focus of your attention than is the hand that grips it. Both are
transparent equipmetfClark 2008)

$ pWUDQVSDUHQKH W H fiekkipdrogyRtbatyis s well fitted to, and
integrated with, our own lives, biological capacities, and projects as to become (as
Mark Weser and Donald Norman have both stressed) almost invisible §Clask
2003) ,Q FRQWUDVW DQ puR sizTthaHkeaps FikKpihg OR dse€r upy
requires skills and capacities that do not come naturally to the biological organism, and
thus remains the focus of attention even during routine prebtdung activity f(Clark
2003)

fgransparenff WR ROV DHhose useKaRd/ftihctioning have become so deeply
dovetailed to the biological system that there is a very real sense in whibie they
are upand running the problerrsolving system just is the composite of the biological

system and these nonbiological toflSlark 2003)

7KH FODVVLF Lta@paxewi tedidlbgy QL & | WiIK Lnd of ph@iattdr D
relevance tdthe VW XG\ ZDV WKH XVH RI D FRaeltr&elefEORY G ¢
navigational purposg€lark 2003)as described bBateson(1972)

WoXW ZKDW DERXW 3PH " 6XSSRVH , DP D EOLQG PD(
tap. Where do | start? Is my mental system bounded at the handle of the stick? Is it

bounded by my skinDoes it start halfway up the stick? Does it start at the tip of the
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stick? But these are nonsense questions. The stick is a pathway along which transforms
of difference are being transmitted. The way to delineate the system is to draw the
limiting line in such a way that you do not cut any of these pathways in ways which
leave things inexplicable. If what you are trying to explain is a given piece of behaviour,
such as the locomotion of the blind man, then, for this purpose, you will need the street,
the gick, the man; the street, the stick and so on, round and round. But when the blind
man sits down to eat his lunch, his stick and its messages will no longer be retdvant

it is his eating that you want to understehd

If I am conscious of the worldia a stick, then the stick is not simply a tool that
LY XVH EXWeS DLW LRPIEpR 1 Parnthpidd IBy3tEnN@ a sense organ of
P\ HHIWHQGHG PLQG 8VHU D @@naNerRdogywWmbions-HFR P H
thinking and reasoning systems whosedwiand selves are spread across biological

brain and nonbiological circuitryff{Clark 2003)

Clark offers a remarkable illustratiasf the work ofBerti & Frassinetti(2000)

with neurologically impaired human subjects. The subjects in question suffered from
PXQLODWHUDO QHJOHFWY ZLWKLQ WKH YLVXDO V\VWH
field were inaccessible to them. But when subjects werengivstick to reach objects
ZLWK LW ZD VWhd B&BX @ & stitkkab a\toql for reaching actually extends the area
of visual neglect to encompass the space now reachable with tHi€ta 2008) He
quotkes from Berti ad Frassinettit WKH EUDLQ PDNHV D GLVWLQFWLR

WKH VSDFH EH\RQG UHDFKLQJ GLVWDQFH DQG 3QHD
distance) ... simply holding a stick causes a remapping of far space to near space. In
effect the brain, alieast for some purposes, treats the stick as though it were part of the
body (Berti & Frassinetti 2000)

As Clark explains, this human ability to render our technological aids
MW UDQVSD U H Qa4 frofo@hdwdtseduehbes #r how we understand not simply
our physical and mental abilities but, more fundamentally, how we understand what it is
WR EH KXPDQ ,Q EURDG WH U P féredrondPembagiment] la@iw ZH (
sensing, and temporallyoapled unfolding§f LQ RXU SHUVSHFWLYH RQ K
cognition (Clark 2003) But more specifically, it involves a view according to which
WRROV DUH QRW VR PXFK pXVHG{Clerk 26BRr8OrdveE X W p L
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dynamic systems of embodied activity and interaction to form part of the users

themselves.

In the studyof object discrimination using the devioe-a-stick we were
interested in witessing and analysing the emergence of such a htenanology
VAP ELRYV Isy¥hergidin that can develop between artifacts and human d&gents
(Neuman & Bekerman 2000) individual haptic interactianMore specifically, then,
this involved providing a suitable task context in which the mobile device would be
WUDQVIRUPHG LQ XVH LQWR pWUDQVSDUHQW WHFKQRC

3.3.3 Description of the experiment

Fig 14 shows a schematic view of the mobile device and its functional
componentga prototype forthe ultimatemobile guide robot) The mechanical device
FRQVLVWYV RI D IL[HG KDQGOH KHQFHIRUWHKisgth¢lL QY
armhand system of the human bodlyig 14(a)). The wooden trolley rolls on four
wheels, two at the sides (radius 7cm), one at the back (3cm) and one (3 cm) in the front
(Fig 14(b)). The trolley is designed to have two degrees of freedom, mamihg
forward and backward. The trolley is surmounted by a smooth, rigid &kirt1¢(c))
which envelops the body and wheels of the trolleyy (14(a)). The skirt is fitted with
sensorgnot in use for this experimenignals from which are received aretorded
by a computer.The skirt, in principle, sits on top of the mobile robot #mel goal is to
\LHOG WKH IRUFH H[HUWHG IURP REMHFWV XVLQJ LV

vibratory feedback for thikandler(to be explained in chapter.6)
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Figure 14, (a) Mobile device consisting of a wooden trolley, a rigid handle and a@Risrooden trolley

(c) skirt that fits on the wooden trolley

Target objects
In this simplified setting for haptic discrimination, a hollow wooden box,

measuring 30.48x30.48x29.21 centimeters and weighing 3.2 kilograms ismpéd as
the basic target object. The weight of the altered during the experiment by adding
pre-arranged wights(keeping the physical dimensions same, so that the subjects cannot
make assumptions by looking at, igiving the following set of weight values for the
target objects:

- 3.2 kg (the empty wooden box)

- 5.2 kg (the box plus 2 kg weight)

- 10.2 kg (the bw plus 7kg weight)

Protocol

Each subject was asked to undergo two trial sessions with twelve trials in each
session with a short break between sessions. The whole @&tadplasted for
approximately 8 minutesfor each subjectAt the start of the firstession, subjects were
instructed on how to perform the task. Subjects were allowed to see the mobile device
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(but not the box or weights) and to push it several times before blindfold and
headphones (playing a sound track less than 70dB) were put on.qGerse
communication with subjects was conducted viagranged haptic signals.

Subjects were asked to grasp the fixed rein and to gently push the mobile device
away from them a short distance without stepping forwargu¢e 15. On each of the
twelve tials in each session, subjects would encounter one of the following four
randomly assigned target stat@s mentioned below). Though the target states are

randomly presented, the distribution is uniform across all subjects.

No object in front.

Wooden ba (3.2 kg)

Wooden box plus 2 kg (5.2kg)
Wooden box plus 7 kg (10.2 kg)

o o o p

For states (i), the wooden box was placed in direct contact with the skirt before
the trial began (as iRigure 19 in order to eliminate (or at least reduce the chance of)
perceptible collision cuessubjects were asked to report what they could feel on each

trial using, as far as possible, the verbal expressions lfettal report)

A. Nothing meaning no objeatould be felt in front of the device.

B. Light: meaning there was a light object in front of the device.

C. Medium meaning there was a medium weight object, quite easily movable, in

front of the device.

D. Heavy meaning there was a quite heavy object, possildlymowable, in front of

the device.

E. Not sure meaning the subject was not sure if there was any object in front of the

device or not.

F. Not sure whichmeaning the subject could feel an object but was not sure of the

weight.

Before the commencement of everialt the fixed rein was gently placed in the

V XEMHF W Wad @& prarranged haptic signal for the subject to push and
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report. After each report, the rein was taken back, by the experimenter for a few seconds

while the next trial was set up.

Figure 15, Subject pushes the device witletarget object in front.

For each trial we recorded the following:
X response time in seconds (from push to report)
X a verbal reportindicating the subjects' ability to match the typeacfion
with their level of attention
(DFK YHUEDO UHSRUW un1RWKLQJY MdOLIJKWYT HWF
object state (No object, wooden box, etc) so that we could examine the accuracy of the

verbal report.
Results

Speed of Haptic SenseResponse times
Table 1 figure 16andfigure 17show the average response times of every subject for
the first and the second trial sessions. The mean response time for the second set is less
than the first set in each case, indicating that the subjectsal@agly learnt from the
first trials using their psychomotor abilitiend responded with more confidence in the

second session of the trials.
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Trial Set 1 Trial Set 2 Overall
Subject 1 5.93 5.00 5.465
Subject 2 7.72 6.02 6.87
Subject 3 6.13 3.83 4.63
Subject 4 3.93 2.9 3.415
Subject 5 4.34 2.21 3.275

Tablel, Mean response times in seconc

10
g
i
E
Ll
in WTrizl Set 1[Mean
2 4 response time)
o , Trizl Set 2{Mean
response time)
0
1 2 3 4 5
Subjects

Figure 16, Bar-Graph showing the Mean Response Times for two sessions
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Figure 17, LineGraphs showing the mean response times of the subjects for two sessions

Sensitivity of Haptic SenseAccuracy of the verbal report

We took a verbal report to be accurate if there was a match between target state and

verbalexpression as follows:

Target state Verbal expression
a A
b B
c C
d D

Table2, Match between target states and verbal expressions

We counted verbal responses E and F as inaccurate for the purposes of calculating
the accuracy rate. The accuracy rate for each subject was calculated on the basis of the
number of accurate reports per trial $eiure 18 shows that the accuracy rate improved
from the first trial set to the second trial set for each subject.

Figure 19 shows accuracy rate by each target statgdnfor each trial session.
Accuracy increases over the two trial sessions for all target states. However, accuracy
rates for states (a) (No object) and (d) (Heavy object) are very high indeed, with rates
for states (b) (Light object) and (c) (Medium object) being lower but improving in the
second trial.Figure 20 shows mean accuracy rate for each target state over all trials,

indicating that the general accuracy for each target state is over 60%.
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Figure 18, Percentage accuracy for all subjects
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Figure 19, Mean accuracy by target state {@))
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Figure 20, Mean overall percentage accuracy for each target state.

accuracy(%)

3.4 Discussion

Prior to the experimental trials, the level of difficulty tiia giventask would pose
for the volunteer subjectswas not knownHowever, as the results clearly show, the
subjects found the task to be manageable and made rapid strides in task competence
over the two trial sessions. Subjeatsable, by and large, to make use of hapéinsing
and to coherently and successfully integrate verbal descriptions with haptic perceptions
of different object weights as represented in the four target sfdtegroprioceptive
information from the position of the fingers and wisstised to hold the handle and the
kinaesthetic information from the tension of the musdietped them distinguish
between weights The results overall, then, appear to demonstidesly and
unequivocally that haptic proficiencis sensitive to distinguish andevelops very
rapidly, even under very unfamiliar and difficult task condition and, consequently, that
skills of haptic discrimination are easily trainable. In other wotle,subjects were
learning fast in a very unfamiliar environmeamd consequentlyshow improvement
7KH\ DUH DV RQH ZRXOG RUGLQDULO\ vD\ pulDPLOLDU
environment.

In integrationist terms, familiarization of this kind is @ommunicational (or
semiological) process since it has to do with the development ofre§iing cpacities
in the human subject familiarize yourself with an environment or set of circumstances

means getting better gt U H D (e énvifonment fomeaningful cues relevant to your
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MFXUUHQW SURJUD PR PridanR IbeiDd- @ble RtQ fliscard or ignore those
environmental properties which are currenthelevant or insignificant. Thepeed,
confidence and accuracy e verbal reportsof the subjec have improved during
second phase of the experiment. Therefae would arge, by an increasing capacity
that theypUHDGY WKH HQYLURQPHQW IRU UHOHYDQW FXHYV
ZLWQHVVLQJ KHUH D JURZLQJ pL apatity U@ WileRiGgDO S
contextually meaningful verbal signs through the simultaneous integration of haptic
perceptionvia fixed U H LeQvirommental integratiofi ZLWK YHUEDO ODEHO
GLVFULP trenBvgdaRiQegmtiof DOO WKH alhictivelrepatibnship P
ZLWK WKH H[SHULPHQWHUV pLQWHUSHUVRQDO LQWHJ
%XW WKH SURFHVYVY DV GHVFULEHG LV MXVW WKH ¢
techQRORJ\Y LQ WK H(2003Q008l. IRprak€d RddiNacy in discrimination of
target weights, in the absence of any other factor being changed, can only mean that the
properties of the mobile device itself are become invisiieerally intangible +against
those of the target object. The fixed rein becomes hdgatakgroundas the object
environment becomes haptic foreground. In other wah#gsesults show the fixed rein
EHLQJ WUDQVIRUPHG E\ DFWLYH VXEMHFWM FKYHRW RJ\NH
%XW DV WKH\ pIHHOY WKH GLIIHUH Q Wthe\stbj¢dtsiand VW D V
and where does the mobilieviceon-a-stick begin? Sinceéhe subjects have no direct
physical or perceptual contact with the target objects, then itystlomsystem human
agent- rein - mobiledevice- target objectZKLFK LQFOXGHY DOO WKH uS
1972 necessary to the action of the system, i.e. feeling and discriminating accurately
between object weights. In making themselves awareeaf émvironment via the fixed
UHLQ WKHQ WKH pSDUWQHUVKLSY RI KXPDQ VXEMHFW
symbiotic system of acting, feeling, and thinking. Tool and tool user are becoming
MKXPWREFKQRORJ\ VA\PELRQWVY  stbéctyVated cryabrig HhowslL P H
semantic values for the weight words via their integration in context with haptic
IHHGEDFN IURP WKH UHLQ 7KH pPpYHUEDO WHFKQRORJ\!
WKHQ EHFRPH pWUDQVSDUHQWY WR WKH WDVN
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3.5 Conclusion

In this chapter, a small scale experimental study in haptic discrimination using a
mobile wooden device fitted with a stick is report€e aim was to account for if the
haptic sense conditions our experience with the world, where our motor abilities are
developed into motor skills with training and learnifigoland 2007) We have
demonstrated the sensiti and trainability of the haptic sense. We have also argued
that the development of haptic proficiency involves a process of development of
HWUDQVSDUHQW WHFKQROR J\ ftechno®gyRsFribiosis erfergek L F K
We have also argued that theveldpment of transparent technology is understandable,
in semiological terms, as a growth in integrational proficiency on the part of the human

agent.
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Chapter4'

A look at previous work on guide robots
In zero visibility

In this chapter we review previous studies with the focus on guidazeeoiwisibility outlining
how mywork fits within related research’he chapter highlightshe previous work done on
robot guides used in conditionszEro visibilityand how people interact with them.

4.1 Introduction to guide robots

Literature onthe subject of guide robots low-visibility is rather sparse.
However there are several works on robotic assistdacéhe visual impairegbeople,
becausdravelling independently is an important aspect of modern life. A part of blind
and visually impaired community has been successful at independent travel, whereas
majolity seldom travel on their owrin fact, a robotic guide is considered as one of the
potential travel aid solution® investigate the mobility and travel experiences, the
problems encountered and their spatial knowlefldersh 2016; Hersh & Johnson
2010) Work on gude robots started with MELDOG@GTachi et al. 1985)which is good
examplewith full perception about environme where they study the companionship
in communicating between a robot ahdhandler in a known environme(achi et al.

1985) The robot was not connected to the handler using a rigid haedise of the
inflexible nature of the machine. Instead they adopted a communication wire system
with ultrasonic soundTachi et al. 1981)Here,handler takes the initiative amdntrols

the robot usingwitchesconnected through a wired line. Thabot stops on each land
mark and wag for next command ofhie handler When there is an obstacle, the
warning signal is transmitted back to the handler through electrocutaneous stimulation.
In this study, the robot navigates a predefined path without real time probihg
environment. In an unknoweanvironment, however companionship in communicating
between a robot and a master is a continuoosgss. Moreovet,oomis et al.(2006)
developed personal navigation system to guide the blind people in familiar and
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unfamiliar environment. Howevem both thecases oMELDOG (Tachi et al. 1985)
andLoomis et al( 2006)navigator could follow only commands given by user to reach
the destination.

Allan Melvin et al.(2009)developed a robot called Rovi to replace a guide dog;
however the paper does not extensively report trials with users. Rovi had digital
encoders based on retreflective type infrared light that recoded errors with ambient
light changes. Though Rovi clouavoid obstaclesand reach target, did not have the
capability to provide guidance in amknown environmenfMarston et al. 2007)The
auditory navigation support system for the blind is discussédaomis et al. 2006)
where, visually impaired human participants (blind folded participants) were given
verbal commands by a speech synthesizer. However, speech synthesiansopton

for search and rescue scenarios, as the environment has a lot of ambient noise

Ulrich & Borenstein(2001) developed a guide cane (as shownfinure 21)
without acoustideedbackrunning on unpowerewheels; it uses Ultra Sound to detect
obstacles. The user has to pusé guide Cane- it has no powered wheellowever it
has a steering mechanism that can be operated by the user or operate autonomously. In
autonomous mode, when detectingastacle the wheels are steeringvay to avoid
the obstacle. Theuide cane has been tested with 10 subjects three of whom were blind
and cane users, the other seven were sighted but blindfolded.cBasiusion: walking
with the glide cane was very intuitive anequired little conscious effort, nothingone
is reported on the subjecexperience. The guide cane only uses obstacle avoidance.
This work would have been more informativie the author had considerethe

orientation of the subjects to move forward.
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Figure 21, Guide cane del@ped by Ulrich and Borenste{{2001)

The robotic shopping traly developed by Gharpure and KulyuKR008; 2010;
2006)is alsoaimed at the visual impaired. This trolley guides the (blind) shoppip
is holding the trolley handleinto the vicinity of the desired product and subsequently
instructs the sbpper on how to grab the product using voice instructions. Tidamte
is fully robot driven.Experiments with visually impaired subjects were performed in a
supermarket. An interesting comment from the subjects Westead of just following

the robot,doing nothing, | would like to know what products | am passihg by

Mori and Kotani(1998) developed a robotic travel aid ftre visually impaired
called Harunbd, which had a motorised wheel chair base with a vision system to get
information aboutnavigation and orientation, a sonar range sensing system to get
information about mobility and an optical obstacle sensory system for obstacle
avoidance. The terface isa horizontabarattached to the rear part and the handler was

supposed to hold thathile walking in order to maintain balance.
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Most guide robots work on the principle that the robot changes direction when it
detects an obstacle and communicates the change to the user haptically via arhandle
audibly Researchers have concentrated myosth different methods for obtaining
information about the environment arttiere has been less research effort on
communicating this information to theandler Thus communication and interaction
with the robot guide remain the major issue. It canibeed asa flexible, creative and
dynamicaly adaptable process. It is algerceivel that interaction with a guide robot is
a communicational landscape emerging between the human being and thénrtibst.

view the interaction not necessarily requires agetpriory fixed (command) codes

4.2 Interaction with guide robots

Goodrich (2007) defines Human Robotnteraction,as ‘communication between
robots and largely influenced byproxemics, thenteractionis broadly classified into

two categories:

T'Remote interaction? the human and the robot are not -tmcated and are
separated spatially or even temporally (for example, the Mars Rovers are separated
from earth both in space arne)!

¥'Proximate interaction2 The humans and the robots are collocated (for
example, service robots may be in the same room as hitnaimate interaction with
mobile robots may take the form of a robot assistant, and proximate interaction may

include a physical interaction.).

Interaction with a guide robot is an example of proximate interaction (homosperic
- as mentioned in chapter 2) and in addition it is believed to be congruent and
simultaneous. The biggest challenge in such an interactiamwicbmmunication takes

place between the guide and the handler.

It is clear from thewvork done byresearchers befo(&harpure & Kulyukin 2008;
Kulyukin & Kutiyanawala 2010)that even during the interactionn less stressful
settings experienced by visually impaired people in supermarkstse is reluctance to
give up dominane and a desire to get to know more about the actual situation
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4.2.1 Mixed initiative approach

As mentioned in Chapter 2ure 12 in chapter 2page 39, it is arguedhat full
autonomy of the robot will not be appreciatedtbg handlerhe/she by naturgiesto
read the situatioffHarris 1996)and adapt the teds(robot and human) behaviour
accordance to that readinfhus some sort of accountability is implicitly required from
the robot and wehave to opt for amixed initiativeé or 'shared contrdl approach in
which thehandleris able to direct the robaind make decision®educed autonomy for
the robot also seems to imply limited responsibilities for the robot. In mixed initiative
approach, trusthe handler has on thebot relies on the messagesceivedfrom the

robot

An example othe mixed initiativeapproachis reflected in the work of Shim et al
(2004) A robotic cane 'RoJi', consisting of antphandle, two steerable wheels, a sensor
unit and a user interface panel, was developed with two operational modes; the robot
control mode (RCM) and the user control mode (UCM). The obstacle information is
transferred to the handler in the form of audignals. The handler is the dominant
partner and can initiate either RCM or UCM. The cane's RCM is an autonomous
navigational mode whereas the UCM allows the handler operate the robot, based on
auditory information provided, using the buttons on the interfganel. The work of
Aigner and M€arragher(1999) also reflects the idea ahixed initiative They have
developed a robotic cane with a shared control framework meaning the framework
combnhed an autonomous mod@igner & McCarragher 2000)with a human
interaction mode. It has thability to steer around obstacles in autonomous control
mode using ultrasonic sensors. The handler can interact with the cane using a joystick
mounted on the handle. The handler is given the ultimate control and can override the
sensor data, in case thasea conflict. However, thee papes donot report much on

handle design, interface panel and trials with the handler.

4.3 Modelling guide robot systems

In the past, researchers have mainly focused on the technical aspects of guide
robot systems for travel ylind and visually impaired people and the human dimension
lacked desired attentionThis led to the use of advanced technologies without
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consideration of the wider context of the involvement of-esekrs in all stages of the
design procesand never gaid popularity within the visually impaired community.
Therefore it is important to adoptimancentred, usecentred and participativeéesign
approach(Kontogianngs & Embrey 1997)with careful consideration of the human as
well as the technology system and the context in which the system would actually be

used.

Guiderobot systems fall under the category of assistive technology for visually
impaired people. Assiive technologies, in general, have a diverse range of users and
potential users and also are required in various applications. Hence, there is a strong
need for a simple modelling framework teveal the generic structure of assistive
technology systemand analyse the complexiylarion & Michael 2008) It should
give an understanding of the functioning of assistive technology systems in tia¢ soc
context. According tdMarion & Michael (2008)'A thorough revier of the literature'
reveals'that the development of assistive technology has only been studied by a limited
number of researcheérand there are only a few modelling approacfasassistive

technology.

The USERfit model developed by Poulson and Richardson provides a user
centered approach folesigning assistive technolo@youlson & Richardson 1998As
shown inFigure 2 below, the model consists of four basic stages, narpedplem
definition, functional specificationbuild and test The fundamental feature of this
model is that it stresses user partitipa However,Wu et al.(2008) considerthat
USER(it is only fitfor ‘pure customisatidn(Lampel & Mintzberg 1996)f assistive

technology design and hentee model is less cost effective.
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Figure 22, Design process of USERfit modebulson & Richardson 1998)

Figure 23, the human activities assistive technology (HAAT) m(idiessey & Cook 2002)
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The human activities assistive technoldghyAAT) model,described by Cook and
Husseyin their bookAssistie Technologies: Principles and Practifdussey & Cook
2002) can be used for designing and developing assistive technology délecsis.&
Johnson(2008) refers that it is one of the better known framewgofér assistive
technology.The pidorial representation of the model is showrFigure 23 The HAAT
model defines assistive technology through four components. The first component is the
contextwhich represents the physicahd social attributes of theenvironment The
second componens thehuman persorfor handler, as termed in this thesisjolved It
includesthe physicalcognitive or affective properties of the handler along with his/her
skills and abilities. The third component is gaivity representing the task that needs
to be completed. The final component is #ssistive technologyvhich is an external
aid to provide basis to improve handler's performanchempresence oh disability.
HAAT model is an extension of the original human performance model comprised the
WKUHH FRPSRQHQWYV RI 3KXRBaey DEIWLYLW\ DQG FRQW

Hersh & Johnson(2008) extended the Isac structure of HAAT model
encompassing a much wider range of attributes components. They have termed this
extended model @be comprehensive assistive technolffgiT) model. It is applicable
to any assistive technology system asaih be given a trelike structure(as shown in
figure 29 that does not use an excessive number of branches at any level. The tree
structure approach is very flexibleasy to modify, can be simplified kymitting
variables that are not important in the particulamtext an helps finegrained analysis

of each component
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Figure 24, threelevel Assistive technology investigative framework using CAT rflddesh & Johson
2008)

The top level has four branches as in HAAT mogéérsh & Johnson 2008)
According toMarion & Michael (2008) these components share interfaces \edlh
other and hence, the assistive technology has interfacesheitbontext, persoand
activity componentsFocusing on the assistive technologgmponent it is further
subdivided into four components: humthnology interface (catering for two way
interaction between handler and assistive technology), activity output (contributing to
the functional performance of the technology), environmental interface (helps detecting
environmental data and links it to the processor) and processor (translates information
among other three components and controls the activity outputhore formal
representation of assistive technology system component is shdwmuire 25.in the
form a block diagram and can be applied to the analysis and synthesis of assistive
technology.
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Wisually Impaired

— Blind Person

Input from Context activity Target

Figure 25, Block diagram of Comprehensive Assistive Technology Mbtélon & Michael 2008)

In chapter 2, we have looked into the interaction between a visually impaired
person and a guide dog in detail. Guide dogs provide support for safe and independent
travel for visually impaired people and give them confidence. The CAT nasddtive
technology block diagram can be used to analyse the effectivity of guide dogs (as shown
in Figure &) and get an insight about features required in a guidedar visibility
condition. In additionFigure 27shows the Guidecane systdldlrich & Borenstein
2001) developed by Ulrich and Borenstein including the interface and processor

component used for obstacletdction and route planning.

It is observed that both cases are exampleshafed contrdlor ‘mixed initiativeé
system. It is important that the handler has the ability to be the dominant partner and
override the guide, when he or she feels that ieteasary. The handler has the power
to be in control of the global navigation whereas the main task of the guide is to steer

around obstacles and proceed in the desired direction.
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Wisually Impaired

— Blind Person

Input from Contesxt Activity Target

Figure 26, Assistive Technology System Block diagr@uide DoggMarion & Michael 2008)

Wisually Impaired
— Blind Person

Input from Context Activity Target

Figure 27, Assistive Technology Sgat Block diagram GuideGane(Marion & Michael 2008)
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4.4 Using CAT assistive technology block diagram to analyse the

use of a guide robot inzero visibility

As we have seen in Chapter 2, the taskand can be simply classified into two
logically separable subtaskslocomotion guidance and environmental exploratién.
consequence of this type of simple decomposition of the task iwéhi@d solutions to
theseproblemsseparatelyAnd then a conceptual integration of the solutions can give
an irsightinto solving the basic research gtien of this thesis

According to Ungar (2000) mobility for visually impaired people can be
categgorised into locomotor space (also callzat spacé and haptic space (also called
near space)Locomotor spaceas the space handler is required to travel whereas haptic
space ighe space immediately around thandlers body (plusa shortrange assts/e
device such as a long cang@hus we can summarise that locomotion guidance is an
activity which is to be carried out in locomotor space and environmental exploration is

to be realised in haptic space.

As we have mentioned in chapter 1, this work g ofa project,which aims at
designing a robot guidd, is required to havéhe capability to act as an aid for the user
to explore and move through an unpredictable space without feedback via sight or
hearing.lt is intended that the robot guidetims project, when given autonomy for safe
locomotion guidance, has a wédllowing algorithm to follow the contour of the wall,
using an array of ultrasonic sensors, tHeyepartially copying the walfollowing
behaviour of firefighterdas shown infigure 28). Safety is one of the fundamental
requirements to judge whether a guide robot is practical qiSwoty & Huang 2001)A
guide robotnot only needs to avoid unexpected obstadiggng locomotionput is also

required to ensure that the handler, who is being guided, follows a safe path.
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Handler with the robot

Figure 28, Locomotion guidance using robot guide

Another important aspedf interacting with the guide robag thatthe handler
should be able to construatognitive mapKuipers 1983bpf the spacén which he or
she is situated, and the locations of the objects percddyetthe term cognitive map, it
IS meant that the knowledge of an environment, which is acquired by integrating
observations, gathered over time and can be used to find routes tenchige the
relative positions of spac&uipers (1983a)notes'the most fundamental processing
problem solved by a cognitive map is to storedbscription of the route travadl inthe
environment so that it can be reconstructed laggrd he describes cognitive map as
'SODS LQ WKHLONBEFWHG E\ "WWhbar {000rGteythat \aHperson
with vision has at least three advantadks: coincidence of bodgentred and external
reference frameworks during locomotion; the ability to look forwards and backwards
along a route and thus integrate the locations afia}y separated landmarKshus, to
learn a map, the handler must travel through the space, gathering local observations.
However,the absence of vision hinders cognitive map acquisiti@assini & Proulx
1988)and its construction heavily relies trebody as a frame of referen(@orazzini
et al, 2010) also termed as egocentrfitingar 2000) Moving through space, the
egocentric frame of reference gets updated sequentially. Thereforguithe robot
needs to communicate the most appropriate information atheutimmediately
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surrounding environmerb the handler through the interface, which would contribute

to his acquisition of theriental mapof the space traversed.

For the purpose of sing the robot as a tool for environmental exploration, a
bumper is mounted on the robot with displacement sensors to give the handler a sense
of the object the robot has bumped onto (as showiyime 29). The locations of the
objects in the exploratorgpace must be maintained in the handler's menibrg.
important to identify therelevantinformation (concerning the displacement die
bumper), the handler would need and the challenge is to map those information
channels onto the usarterface. The min objective is to deliver relevant informatio
while not overloading the handler, through a haptic experience

COGNOTIVE
INTERPRETATION

ENVIRONMENT

REINS INTERFACE :
OBJECTS IN
ENVIRON

ROBOT WITH
PROCESSOR
COMPONENT

Figure 29, Environmental exploration using robot

As shown infigure 30, the CAT model assistive technology block diagram is used
to understand the guide robot systés.it is clear that the interface connects all the
components of the modat is important to study the designed haptic interfdmeugh
which the user interactsith the robotic guideDesigning a systemequires careful

research and planning for the user interfatre the following chapters of the
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dissertation, théapticinterface is studied and analysed to see how it can contribute to
the interaction.The interace in principle has to have two important features, the
information to be communicated to the handler, and the means of communicating this

informationand should not be complicated

Handlerin Mo-
Input from Context wisikility Activity Target

Figure 30, Block diagram of REINS guide rabusing CAT model

4.5 Conclusion

It is proven that simple aids, such as the long cane and Braille script, can be
efficient and have gained popularity, as they communicate the right information and
utilize the natural capacities of the human sef(8kgion & Michael 2008) This means
that the focus should be on creatindghaptic experience through a simple interface
relevant to theesearch question mentioned inhapter 1. Chapter 5 presents a critical
evaluation of the design of thepticinterface and explains how it can aid locomotion
guidance for the handler. Chapt@rpresents a study of the feedback system of the

interface, when the robot is used as an exploratory tool for environmental exploration.
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These chapters can provide a base for building a bridge of en(patiyn Suri 2003)
between the designers of the guide robot systerenm visibilityand the handlers of the

system.
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5. Evaluating the haptic interface for locomotion guidance

Chapter5

Evaluating the haptic interface for
locomotion guidance

This chapter is ddicated to the research questidmow does the design dfie hapticinterface

aid locomotion guidance for the handlerA discussion on evaluation of the design and
considerations that led to the design is presented. We look through the experimental study to
demonstrate how the interface can be of assistance in locongpiidance by the robotic guide.

Parts of this chapter have been published as:

Ghosh, A.; Penders, J.; Jones, P.E.; Reed, H., "Experience of using a haptic interface to follow
a robot without visual feedback," in Robot and Human Interactive Communicatib4, R0
MAN: The 23rd IEEE International Symposium on, vol., no., pp3®29 2529 Aug. 2014

Ghosh, A., Alboul, L., Penders, J., Jones, P. and Reed, H., 2014. Following a robot using a
haptic interface without visual feedbadk: ACHI, Barcelona, Spain 237 March 2014, pp.
147-153.

5.1 Introduction

Direct physical contact isfien used to guide a person to tiesired location
(e.g., leading @ersonE\ WKH KDQG RU WR DGMXVW D SHUVRQY
(e.g., a dance itsictor working with a dancefChen & Kemp 2010)As mentioned in
the previous chapter, interaction with a guiddatois an example of proximate
(Goodrich & Schultz 2007nteraction and when the handler is in close proximity to a
robot, physical contact becomes a potentially valuable channel for communication.
Examples of other proximatinteraction with robots areobots guiding human
movement (Gillespie et al. 200]1) and dancing robots that respond to physical

interactionwith a human dance partn@lakeda et al. 2005)

In this chapter we discussvaluating the design @n interface connecting the
handler with the robotto enablea human being to follow a robin an environment
with zero visibility Being guided along an unknown path without visual feedback poses

several challenges to a human being, in particular if the guide is a robot.
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Chapter 3has also highlighted the extraordinary speed anditbaty of the
haptic senseThis provides enough ground to explore how to make better use of the
haptic sense. Eventually, a welksigned haptic interface suitable for guidanceero
visibility conditions might also be useful in everyday conditions and nmeg tine
reliance oravisual sense and related mental resources so that they can be used for other
tasks.The researcltherefore have a bias towards an interfaceusioin that utilises the
haptic sensémplicitly' and presents information in a nggmbolc or nonperformative
form; the paradigm is the handle of a guide dog discusséthapter 2 Explicit or
symbolic signaldike, one tug on the interface means right, while two tugs mean left
are not preferabléNe believe that implicit feedback inducetower cognitive load for
the handleand can certainly aithe aim of developing a transparent t@@lark 2008)

Leading a robot is far from a simple physical locomotion proféoung et al.
2011; Gockley et al. 200.7However, having a robot lead a person raises considerable
additional issues, concerning the degree of autonomy granted to the robot. Bésed on
analysis of the inteiction between a visually impaired person and a guide dog we
distinguish between locomotion guidance and navigation. While the visually impaired
human handler determines global navigatipre., final destination and emute
decision points) the guide dqgovides locomotion guidaecbetween these decision
points (as mentioned in Kkapter 2) Locomotion guidance is affected through a simple
haptic interface between dog and handlirat is a rigid handle held bie handler and
attached to the dog's harsefhe handlerand theguidedog interact with each other to

achieve the activity of guided and safe mobility.

Young et al.(2011) describe walking a robot using a diegsh. They note that
leading a robot consists of a delicate interplay between the human leader and the robot,
requiring ongoing communication and interactidhis includes (for both the robot and
thehandler PRQLWRULQJ WKH RWKHUTYV P(RMrigRHQ W1 L UHF\
The dogleash is used in conditions of good visibility and a relatively low level of

environmental noise.
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5.2 The haptic interface: design and history

As it wasdiscussed in chapter #he first step towards this aim is touild an
interface that will lead thkandleralong a safe patliKim et al.(2010)cites Armstrong's
work (Armstrong 1975) which developed a framework for measuring mobility
performance. One of the two main components to measure performance was the ability
to move from one place tanothersafely. Looking at visually impaired pgle, one of
the most geatly used mobility aid is the long cane, despite modern devid€dark-
Carter et al. 1986; Burton & McGowan 199Bgcause it extends the sensing range of
the handler, facilitating safe navigation and exploration of the immediate environment
(Gallo et al. 201Q)While walking forward with the long cane, the handler sweeps it
from side to side to create3D spatial window /D*URZ HW DO % ODVFk
1992; Blasch et al. 199@)nd through this window the environment pseliewedto
ensuresafe locomotionBlasch et al(1996)distinguishedhis preview into three types,
of which, the one of interest iBobt placement previéwneaning that the surface on

which the foot is placed, is safe.

Looking at this, it is believed that when a guide robot is used, it also creates a
spatial corridoravoiding obstacles antie¢ safest path for tHeandlerwould be thepath
that the robot already has traversed; thus wloeking definition of safety for this
dissertation ishandlershould follav the trail of the robot as close as possible and his
feet ae placed as close to the spatial corridor createdh®robot, as possibleHence
the experiments, reported below, look at the following behaviour ohémellerin terms

of the ability to closely match the live path of the robot.

Obviously, in order to be able to follow the robot, thendlerneeds to know
wherethe robot is relative t@urrent position and orientatiaof the self Initially the
project looked at three distinct interfaces: a wirelessly connecting démigastance a
Nintendo Wii, a short rope/rein or leasind a stiff handle. A major problem for any
wireless device lies in how to indicate the position of the robot with respect to the
follower. A rope does indicate the direction of the robot but only when thee slack.
the final choice has been for a stiff handle via which the position (direction and

distance) of the robot is immediately clear to the follower.
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In Chapter 2 the thesispresums that the human being wants to remain the
dominant and initiatingpartner, &least from theperspectiveof the handlerHowever,
the interaction model from our perspective is such that the robot has the autonomy
during locomotion guidance whereas the handler has the autonomy during
environmental explorationThis seera a natural basis for a mixed initiative mode of
operaton. This is implemented to thexperimentsn the humarobot scenario and the
task of the robois restrictedto locomotion guidance. This leaves quite some space for

the human to exert itiative and overall dominance.

5.3 Grip specifications for the interface

The first requirement is that the robot needs to act as an aid to provide locomotion
guidance from one point to the other. The second requirement is using the rabot as
tool for exploring the evironment and the obstacleSherefore therobot and the
interface must have the potential toade rich feedback, so th#te handler intuitively
reacts to changes in the direction caused by the movement of the robot wheelbase.
Looking at both the aspecand the broomsticknierface designed bYoung et al.
(2010) aroboton-a-stick seems to a very natural solution. But tlaads to a further
guestionaboutwhat would be the appropriate way for the handler to hold the stick.
Visually impaired people, while using a long white cane, do hold the cane in one hand.
However, they also apply a special gwjth the dominant han¢for instance stretched
the index finger) and/or keep the elbow touching the b@8gngers et al. 2002)
Traditional orthopaedic canes atable for pistol grigMurphy 1965)

Inspired by the work oYoung et al.(2010) a prototype similar tthe robot-on-a-
stickwas designedag shown irFigure 3), keeping in mind that it would also serve a
tool for environmental exploration astveelng the area of interest. The prototype is an
extended cane, comprising of a round plate on foom-motioned passiveomni
directional wheels and a broestick asthe handle.The omnidiredional wheels made

the disc easilynanoeuvrable in any direction (on the floor).

The researcharried outih the wild first phase pilot trials asking people toldh it
with their dominant hand and move the device in a sweeping patesmwn iriigure
32).
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Handle omni-directional

wheels

Figure 31, Roboton-a -stick prototype wit omrdirectional wheels

It is observe that manipulating the disc with the dominant hand is not as easy as
handling a white canédolding the stick blind folded, a lack of accuracy in sensing the
direction has been noticed; several subjects immediately put their second hand on the
stick to compensate s shown in~igure 34. The bramstick interface developed by
Young et al.(2010)is even held using two handss(shown iriigure 33). Thiscould be
well explained by*XLDUG YV NLQHP D wdél (Gukaii L& Ferr&d 1996;
Guiard1987) Leganchuk et a1998)cites that acording to thignodel, the two hands
function as serially assembled links, with th@rdominanthand as the base link and
the dominanthand as the terminal linkEundamental to this theory is thect that both
handsare cooperatie in natureThe nondominant hand acts dse frame of reference

for the actiorof thedominant handGuiard & Ferrand 1996)

Figure 32, in the wild trials with the first prototype
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Figure 33, Broom stick interfac€Young et al. 201Q)an inspiration for the design of interface shown
Figure 34

Figure 34, Subjects tentb hold the prototype with two hands

However, feedback from th&ubjects, during pilot trials, revealed that using two
handscan bringdiscomfort when being guided by a robot in an unknown environment
without visual feedback and they would not like to engage the second $ecwhdly
subjective feedback from fiseghters revealed that they would not want to keep both of
their hands engged. Instead they would wamd make use of one hand to its full
potential,so the other hand is freeh@refore the intention igo have the interaction to
be unimanual imway that the dominant hand is optimally useldile the nordominant

hand is left free.

And in case of unimanual etaction, anecdotal feedback rfriosubjects reveal,

holding the handle, as shown fingure 3!, is not a favourable solution, because the
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wrist joint is a complex system interposed betwtee forearm and the hafide Lange

et al. 1985) offering the hand a uniqgue combination of movements,disopalmer
flexion, radioulnar deviationand combination of these twajrcumduction Hagert
(2010) gives an account for proprioception of the wrist joint in his work. The
arrangement of small bones and ligaments gives tachrfiexibility to the wrist for a
stable proprioceptive feedbadkowever,thelowerarmis remarkably stabla terms of
proprioceptive feedbackndhence, lower arm is treppropriateart of the body fothe
interface to be attacheMurphy (1965) notes thathe crutches offer more support and
stability. From this we concluded that a crutch like design of the hamdihich the
stick is fixed tothe lower arm, is preferredg shown iriigure 35).

Figure 35, Crutch-Like design of the handle

Elbow comfortably flexed

Dominant left hand

Figure 36, Lefthanded person holding wooden prototype with comfortably flexed elbow
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Thus a second crutdtke prototype is designed, which can be strapped on the
lower arm. Strapping it to the lower arm helps transmission of stable proprioceptive
forces whilethe hand is used to grip the small stick on the handle. The handle is about
1.3 meters long (about 55 inches), which is the approximate size of a long cane
(Rodgers & Emerson 2005)Ve have observed thathen the handle is held straight
with the dominant hand with elbow slightly flexatie distance between thandle and
thecenter line of the handler's body is roughly 20 centimééershown irFigure 36).

As our working definition of ensuring a safe path says the path followed by the
handler should closely match with the trail of the robot, we needrefully envisage
implementation of the interface on the robot in such a way that it ensures as much path

matching as possible.

5.4 Implementing the interface on the robot

It is well-known that if one end of the handle is fixedtie basef the robotwith

no degrees of freedoand other end attached to the handte rotational motion of the
robot at the point of the turnwill create a torque, abruptly pushing handler and
therefore creating large deviations from the path of the robot. To minimise #ett aff
simple crutcHike prototype with a balin-a-cup mechanism at the basas(presented in
Figure 37) was developed to enable soserond phase of preliminaexperimentation

in the wild There is a provision for a detachable pin ball to restrictrtbeement of the
ball in the cup &s shown inFigure 37). This would help u$o carry outcomparative

analysis of the baih-a-cupjoint with a fixed joint.

For the purpose of experimentation, the o@&lé-cup joint is attached to a pioneer
3AT robot.This mechanism allows full freedom in the horizontal plane as well as some
limited freedom in the vertical directiomhe plot studies have revealed ththere have
been instanceshere thehandlerdid not feel safe following the robothe handlerlost
track of therelative positionof the robotwith respect to his own positipalthoughhe
was attached to the roboAs a consequence, thendlerdid not feel comfortable
following the robotwhen it was trying to avoid any obstacle on its W&y pesented in
Figure 39.
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base

ball

Figure 37, Ball -in - a - cup joint with detachable pin

Figure 38, Handler losing track of the position of the rolwath ball in a cup joint attached on a Pioneer
3AT robot

To overcome this problem,third prototypewasdesignedor third phase testing,
fixing the base and introducing a spring in the middle of the handle to allow smoother
following at the turnsds pesented iri-igure 39 (right)). The effect of the spring system
could be neutralised by a metal tube which could slide and sit over the sasing (
presented ifrigure 39 (left)).
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Figure 39, spring system in the handle

But pilot studies have revealed that the spring can cause a slack, which can also be
problematic and unsafe. The handler can lose track of position as wetlagntation
of the robot. There have been instances when the handler bumped into the robot itself
becaisethe handlercould not get a real feel of how fast the robot was movingure
40 (left) shows a example where thieandler starts following the robot, a slack being
caused in the spring-(Qure40 (middle) and the handler bumpmsto the robot figure
40 (right)).

Figure 40, subjects following the robot with spring system in the hafittlel on a pioneer 3AT robot

These findings led to the design of a fourth prototypeLie4?2) to ensure safety,
comfort and rigidity. Theprototype consists of a mechanical feedback spring system at
the base, as presentedrimure41. The spring system allows rotation of the handle on

the horizontal plane.

When the spring system has zero tension, the handle is aligned with the center line
of the robot. When the handle is being rotated, the spring system induces tension on the
handle, which increases with the rotation angle. The system also comes with a pin

enablingsomeondo lock andnullify the action of the springs, giving us the option
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carry out a comparative study between a flexible joint and a fixed joint. Thus, this
handle provides two testing options:

X The handle is attached @ fixed joint (rigid) meaning the handle is fixed at
base using the pin.
X The handle is attached toflexible joint (spring) meaning the handle can rotate

in the horizontal plane, and rotation induces tension on the handle.

CENTRAL HUB ' \ i > FORE ARM TUBE
LQCKOFF

FEATURE

VERTICAL HAND GRIP

CENTRE HUB (HORIZONTAL ROTATION ABOUT 'X)

X" AXIS (HORIZONTAL ROTATION) MECHANICAL
FEEDBAK SPRINGS

Figure 41, Handle with flexible joint at the base
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5.5 Preliminary evaluation for fourth phase testing

The primary evaluation purpose was to test usability: whetteehandlercould

easily follow the robot.

5.5.1 Robot and sensors

For the experimentsthe handlags mounted on a Pione@AT 4-wheel robot.The
robot was programmed to follow fixed ppeogrammedrajectories autonomouslyhe
wizard of therobot could remotelychoose a trajectory and start/stop the rofdte
robot operated with a linear speed of 0.6m/s and the angular speed was set at 0.5 rad/s
(at the turns)Although these parameters are notestigated extensivelyhese values
are below anormal walking speed, usually a linear speed of 1m/s or,rhesause the
handler is expected to traverse an unknown environrii@et ROVI robot discussed by
Melvin et al.(Allan Melvin et al. 2009)noved at 0.2m/s, a speedialhwe experienced

as very slow and thereby making thendler wait for the robot to act.

Figure 42, Handler attached to the handle with flexible joint

At all times, the walking pattern of the follower was being observed and the
degree of displacement of the follower with respect to the center line of the robot was
being recorded using a Hokuyo Laser Range Finder, which was fixed exactly at the
middle of robot's rear bumpeaq shown in-igure 43). Data collection proceeded at a

speed of 10Hz or 10 observations per second. The positions of the robot at every
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instance of time were measured by odometry sensors. The data was sent to the

operator's workstation using a Lantronix 802.11g WiPort modem.

Figure 43, Handler following the robot with a laser range finder at the rear bumper.

5.5.2 Testing Protocol
We studied the effect of two different settings of the interface on the following
behaviour of righthanded participants. Grach of the trials, the subjects were asked to

use the stiff handle in one of the following modes:

X The handle attached in a fixed joint (rigid)

X The handle attached with a flexible joint (spring)

The overall aim of the study is to evaluate the use of an autonomous robot guide.
However, autonomous behaviour can occur in many variantthdstudy, we confined
the robot to five prggrogrammed repeatable behaviodrsis is implemented to mimic

autcmnomous locomotion guidance from one point to the other.

In the absence of visual clyesandlers have to rely onhat is called path
integration(Mittelstaedt & Glasauer 1991)p create a cognitive map, which accounts
for thelocomotion. Path integration uses the available vestibular, kinesthetic and motor
command information in order to maintain seffentation and position during
locomotion in the absence of visigdAmorim et al. 1997; Etienne & Jeffery 2004)

According to theTOUR'model presented biguipers(1978) the current position of the
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handler is represented by a small working memory calledYbe Are Here"pointer
within the cognitive map. And at the current position, he getwiew'of his
sensorimotor world using his namsual sense¢Kuipers 1983a)An ‘action’, such as
change of location or orientation, can change the cuwvaw'and shift theyou are
here' pointer (Kuipers 19833)helping oned create an abstract path in tménd. The
'spatial semantic hierarchyhodel ofa humancognitive map created bguipers(2000)
categorises an action intimavels and turns'. Kuipers (2000) notes that'A turn is an
action that leaves the agent at the same placel 'a travel takes the agent from one
place to another"Therefore we tried to creagmple trajectories for the robot with a
mix of travels and turns also varying the magnitude of therhs, so that we could

analyse if the handle can contribute to the cognitive map of the handler.

Thus, the robot was made to move autonomously in one of the following pre

programmed trajectories below:

X pathA: Straighttravel (approximately 8 meters).

X path B Straight line (approximately 5 metersjongerturn (right/left) + straight
travel (approximately 3 meters)

X path C Straighttravel (approximately 5 meters) shorterturn (right/left) +
straighttravel (approximately 3 meters).

When the robot moves in a straight line, the set linear speed is inspired by the
normal walking speed of a person. However, for setting the robot's angular speed we do
not have an intuition; therefore we designed a smaotlhongerturn (close to 45
degrees) and a shaop shorterturn (close to 70 degreed)he preliminary and informal
tests were carried out with team members (four) as subjects; each of them performing 8
trials for each of the paths A, B and C, with diffler handle settings. Subjects were
blindfolded and asked to put headphones on. Before the commencement of each trial,
the handle was attached to the subject's forearm and a gentle pat wasahanyed
haptic signal from the experimenter, used to indiche start of each trial. For each trial
we monitored the following:

X the position coordinates (odometry sensors) of the robot in the experimental
space, at a frequency of 10 Hz .

X the degree of displacement of the subject from the trajectory abtha.
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The data collected were used to examine the spatial correspondence of the

robot's path and the follower's path.

5.5.3 Results

Robot followingstraight travel

The first trial with each subject aimed to observe how the person follows the
robot. The handle is mounted in the middle of the robot, while the crutch like part of the
handle is attached to the right feaem of the follower (righttanded)with elbow
slightly flexed, thereby making him/her stand about2® cm left of thecentreline of
the robot &s presented iRigure 44). In the figures below, we shotrajectory plotof
thetrajectoriesof the robotand thehandleracross several trials. Tipdot is based on the
data collected (10 Hz) on board of the robot. The movements (straight/left/right) of the
robot and follower are shown in the diagrams.

The robot is around a meter (length of the handle) in front of the follower. So
while the robot startat time g at position (0, 0) the follower is at timgat position {1,
0). Figure45shows graphical ploof the straight path (path Ayr two cases (subjects
using both handle settingsjVe do not observe much difference in the following
behaviourSo it is concluded thathen the path is straight, there is no impact of handle
settings (fixed oiflexible joint) on the following behaviour: the follower follows the
robot, slightly (1520 cm) off the robot's centre.

Figure 44, Handle mounted on the middle of the robot and attach#uketoandler
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Robot moving straight

Qpath of the robot
2 —path of the person
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Robot moving straight
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Robot moving straight
3 T .
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2 —path of the person|
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Figure 45, Trajectory plotof the straight path followed by the robot and the handler with fixed joint (left)

and sprung joint (right).

Robot turning left

Figure 46 and Figure 47 show atrajectory plotof the pathsfor two cases

(subjects using both handle settingdjile the robot takes a shamand smootheurn

to the leftrespectivelyln both the caseg is visible across the trials that there igeay

obvious difference between the follower's experience with fixed jGinti(e 46 (left)

andFigure47 (left)) and the sprung joint=(gure 46 (right) and Figure 47 (right)) and

the impact of these two different handle settings on the follower'svMiolipbehaviour.

When the joint is fixed thbandleris forcedto deviate more fronthe centre line of the
robot. The follower gets deviatetbse t00.5 m of the pathfollowed by the robot. With

the flexible joint this effect is rather minimal and thesaihigher degree of matching of

paths.
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Robot turning sharply to the left
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Figure 46, (left) Trajectory plotof the path when robot takes a longer left turn with fixed joint and (right)
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Robot turning gently to the left
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Figure 47, (left) Trajectory plotof the path when robot takesshorterleft turn with fixed joint and (right)

Trajectory plotof the path when robot takesshorterleft turn with sprung joint
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Robot turning right

It became evident fronthe experiments that there is an acute difference in the
following behaviour when the robot is turning right and when the robot is turningf left.
we have a look at all thieajectory plos of paths of robot turning right (both spar
turn and gentler turn), we noti@mething in common. Surprisingly eight turns, the
follower's patls deviate abruptly at certain poirgensiderably more frorthe path of
the robot (at the point of ta) than on left turnsHigure49 andFigure50). However, f
the patls areplotted withthe abrupt deviationeemoved(the blue dotted lingin figures
49 (left and right)andfigures50 (left and right)indicatethe patls if there is no abrupt
deviatior), we can visualise the effect of two different handle settings; flexible joint
offers a smoother following.

Our subjects have their right hands as the dominant one. When they are taking a
left turn, there is room to flex their elbowsiure48 (left)) ard the arm has neh more
freedom for movement; hencthe following behaviour looksnore comfortable.
However, during a right turnhé handleris holding the handle in the right haaddthe
crutch like handle pushes tiandlels elbow towards the bodyThus he is forced to
take a step oufFigure 48 (right)). These effects are persistent during gentle turns as
well (as shown irrigure50).

Figure 48. Theelbowposture of aight handed handleduring left (left) and right (right) turs.
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Figure 49, (left) Reconstruction of the path when robot takésnager rightturn with fixed joint and
(right) Reconstruction of the path when robot takésraer rightturn with spung joint

Robot turning gently to the right Robot turning gently to the right
: r - of - . . - — + -
2,
1
1
- gracoal 0
g B
-
\—path of the robot 2 == path of the robot |
-2 —path of the person —path of the person|
3 3 ; +
S i ; H | i i i i L i H H L
0 1 2 3 4 5; 6 7 -1 0 1 2 3 4 5 6 7
meters meters
Fixed Joint Flexible Joint
Robot turning gently to the right Robot turning gently to the right
- e : :
2
1
1
o- et \
£ £
A
-1
==path of the robot == path of the robot
2 |\—path of the person 2~ |—path of the person
L L i 3L
0 1 2 3 4 6 i 0 1 2 3 5 6 7
meters meters

Figure 50, (left) Trajectory plotof the pathwhen robot takes a shorter rightrn with fixed joint and
(right) Trajectory plotof the pathwhen robot takes a shorter righirn with sprung joint
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5.6 Discussion on prelminary evaluation
The findings of the experimental trials raise a number of issues about the design

of the handle and user experience that deserve further investigation. First of all, it seems
clear that when the handle is attached with a flexible joprir(g) the follower's path
better matches the path of the robot; there is only little displacement of the human
follower from the robot's trail. For right turns, deviations start very abrupt, but remain
lessemwith the sprungoint. In the turns théandleris exerting some force on the robot
and this causes the robot to slip and maybe slide. The reconstructed pathse #¥5-
50 are based on odometry data and will contain some error, nevertheless the overall

patterns can be recognised in the veltakenn final phase of evaluation later.

In terms of the subjective experience of the followe initial anecdotal
evidence suggests that the flexible handle setting affords a smoother and more
comfortable guided experience, although the firmer mode abrupt tug delivered by
the inflexible handle may give the handler a keener awareness of spatial orientation and

location.

5.7 Evaluation of final phase testing

Based on the results of first preliminary evaluation, fadowed up and
carried out dinal phase of more formaliseevaluation. We confined the robot to
five preprogrammed repeatable behaviours. Thus the robot was made to move
autonomously in one of the following ppeogrammed trajectoriesimilar to

theprevious phase

x Path A Straighttravel (approx.5 meters) + longer right turn + straiginavel
(approx.3 meters)

x Path B Straighttravel (approx.5 meters) + gentle right turn + straighavel
(approx.3 meters).

x Path C: Straight line §pprox. 5 metejs+ longer left turn + straightravel
(approx. 3 metejs

x Path D Straight line §pprox.5 meters) + gentle left turn + straigtravel

(approx. 3 metejs
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The robot waslesignedo takea shorter turn (close to 45 degrees) and a longer
turn (close to 70 degrees). On straight lines ot operated with a linear speed of
0.6m/s; in the turns linear speed was also 0.6m/s and the angular speed was set at 0.5

rad/s resulting into a circle arch with a radius of about 1.25 m.

The trials were performed in parts hall and were also recorded on video. The
camera was placedpproximately3m height and about 20 m opposite the starting
position of the robot, producing an elevated front view of the robot being followed by
thetest subjectsWe set out to define dncarry out more formally structured trials. The
purpose was to test usability of the robot as a guide arethestha person could
comfortablyand safely follow the robot. In an attempt to define a numerical criterion,

we observed how closely the path o follower matches the live path of the robot.

5.7.1 Testing protocol

Six subjects took part ithe experiment. Each subject was asked to undergo two
sessions with four trials in each session (using, in random order, either the rigid or the
spring handle setting oin counter balancedrder the paths AD described above). At
the start of the first se®n, the subjects were instructed on how to perform the task and
were asked to sign a consent form. Subjects were blindfolded and asked to put
headphones on. Before the commencement of each trial, the handle was attached to the
subject's forearm and a dkn pat was the prarranged haptic signal from the

experimenter, used to indicate the start of each trial.
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Figure 51, Picture (show to participants during trialsused in pictorial assessment technique

for spatial awareness

In order to make the subjects familiar with the experimental environment before
the commencement of the first session, the subjects were given a trignruvhich
they were asked to follow the robot moving in a stralgig for 8 meters
(approximately) bhdfolded.

We also used a newerbal pictorial assessment technique to understand if the
subjects have @aental map(Kuipers 1978)f the path guided by the robot, when they
are using the interface (sense of spatial awarengss)subjects were asked to report
which path they believed to have followed choosing, as far as possible, oneemfhihe
options shown irrigure 51 where

A = straight line;

B = straight line plus sharp right turn;

C = straight line plus sharp left turn;

D = straight line plus gentle right turn;

E = straight line plus gentle left turn;

F = straight line plus sentircular path plus straight line
G = gentéright turn plus straight line

H = straight line plus a very acute left turn
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Table3, Subjects' responses on pictorial representation of paths provided

5.7.2 Results

Mental map of the path followed

The subjects were asked to point at one out of eight options (pictorial
representations of various paths) given to thEwery option (one out of eight refer to
Figure51) chosen after each trial, was noted against the relevant path folloswed3
showssubjects' responses on their senses of spatial awareness. As is evident from the
table, the subjects were mostly accurate in determining whether the turn was a left or
right turn, however they were less accurate in distinguishing between the gentle and
longer turns, right turns whether long (path A) or short (path B)were nearly all

experienced as the same, left turns show more diversity.

Does the Followes path match that of theobot?

The paths reconstructed on the videos frames, irffidhecs 5254 using video
analysis softwarepackage Dartfish annotations may contain someinaccuracy
nevertheless overall patterns can be recognisetie reconstruction the position of the
robot and the feet of the person were markeeach frame. These poirdse joined
using a spline function, the result of which was projected on all fraxessurements
in the frames have been based on rough calibrations in the frame using the known size
of the robot and distances between the floor mark@bserving the expanents,we
concluded thathe flexible joint does offer much better path matching than the fixed

joint across all the trials, for all participants. If we lookTable 4, which lists the
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deviations from the path of the robots at turns for subjects 3add %, we observe that
in case of flexible joint the deviations are considerably lessire55 presents the mean
deviations across all subjects for all the paths (Path A, Path B, Path C and Path D).

Figure 56 gives the mean time delays (t in seconds) for four subjects with
different handle settings.is the delay between the point in time when the robot starts
to turn and the time when the follower starts to turn. While the fixed setting of the
handle alertghe follower of the movements of the robot more immediately, thereby
resulting in abrupt tugs in the turns, the flexible handle setting allows for aupuibd
tension within the spring mechanism, meaning that the forces on the subject accumulate
gradualy, thereby causing a delay between the start of the robot's turn and the follower
reacting to it. That delay makes for a smoother turn and one that is spatially more

accurate.

It became clear that there is an acute differéasendicated in the previous phase
of trials) in the following behaviour when the robot is turning right, refefFitpire 52
andFigure53 and when the robot is turning left referkmure 54, summarised inable
4. On right turns, the follower's patrewates considerably more from the path of the
robot with subject 3 (scoring on the higher ends concerning confidence etc) reaching a
maximum of 0.44 deviation and subject 4 (lower confidence score) maximum 0.47 m.
In the left turns the maxima reduce td&n for subject 3 and 0.36m for subjectir.
the right turns, deviations start very abrupt, but remain smaller with the sjpiohg
because all subjects were rigtanded
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Figure 52, Subject 3 (left) and 4 (right) longer tuta the right with fixed handle setting

Figure 53, Subject Jleft) and4 (right) longer turn to the right with flexibleandle setting
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Figure 54, Subject 4 longer turn to the left with fixedfflend flexible (right) handle settings

respectively

Table4, Table representing angle of turn (degrees) and deviation (meters) from the path of the robot, for

four subjects (two different handle settings)
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Mean Deviation from the Path of the Robot
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Figure 55, Meandeviationfor four subjects with fixed/sprung handle settings
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Figure 56, Mean T (time delays in seconds) for four subjects with fixed/sprung handle settings.

5.8 Discussion

First of all, it seemslear that when the handle is attached with a flexible joint
(spring) the follower's path better matches the path of the robot; there is only little

displacement of the human follower from the robot's trail.

Thetrajectory plots and video annotatiosisggestthat the flexible handle setting
resultsin a smoother and more comfortable guidance experience, although the firmer
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and more abrupt tug delivered by the inflexible handle may give the handler a keener
awareness of spatial orientation and locatidns is evident from theneantime delays

(as shown in~igure 56. The flexible handle setting allows for a buig of tension

within the spring mechanism in real time, meaning that the forces on the subject
accumulate gradually, thereby causing latency betwthe start of the robot's turn and

the follower reacting to it (the start of the subject's turn). That delay makes for a
smoother turn and one that is more accurate spatially, however, it leaves open how
immediately and accurately the follower is aldrtef the movements of the robot
through the haptic interfacén future it would be interesting tcompare right and left
handed subjects in order to confimy intuition that on a left turn a left handed person

Is also forced to step out and mirrors tlagtgrn of a right turn by a right handed person.

5.9 Conclusion

We have presented a haptic interface attached to an autonomous robot for
locomotion guidance. We have reported on a small scale experimental study of

different settings of the interfacéhetrial data showthat

a) The handle interface with spring mechanism affords a more effective solution
to the matching pathproblem, although this conclusion needs to be qualified in

the light of our observations about the interactional nature of the path.,

b) Subjects show accurate spatial awareness in relation to gross orientational
parameters (left versus right) but whetthey are capable of more figeained
assessments of directigeg. magnitude of a turand orientation is unclear.
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Chapter6

Evaluating the haptic interface for
environmental exploration

This chapter is dedicated to thesearch questiarhow does the design dlfie hapticinterface

aid environmental exploratiorfor the handler?A discussion on evaluation of the design and
considerations that led to the design is presented. We look through the experimental study to
demonstrate how the interface can besdistance in environmentekplorationby the robotic
guide.Part of this diapter has been published as:

Ghosh, A, Penders, J, Jones, P, Reed, H, and Soranzo, A, (2014), "Exploring Haptic Feedback
for Robot to Human Communication.” International Conference Disability, Virtual Reality and
Associated Technologies, Gothenberg, Swede

6.1 Introduction to using the robot as a tool for exploration

According to Gford dictionary, the wordeXkploration meansthe act of
searchingan unfamiliar areaExploration in the context of search and rescue entails not
only finding out what is out #re; but alsoto be ableto find the way outlt has been
concludedin Chapter 2that exploration othe haptic space is of life importance for a
fire fighter and this eXpration problem is logically separable from the locomotion

problem, dealt with, ithe Chapters.

Theguidedesigned in the pregt consists of a powered robot and additionally it is
intended as an exploration tool to trace the objects encounfevebuséis a paradigm
explored by researchemver the yearsSeed & Byrne(2010) cites Becls (1980)
definition of tool use add alter« W Kdfmn, position, or condition of another object,
another organism, or the user itself when the user holds or carries the tool during or
just prior to usé According to JohnsorFrey (2003) tool use introduces a set of
difficulties as the physical characteristics of the tool, its relationship to the body and
with the environment can impact its effective utilisation. The tool functions as an
extension of the physical bodjRademaker et al. 2014nd action space involving

psychological processes such as perceptattention and cognitioriSeed & Byrne
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2010) Maravita and Iriki(2004) statethat thisextersion is followed by changes
specific neural networkghat hold an updated mayg body shape and postucalled
'‘Body SchemaTo act efficiently in space, the human brain needs to localise objects of
interest. Inthe absewe of vision, visually impaired people uaéong cane as a tool to
detect and localise objediSchenkman & Jansson 1986y tappng the tip of the cane.
Schellingerhout et al(2001) redesigned the tip of the cane to improve obstacle

detection.

Interacting manually with objects in the environment, asdesithe sensorimotor
systems tahe handler. Reaching towards a target object irits extrinsic spatial
properties (location, orientation, etc.) and knowledgeheflimb's relative position
(JohnsorFrey 2003. By contrastgrasping the objects, involves its intrinsic properties,
such as shape, size, textumad knowledge othe position of hands and fingerK. is
important that tool use affects the way in which th@andlersinteract with the
surrounding environmer{Baccarini & Maravita 2013)We can modify our relationship
with external space in terms of body/space representation by using a tool; tool use
induces a spatial remapping and suggests a direct expansion dsotiadled
peripersonal spacé&oughlywhat we called the haptic spaedove to the whole space
reachable by the to¢gBacarini & Maravita 2013)The primary goal is to use the robot
as a tool to detect obstacles and understand the aspduts intrinsic propertiegsuch
as their immovability) Seed and Byrné2010) statethat animals have a remarkable
ability of physical resaoning and using a tool withe right physical properties to solve
a problem. Irthefirst phaseih the wild pilot trials, subjects were asked to make use of
the first prototype (an extended cane attachecitoular base with omnilirectional
wheels), mentioned in the previous chapter and showglre 31 (chapter 5page 8%,
to detect the movability of various objects. They automatically figured out how to use
the prototype as a tool by pushing it agathe objects (as shown imure 57).
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Figure 57, Using'robot-on-a-stick prototype as a tool

However, he disc with rigid handle provided implicit feedback to the handler
while the handler was operating Tthe tool we areiming for is a mobile robot with a
haptic user interface, which is a powered device and to make effective use of it, physical
contact with the objects is essential. To enable physical contact between the robot and
objects, a mechanical impedance fikébumpetr for short- is designed by thdesign
team (as shown iRigure58), which sits on the guide robot and is attached to the handle
(mentioned in the previous chaptefhe fundamental design is based abumper
mechanism system consisting of an inpéatform suspended by springs which are
connected to the outer skirt (as showrigure 59). Mechanical displacement of the
bumper is proportional to the applied impact force while bumping on to an object and
displacement is measured by triangulating tlength by three CRTs (Cable Reel
Transducers) (as presented-inure59). An estimate of applied force and contact point
on the skirt/bumper is then calculatddhe design teanperformed tests to calibrate the
system with objects (as presented-igure 60) and designed a graphical interface to

know the location of impact on the bumgé&anani et al. 2013)
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Bumper

Figure 58, Mechanical Impedance filterbumper'

Figure 59, Bumper with 3 CR&nd Springs
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=s=====--s=s.os==sS==
— T ing interface

Figure 60, Reins team performing tests with bumper

Ultimately the idea is to transmit this information about the location of impact to
the handler in the form of haptic feedbackmAjor issue with a powered robotic device
is that there is10 room for active haptic sensing by the human and the feedback to the
handler has to be made explicitherefore adesign issue is what information
concerning the displacement of the bumper should be presented to the handler and how
to present thidlt is important to focus omreating feedback frorm powered robot to the
handler andhe receivedeedback shoulénable safexplorationof the environment.
For stuationswhere limited/no visual or audio response is availablis, believed that
haptic feedback such as vibration is a viable alternatiNg.et al., concluded in their
work (Ng et al. 2007}hat vibrotactile feedback offers far superior communication of

information han electretactile feedback.

6.2 Vibration as a form of haptic feedback

Mechanoreceptors on the skin respond to mechanical pressure or distortion. There
are four main types of mechanoreceptors in glabrous skin: Pacinian corpuscles,
OHLVYV Qdpustes, MeNHO TV GLVFV DQQGsempdrle@et alH2Da3) Q J V
However, Paciniancorpuscles are sens# for mechanical vibration Pacinian
corpuscles have a threshditdquency that a vibration stimulus must overcome in order
to trigger a signato the brain(Gray & Sato 1953)A perceptible frequency range of

humans was found i{Gemperle et al. 2003¥rom 20400 Hz. If a vibration is not
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strong enough to cause the Pacinian corpuscleatthrthis thresholdhe brain would

not be able to sense the vibratidhere have been many studies on using vibroactuators
for different purposes in navigatiofkor example, the study ifisukada & Yasumura
(2004) presented anctive belt which is a wearable tactithsplay that can transmit
directional information in combination with GPS directional semasat vibration motor.
Another research on cooperative human robot haptic navigati®cheggi, Aggravi,
and Morbidi2014) used a wrist belt with vibrtactile sensors to guide a human to a
target location.Moreover, haptic feedback was used t@vigate people by using a
mobile phone in(Pielot et al. 2011)Furthermore, vibrdactile waypoint navigation

was presented ifPielot et al. 2010)n pedestrian navigation.

Now the question arises which paof the body is most appropriate for
communicating the feedback? The tactile sensitivity varies widely by body location
with movement(Post et al. 1994and therefore it is important to choose the most
appropriate locatiorResearch done garuei et al(2011)reflects that wrist, arms and
spine are the most preferred locatidoiswearable haptic systems. Several works have
been done in the past to provide vibrotactile feedback in the forg@dgnet al. 2005;
Cholewiak & Collins 2003; Scheggi, Aggravi & Prattichizzo 201Bllowing these
considerations, it was decided that a haptic cuff, with vibration motordd dmei
designed as a part of timapticinterface that would sit on the forearm of the handler

and be attached to the crutch like parth@handle (as shown iRigure €l).

- Haptic Sleeve

Figure 61, Handle with haptic cuff
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However, singa tool may pose challengbecause it increases the cognitive load
of the handle(Byrne 2004) Therefore, it is very important to carry ocaitsystematic
evaluation of the vibration messages so thatright design is formulated and it does
not add on to the cognitive load of the handler. Eoe preliminary phase of
experimentation, the desigrata designed a wearable cuff with six vibration motors (as

shown inFigure62).

Figure 62, Wearable feedback cuff

The cuff was designed in such a way that three vibration motors sit on the dorsal
(outer) side of the forearm wheaxs the other three sit on the palmer (inner) side of the
forearm. The distance between two vibration motors is roughly 10 cm. The vibration
motors used aré.ilypads that have 20mm outer atheter and thickness of 0.8 thm
The motors vibrate for shoperiods (3 seconds) on the lower arm of the handler. The
motors are individually controlled; however, all motors operate at the same frequency
and intensity. They are connected through a microcontroller and operated using a

software interface developedliabview.

6.2.1 Testing Protocol

Figure63 shows a person wearing the cuff on the lower dinefirst question is
whether subjects are able to distinguish which individual motors are activated; in
addition the aim is to study whether different combinations ohcurrent vibrating
motors are recognisable. After one or more vibratmotors were turned on for 3

secondsusing a wizard of Oz interfacghe subjects were asked to report on the

* https://www.kitronik.co.uk/pdf/31.01_datasheet.pdf
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positions of the motors, by pointing out the options shown in the pi¢turere64). To

make it easier to understand, we named the positions as following: motors close to the
wrist, Under Arm Bottom (UB) and Over Arm Bottom (OB), in the Middle as Under
Arm middle (UM) and Over Arm Middle (OM) and close to the Elbow as Under Ar

Top (UT) and Over Arm Top (OT), refer tagure 65. Every subject was given noise

cancelling ear protectors to neutralise all possible auditory cues.

Six subjects, aging between 22 and 55 without anyicakdondition, took part in
the experimental studyEach subject was asked to undergo four sessions with twelve
trials in each sessio@8 trials in total for each participanBefore the commencement
of the trials, the subjects were briefed about the experiment and went througtnial pre
in order to nake them accustomed with testing environment and the apparatus. In the

first trial set any of the six vibration motors is activateat, only one at the time.

Figure 63, The cuff on trial and the trial's feedback display.
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Figure 64, the picture placed in front of the subjects for pointing out the positions.

In the second trial set two motors are activated concurrently but in varying
patterns and in the third set three motors are activaedurretly in varying patterns.
The final session consists of a mix of single, double or triple motor activations in a

counter balancedrder.

Figure 65, Position of the vibration Motors

6.2.2 Results

For thepurpose of analysis, the motor positi@me numbered as follows:

Position of the vibration Motors Number
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Under Bottom (UB)
Under Middle (UM)
Under Top (UT)
Over Bottom (UB)
Over Middle (UM)

Over Top (UT) 6

Table5, Number assigned to each position of Vibrating Motors

gl | W N|

Figure 67, 68 and 69 showthe errors subjects made in identifying the specific
motorsacross altrial sets. The figures show motor positions on the horizontal axis; the
vertical axis showshe numberof errors made when the respective motors were
activated.Figure 67, shows the errsrwith singleactive vibrating motqrthefigure 68
shows errors with twactivevibrating motors and thiegure 69 shows error proportions
with three vibrating motors. Weotice that there is an increase in the number of errors
as the number of vibrating motors increases. It is evident that the subjects were most
accurate in determining the positions of vibrations when only a single vibration motor

was turned on.
Mean numiers of errors for theeach participant under 3 conditions asefollows:
Condition1 (single vibrating motor)1.83
Condition 2(2 motors vibrating concurrently3.5
Condition 3(3 motors vibrating concurrently.5

Figure 66 shows the total number of errors for each trial condition across all
trials. These results indicate the increasing difficulty in accurate identification of
vibrating motor(s) over the threeonditions The binary logistic regression of
participant accurey indicated a significant effect of the number of motors z = 4.52, p <
0.001. Conversion of the legdds indicated that the number of motors active introduced

an increase of 12.5% to error rates.

It would appear, then, that the task becomes much morkerhialg with three
vibration motors switched on and also that some of the {ciqubebinations are more

readily identifiable than others.Ithough the precise reasons for this extreeleof
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difficulty are not clear, mecdotal evidence suggests that idédifon difficulties may
be associated with distribution or proximity of the motors on the arm but we were
unable to establish this from tpeesent data.

40 -

35 A

30 -

25 A

20 -
O No of errors

15 -

Figure 66, Total number of errors across all triev.r.t number of activenotors

10 +

O No of errors

Figure 67, Numberof errorsacross all single active motors
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O No of errors
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Figure 68, Number of errors across all double active motors

10

0
N

E No.of errors

Vo RN N RN L N < T BN T BN /)
g * Ead k3 kg L b
O o N A Hh 3 5 9 o)
L S S A A v

Y
N ,,qu‘

Figure 69, Number of errors across ditiple active motors
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6.2.3 Discussion on preliminary evaluation

The findings of thee experimental trials raise a number of issues that need to be
taken into account for fther re-design of the cuff and the messagpnding
configurations of vibrating motor3he trial data show that subjects were easily able to
distinguish when individual vibration motors were activated but that the difficulty of the
task increased when motors weoembined. Combinations of three motors, in
particular, were especially difficulto identify accurately.In terms of subjective
experienceafew subjects pointed out that the activation time of the motors (3 seconds)
is relatively long for transfer of a message. They also pointed out that a gap of 10 cms
between two motors is smadls it was difficult for them to perceive when motors are
activated concurrently; thegften perceivd the combined signal as if it wasingle but

more intense signal.

6.3 Evaluation of the final phase testing of the feedback cuff

Basd on the findings ofhe previous experiment, the cuff was redesigned (as
shown inFigure 70) to transmit messageA next step is to define and design feedback
signals (a sort of haptic alphabet) that correspond with displacements of the impedance
filter. Since he robot isintended as an exploration tool, the displacement of the robot's
bumper has to be presented to the handler. We apply four vibrating motors attached to a
cuff with wider gap between thenThe cuff is strapped around tlierearm of the

handler and the motoxgbrate on the skin for a shertduration (1 second)

The overall aim of final phase evaluation is to investigate whether activation of
the vibration motors induces an adequate spatial sense to the handler. In other words, is
the handler able to assotahe vibration of a particular motor with a particular spatial

direction?
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Figure 70, Reins interface with redesigned cuff

If the results are positive, they will strengthen the basic idea of using vibration
motors to represerthe physical location of impactbetween the robot bumper and
obstacles.We first define and design the feedback signals (vibration patterns) and
indicate how the signals are intended to be associated with the bdin@eobotis let
to bump @mto an obstael with the aim of alerting the handler to the presence of the
obstacle but also to indicate the position of the obstacle relative to the handler. The main
question therefore is whether the handler can associate a vibration signal with a spatial

direction.

As mentioned earlier the newly designed adhsists of two sets of two motors
only; one set attached to tpalmerand one to thelorsalof the forearm, as shown in
Figure 71. This means that we have a potential alphabet/vocabulary of fparase

digits corresponding teach motor being activated separately.

6.3.1 Associating Vibration Motors and the Bumper

When a handler is navigating an environment, certainly when unkribemnew
data/information about the area in front is the most releVétrobot and handler will
usually move into the forward direction and accidentally bump intoketacle. This
means that the front half of the bumper is the most useful part for explofaaam.
about the area behind has been collected before (in previeps) and wgates are

relatively unimportant.
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Figure 71, two sets of two vibration motors; left, attached to the inner side of the arm; right, attached to

the outer side

Following thisrationalewe focus on representing data about the front half of the
robot bumper in the heading direction. We have an alphabet of four signals: four
vibration motos, L1, R1, L2 and R2 iRigure72 (right). We assign a vibration motor to
four distinct points on thdumper: points AD in Figure 72(left). When an arm is
outstretchedwe assuneit is most intuitive to associate the front points A and B on the
bumper with vibration motors L1 and R1 (igure 72) that sit closer to the palm
When holding the handle as Figure 7, but also when the right hand is stretched
naturally with the thumb up, thealmerof the forearm is on the left while tld®rsalis
on the right, thus motors L1 and L2 are associated with left and R1 and Réghith
Similarly, for a left haded persoh1 and L2 sit on thelorsalsideof the forearm while
R1 and R2 on thpalmer side

i

Hypothetical moving direction

Figure 72, (Left) Points of impact on bumper which are to be provided to the handler (Right)

Corresponding vibration motors on rigatm
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6.3.2 Spatial cognition using the feedback cuff

Maravita & Iriki (2004) statethat the tools, whemwe extend our reaching space,
canbecome incorporated into a plastic neural representationr body The authors in
(Cooke et al. 2003Iso citethat toolseffectivelyincrease the integtion of biologically
relevant visual stimuli in abody-centr@l representation of spacén case ofzero
visibility, the feedback cuff should intege haptic stimuli in body cemd
representation of space. The questionses what exactly is a body cesd
representation of space?

How humans represent sgain memory is still a subject of ongoing discussions
within psychology.Centralto thesediscussionsis the distinction made biflatzky
(1998) between egocentric and allocentric representations of the environment.
Egocentric means a coordinate system, whicbeistredon the body of the handler,
whereas, an allocentricoordinatesystem islocated and oriented on external objects
(Sadalla & Montello 1989)These two coordinate systems have different relative
importance. For scene recognition, the egocentric system is the mostampahilst
for reorienting, it is the allocentric system which is domin@fiatzky 1998) The
spatial tasks that are intensetudied in this context are: recognising scenes, reorienting
and updating(Meilinger & Vosgerau 2010)The discussions focus on whether both
types (egocentric and allocentric) are needed for a particular task and whether these
different types ofepresentations combine in human memory. Bur(386)developed

a two-system model of parallel egocentric allbcentric representations of objgct

However, when the environment is unknown and there is no visual or audible
feedback, we assume that the allocentric spatial representation is missing. In order to
make prompt navigation decisions, the handler needse mental representation or
mental map of the close surroundings, which we believe is egocentric in nature and gets
updated continuouslyWang and Spelkg2000) argue that representation of targets is
relative tothe self and the representation is updated as the navigator moves through a

novel environment.

Studies in cognitive psychology report that humans can form images of unseen

environments; images are egocentric, representing the environment from a particular
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point of view. Amorim et al, (1997)demonstrate that humans have two different types
of processing modea their memory during nemisual navigation; namely tagientred
processing mode and objecéntred processing mode. In objectentred mode the
object's perspective is kept track of at every instance of the navigation thereby making it
challenging in terms of cognitive load. The objeentredmode involves slower body
movements and locomotion. the task centredmode, a human being expected to
mentally trace the path without worrying about the objects. Above we have
distinguished exploration (objectentred from locomotion (task centred. The
processing modes are a prerequisite for path integrditienne & Jeffery 2004;
Mittelstaedt & Glasauer 199Which uses available vestibular akidaestheticuesand
motor command informatioto maintain seklorientation and position during navigation

in the absence of vision.

Experimental invesgiation of '‘path integration' usually comprises a learning
phase, where the subjects view the scene; and a test phase, where the subjects are askec
to walk blindfolded to a target point. It has been shown that providing subjects with
landmarks during the $&€ phase of path integration improves their perform#éikaéa et
al. 2013)

In the human rdot interfacethe vibration motorsare associateavith impact
points on the bumper. The aim is that this interface induces a spatial presentation for the
handler. Below we discuss the design of a simple experitogast the effectiveness of
the spatial presentation.

6.3.3 Design of the test

Ideally the robot's feedback enhances the handler's exploration capability by
contributing to the (implicit) mental mappirapility of the handler. Above, we have
emphasised on thetuitiveness of associating the vibration motors with impact points
on the bumper. Since objeceéntredprocessing mode is demanding, it is important to
design a simple experiment to see whether a handler is able to pointaquartacular
direction in space, on receiving a haptic signal (vibrating motor activatidhp
experiment is an adaptation tife work ofGescheide(1965)who conducted a set of

experiments to compare localisation of sound, based on both acoustic and cutaneous
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feedback. Another inspiration fdine experiment comes from Haber et, §1993) they

state that pointig methods using body parts (e.g., nose, chest, or index finger) or
extensions of body parts (e.g., hemeld cane or short stick) lead to more accurate
responsed-or the study, we have used a wooden replica of the handle shéwiia

73. The replica bs also a crutch like desigmactly likethe haptidnterface discussed in
Chapter 5it is 1.2 meters in length, from the point of hold to the Aip.explained in

the previous chapter,hven the handle is held straight, the distance between the handle
ard the centreline of the handler's body is roughly 20 centimet&¥e. provide the
handler with a dummy handle and we replicate the impantgon the bumper (points
A-D in Figure72) as locations painted on the flaarthe form of a semgtircle, in front

of the handler whe they point, refer t¢-igure 74. Since we are only interested in the

front halfof the bumper, we resort to a seanicle rather than a full circle.

Figure 73, Subject holding the wooden handle replstraight
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Figure 74, the experimental layout, a protractor painted on the floor as well as a marked position for the

subject

The four vibrating motors are attached to the forearm of the subjects, as shown in
Figure 71. The motors are connected through a National Instrument DAQ card and
activated using &Vizard of Ozinterface developed in a Nlabview 2009 environment.

The motors are individually controlled by tingzard however, all motors get activated

for a time peod of one second and all operate at the same frequ@&tty Hz
approximately)and intensity(vibration amplitude 0.8 G approximatelylo assign a
specific message to each ¢fie motors (as shown inFigure 72), a pictorial
representatiorof the bumper,drawn in the form of asemicircle, is used While
investigaing whether subjects would be alttecorrectlyindicate the location as well as

the orientation of the previously seen object after the walk withigidn, Amorim et

al., (1997)recall therectilinear normalizatioheffect observed in several studies, where
navigation and orientation judgements tend to be carried out in (and distorted toward) a
normalised rightangle grid. Sadalla and Montell@989) found hat angles that are
close to 8, 90 or 180 are the most accurately remembered. They also found that turns
between Band 98 were all overestimated, while turns between®@hd 188 were all
underestimatedf one stands on theentreof a semicircle, ne quarter4d) lies on his

left and the otherd0®) on his right. We intend to have two target points in each quarter.
Therefore the radius of the semicircleli meters within which certain targatints(in

red) are marked outhe semicircle is divded into 54 sector@o facilitate scoring each
participant on the given taskwhere the angle for each sector is 3.3 degrees
(approximately) (as shown ingure75). Thetargetpoints corresponuhg to the impact
points on the bumper, are as folloisgure 72):
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x TargetpointO: perpendicular radius to the base of the circle

X Targetpoint A: approximately22.5 degrees on the left of Targaint O
(7th sectoon the left of Target point)reference-igure75)

x Targetpoint B: approximately22.5 degreesn theright of Targetpoint O
(7th sectoon theright of Target point D

x Targetpoint C: approximately 67.5legrees on the left of Targpobint O
(20th sectopon the left of Target point)0

x Targetpoint D: approximately 67.5legrees on thaght of Targetpoint O
(20th sectopon theright of Target point

6.3.4 Scoring convention followed

The target points haw&ectormarkings on either side, to give a score and analyse
the accuracy of the participantsidure 75). Footprints weranarked 20 centimeters on
the either sle of the Target Space 0 (adapted to the dominant hand of the par}icipant
where the participants are asked to stand, in order to make sure that their feet position is
fixed during the course of the experiment and Ibloely maintains same orientation
throughoutSectorsare made and numberé@ference=igure74), both to the right and
to the left of each targ@intto enable precise scoring of the participants' performance
by interpreting the recorded videos. The wideamera is mounted on the ceiling,

providinga view as shown ifigure74.

Figure 75, reconstruction of the sector markings on the image

The overhead camera provides an orthogonal projection of the handle on the floor
(reference~igure 74); errors areestimated to be minimalhen a participant pointed at
the marked redectorof a targepoint. Thereforea score of zero is given, meaningibe
accurateand points on the target pairit the participantpoints to any sectorither to
the left or the right of the red area, an absolute score is given based respéetive
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markings of the sectorsA sign convention 9 followed (as shown irigure 76);
movement in clockwise direction represents positive whereas movement in
anticlockwise direction represents negative. The higher the absoluteofdhe= score
the less accurate thgarticipantis in judging the target spacéigure 75 shows a

representation of the sectors between Target point 0 and Target point A.

As mentioned earlier,he trials are all video recorded and scorings are done
afterwards, by interpreting the videddter every motor is activated, the actual position
of the replca handle is compared with the intended position (marked target offset
corresponding to the motor activatiomying the marked sectordVhen a participant
pointed at the marked red area of a target space, a score of zero (0) is given, meaning
the result $ accurate. If the participant pointed either to the left or the right of the red
area,depending on the sector where they have poimtettviation score is determined.
Therefore, it is evident thahe higher the score more is the deviation from téuget
points. For example, irFigure ® L1 is activated, the stick should have been at A
(market aghe offset of interest irFigure ), but the stick actually points at the third
sector, right of AThe sign convention is that a clockwise deviationasifive whereas

anticlockwise deviations are negatividus in case oFigure & the participant scores

%—# ) ) Activating L1

M\/

Offset of interest

+3, the original score.

Pnln‘ls at 3rd sector on
+3 the right of target

point A

+ve

Figure 76, schematic diagram of the floor layout
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The primary reason behind the experimental design study if the participants
can reliably associate the vibrating motor activations with the marked target points that
correspond to the impact points of the bumper. In the process the haptic stimuli should
integrate with the egocentric representatibrsmace. Ashe tool used in this cass a
handle and the target points are represented by displacing it from the point tiferest,
question arises whether the cognitive faculties of the participants represent space
(displacement) relative to their body position or to positiorthefir armswhen the
handle is at restnspired by the work ofohnsorFrey (2003)therefore, we introduced
two different scores for each triadiriginal score and'relative scoré To calculate the
'relative scorg the restingposition of the replica handldefore a particular motor
activation has also been scored with respect to Tgrgett O, (resting position score) in
the same wayUsing the resting position score we can compensate the scores: for
instance, if the righhanded participant (Figure 4 right) scores +3 for a specific target
direction, then theelative score would be +2ofiginal score- resting position scoje
for the same target. Theriginal' score is the score directly based on the position of the
handle in thepaintedprotractor. Therélative score is produced by compensating the
original score with the rest position observed before each move. Thus we are able to
evaluate whether the iml resting position has any impactn oa participant's

performance.

6.3.5 Testing protocol

Nine participants, aging between 22 and 55 and without any medical condition,
took part inthe experimental study. They were asked to stand in front of acerte.
Before the commencement of the experiment, haee carried out the following for

each participant:

x Briefing about the experiment.

x Asked to sign a consent form.

X Given a disposablgleeveto wear on the lower arm for hygiene reasons.

x Standing on the marked fooipts, they are sked to hold the handle with
the naturally dominating hand in order to find out if the participant is left
handed or right handed.
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Each participant undertodksets of trial8 trials per set i.e. 48 trials in total for
one participant) The trials are carried out in both nbhndfolded and blindfolded
states: a) (noblindfolded state) toensure that the participants undergo a training
session anestablish whethethey can reliably associate a cuff signal with a pointing
action with thehandle; b) (blindfoléd state) to establish whether subjects can carry
over theirspatial discriminations usingiemorised locational information and encoded
actions from théearning trial session. The trials, carried out, are as follows:

Trial 0O, the first set (referred as trial G% a pretest to understand each
participant's (without having idea of target spaces) spontaneous interpretation of
instructions given. Participants were bhfalded and asked to hold the handieand on
the marked arefor footstepsand carry out the following instructions:

a. A small movement of the handle to the near leftbfiefing isgiven
before the start, that the act should be performed on receiving a haptic
signal like a gentle tap on the left shoulgden order b reduce the
cognitive load of interpreting verbal commands at the time of thé trial

b. A small movement of the handle to near right (given a gentle tap on the
right shoulder)

c. Alarge movement of the handle to the far left (gi@n gentle tap on
the let shoulder)

d. Alarge movement of the handle to the far right (git@a gentle tag on
the right shoulder)

Here, the subjects showed their personal interpretation of the verbal descriptions
of theintensity of theP RY H P Qe[ laggeY D QG G Lpdat|ERN Lidguieft |

The next set of trials (trial set 1 to 5) uses the same experimental layout; however,
participantsare to bepreparedefore that. They are mattewear the disposabideeves
prior to attaching the vibration motors correctlynlorder to make sure that the vibrating
motors (L1, L2, R1, R2), are fitted uniformly for all participarnt$,and R1 sit on either
sideof the wrist (carpusandthen the lengthbetweencarpusand elbow (olecranoriy
measuredL?2 and R2 sit on the part of the lower arm that corresponds to the two third

of the length previously measured (as showriipure77).
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2/3 Lensh

L2

L1

R2 R1

—>

Length

Figure 77, Positioning of vibrating motors on one's arm

Once the vibration motors were athed, each motor was activated and

participantsareasked to point to the activated motor. This was to ensure that the motors

were working and participants could indeed feel the vibration of each rioe the

motors were attached appropriately, thetipgrantsare madeto hold the handlend

return to the area of the semiicle where footsteps are marked. At the time of the

briefing, the following conventions are narrated:

X

When no vibrating motor is activated, the handle is to be held releixed
elbow slightly flexed, pointing in frontThis is termed as themeutral
position (close to Targgtoint0)

When L1 is activated, the handle is to be moasdclose as possibte
TargetpointA (actual near left, small movement)

When R1 is activated, the handle is to be moaedlose as possibte
Targetpoint B (actual near right, small movement)

When L2 is activated, the handle is to be mosasdclose as possibte
Targetpoint C (actualffar left, large movement)

When R2 isactivated, the handle is to be movasl close as possibte
Target Space D (actutdr right, large movement)

When participants have an idea of small and large movements with the handle

(egocentric in nature), the remaining five sets of trials are daou¢ in the following

way:
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Trial 1 is mainly meant for familiarisation with the task of associating vibration
motor activations with target points. Participants raseblindfolded and sked to carry

out the taslas describedbove

In trial 2 (testingwithout training, Participants arélindfolded and asked to carry
out thetaskas describednd no help igiven.This is a trial set where participants have

performed without receiving much training.

Trial 3 is meant fortraining and learningBased on tb work of Tan et a{Tan et
al. 2002) we haveintroduced more kinesthetic cues in the experiment to improve their
spatial memory performancRarticipantgemained blindfolde@ndblocks of woodare
placed in the target areastd D (as shown inFigure 78), so that they can feel a
feedback when the tip of the hand&erino et al. 2007% gently tappean the blocks.
Subjectsare asked to carry out thgial as described above; the instructpridedthe
subjects to find the right target spatesvoid them hitting the blocks harbhe idea is
to make the participants remember the points Wiehhelp 6 kinaesthetic cueélan et
al. 2002)

K

NV Vaston 4
TLED fack

Figure 78, wooden blocks placed on the target statd3 A

Trial 4 is also meant for learning without instructions from the instructor, where
subjects remained blindfolded and wooden blocks remained in the target areas A to D.
Subjectsareasked to carry out the experiment as described amov@o help igiven.
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Trial 5, (testingafter training, subjects remained blindfolded, the wooden blocks

areremoved and subjects were asked to carry out the experiment as described, no help

was given(similar totrial 2). Table 6belowpresents a summary of the sets

Trial Number Code Description

0 VerbalInstruction Participans showed thei
(Blindfolded) personal interpretation of th
verbal descriptions of the
intensity of the movemer
MVPDOOYTY HODUJH
HQHDU OHIWY pIDL
1 Familiarisation Familiarisation with the task @
(Non-blindfolded) associating  vibration  motg
activations rightly with target
points. Participants are n
blindfolded and asked to carry o

the task as described above.

2 Blindfolded testing Participants are blindfolded ar
asked to carry out the task
describedvithout any training

3 Training and learning usin| Blocks of wood are placed in th

kinaesthetic cues with feedbac| target areas A to D, so th

(Blindfolded) participantscan feela feedlack
when the tip of the handlés
gently tapped on the blocksith
guidance from the instructor

4 Training and learning usin| Blocks of wood are placed in th

kinaesthetic cues witlut | target areas A to D, so th
feedback participarts can feel a feedbag
(Blindfolded) when the tip of the handle
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gently tapped on the bloch
without guidance from the

instructor.
5 Blindfolded testing after trainin( Participants are blindfolded ar
with kinaesthetideedback asked to carry out the task
described

Table6, Summary of trial sets

To counterbalancehe order in which the vibration motoese activated, four
sequences of 8 selected motor activati@dnw® activations of each motoaye prepared
in advance of the experiment. For each of the trials sets (1 to 4) one of the four
sequences selected randomly. Howevdar every respective participarthe sequence
presentedn trial 5 (blindfolded testingafter training with kinaesthetiéeedback is the
same as used in trial(Blindfolded testing)The idea is to carry out a comparative study
between these to trial sets to understand if there is any effect of trainingheith

wooden blockgkinaesthetic feedbagk

6.3.6 Results

Reliability of the haptic messages communicated via the feedback cuff

Since he purpose ofhe experiments is to investigate whetltlee design choices
do contribute to thepatial awareness of the handldre first point is to see whether
subjects can hapticallgssociatebetween target zones A to With the transmitted
vibration messaged herefore, we have done a comparative study between three testing
trials - that istrial O (interpretation of verbal insictions)where participants do not
have idea of target points and they only interpret verbal instructieas or far, left or
right’, trial 2 (blindfolded where participants performed after a familiarisation trial
sessionand trial 5 (blindfolded after kinaesthetic feedbackvhere participants use
memory of the previous trial with kinaestheticcues- to understand how reliably
participants can associate signals on the forearm with pointing at the right target
directions, when they are blindfoldedl'he remaining trial sets are meant for either

familiarisation or training, hence they are not taken into consideration.
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None ofthe subjects made a real errasthe vibration motorswere activated,
subjectsnever pointed to a wrong target poiatgure 79 and Figure 80 show mean
absolute original scores and relative scores for all participants across three above
mentioned trialsAccording to the scoring conventidollowed, it is evident thalower
the score the more accurate a participant isjuilging a target point on receiving a
motor activationThe scores do not show huge deviafji@ss than 2jrom the points of
interest.The error bars also show that there is no signifid#feérencevibration motor
among points A, C and D in terms ofcacacy. However, participants tend to most

accurate while pointing at target point B.

Original score

Location

Figure 79, Meanoriginal scores in absolute values, L1 associates with target A, R1 with target B, L2 with
C and R2 with D.
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Relative score

Location

Figure 80, Meanrelative scores in absolute values, L1 associates with target A, R1 with target B, L2 with
C and R2 with D.

Effect of position of arms in egocentric representation of space

As mentionedn section 6.3.4he farget pointsare represented by displacing the
handle replica fronthe position of rest taorresponding markeaffsets on the flooiSo
the question arises whether the displacement is to be calculated fr@ardbe point 0
or from the exactestingposition ofthe handle before the motor activatio his helps
us understand if the egocentric spatial representation uses body position or the hand
position as the point of referencEherefore, we introducedelative scorg which is
calculated by scoring the restinggition and subtracting that score from theginal
scoré. Figure 81 presents the box plot of original scores and relative scores for all
participants across three testing trifds visualising the distributionRed dotsin the
figure signify the outliersthe differences in the ends of upper whiskers are 2 and the
lower whiskers are 1)Although the mediar{which is 0)is the same for both score
types, the difference of interquartile rarfgethe upper quartilegwhich is 2 for orignal
score and 1 for relative scor@)two box plots is one. Thus, when the relative score is

considered the errors seem lower.

A Wilcoxon signed ranked tesietween original and relative scores indictuat

initial position of the handle had a signdiat effect on the error score of participaags
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accounting for their baseline starting position reduced their performance \érror,
1636, p < 0.001

Score with respect to location

Orlglnﬁl Score Relalivé Score
Score type

Figure 81, Box plots by score types

Effect of training with kinaesthetic cues

We intend to improve theparticipants' spatial memory performance by
introducing two training sessions with kinaesthetic ctiéal @ andtrial 4). The idea is
to make sure participants remember the target points of interest more dgcaftdr
being subjected to trainingigure82 shows the mearoriginal scores for all participants
under three testing conditionsiél O, trial 2 andtrial 5). Figure 83shows the mean
relative scores for the sam®oth the figures show a similar pattemgne of the error
bars overlap. Therefore it is conclusive ttheg participants make more errors when they
have no idea of the target points and only interpret verbal commands, errors are
minimised when they areraliar with task and finally errors are the least after they are

trained with kinaesthetic cues.

The mean original scores faral 2 (blindfolded)and trial 5 (blindfolded and
kinaesthetic feedbacldre 1.37 and 1.88 respectively.Wilcoxon signed ranke test

was conducted ot compare participant score iblindfolded and blindfolded &
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kinaesthetic feedbackonditions.It indicates that there is a near significant effect of

trainingon participants scond/ = 3062.5, p = 0.0535

2 . .

Bllnﬂfﬂldad
Trial condition

Original score

Verbal |ns|rucnon

Figure 82, Mean original score for three testing trials

Bllndfoldnd
Trial condition

Relative score
N

Verbal Ills"l.lctlﬂﬂ

Figure 83 Mean relative scores for three testing trials
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6.4.7 Discussion and conclusion

Prior to the experimental trials, we had no idea of the level of difficultyttieat
task would pose fothe volunteer subjectdn the beginning, thearticipantsshowed
their personal interpretation of the verbal descriptonsPd®R YHPHQW upuV®DOOY
DQG GLUHFWLRQ pQHBoweverHasVthe rpsuhd) cl€aryl Whhw, the
participantound the task to be manageahathout huge errors. Therefore a feedback
system using vibrating motors can be used as a part of the haptic interfacetingnnec
handler and the guide robot, to transmit messages from the impact points of the bumper.
It is also evident thathe participantsnade rapid strides in task competence over the
trial sessionsAccuracy in determining the four specified targeintsimproved over
the sequence of trialsyhen training sessions withe wooden blocks were introduced
providing direct haptic feedbactor the participantsAs we have mentioned in Chapter
2 that the system is to be used by skilled handlers, it is claaht#awould have better
egocentric spatial representation if they receive prior training about the various impact
points of the bumper using kinaesthetic cuasithermoreresults show that there is
significant impact of initial resting position of thardle onparticipantsperformance
of judging the target points by displacing the handle. This is also an important design
consideration fousing the robot as a tool for exploration afefining the locatiorof
the impact points of the bumper, becausedhgoints in principle would contribute to
the cognitive map of the handler; the results look more convincing when the points are
spatially represented with respect to handler's arm position rather than the position of
his body.
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Chapter7

Conclusion and future work

This chapterevisits the research questions and presémsonclusion of this thesis and

future research work.

7.1 Reuvisiting the research questions

The fundamental research questithat needed to be addressed Vi#®mv can
haptic sense be utilised for interactiaith a robotic guide irzero visibilitycondition®"
Several phases of research and evaluations have been conducted focusing on the
problem. The fundamental research question was further broken down into sub
guestionsReflections on eachubquestionandthe respectivanswersare discussed as

follows:

Research Question What canbe learntabout interaction inzero visibility studying

real world scenarios and how can these interaction models contribute to the research?

Chapter 2 studied the protocols followed by the firefighters and the way they
haptically communicate witleach otherlt also highlighted how visually impaired
people make use tifie haptic sense to navigate and the communicational landscape that
is shared between them and the guide dogs at the time of the navigation. The learnings
from studying these two reavorld scenarios helped us understand the interaction in
zero visibility in a more comprehensive manner. Both the scenarios are excellent
examples ofcollaborative activity which gives us a ground to believe that when the
handler interacts with the guidebot, they need to develop cooperation and operate as a
team to achieve the taskThere is a high levetlivision of labourbetween two fire
fighters even though they work as a team, navigating a sp#tedahsence of visibility.
Having a look into thie protocols, it was concluded that their task can be logically

separated intdocomotion guidanceand environmental exploratianTherefore the
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question arises that when these two tasks are to be accomplished with the help of a
guide robot, how can the dsion labour happen. The answeéss in interaction that

takes place between a visually impaired person and a guide dog, which is an example of
shared control and division of autonomy. The visually impaired person is always in
control of the situationemharking on his venture of navigatirnthe route which he
already has a mental mape initiates the navigation and also takes navigation decisions
after reading the clues and cues from the environment. The guidemggrovides
guidance avoiding hazardiom one point of decision (for e.g.a junction) to another

point of decisionSimilarly the guide robot can act as an autonomous guide providing
locomotion guidance and ensuring safe passage. At the time of exploration, the handler
can be the dominantaptner and make use of the same robot as a tool to examine the

immediate environment.

Furthermore, in bdéit casesthe interaction isijomosyeric, which means it takes
place inclose spatial proximity. While being in close proximity, firghters use a que
as a form bconnection between them whasethe visually impaired handland the
guide dog are connected by a rigid handle. Thus, the guide robot and its handler need to
be connected using an interface, which in principle should be a rich enoughmtediu
facilitate the flow of relevant information (feedback) between them. Due to the
conditions, the feedback information cannot exploit visual and auditory senses of the
handler; hence the natural choice becomes the haptic sense. Looking at the blind
community, it is evident that aaptic interface is sensitive enough to gauge the

environment andan be trained when other senses are absent.

Another important aspect learnt from the study is that bothfi§rgers and
visually impaired people have remarlahbilities of constructing a mental model of the
environment (cognitive map). Thus the interface that connects the handler with the
robot should contribute to the process of the relatively accurate construction of handler's

mental model.
Research Question How sensitive ashtrainablethe haptic sensis?

Chapter Jocuses orthe haptic sense in a one detailed mannewhichwould be

'the sensibility of the individual to the world adjacent to his body by the use of his body
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in the literatureHaptic sense is linked with kinaesthefisrough the movements of the
position ofbonesjoints and musclesgind cutaneouperceptiongthrough the skinjhat

are distributed all over the body and allows one to activatgract withthe world.
Though tley are not mutually exclusive, this thesis is mostly concerned with the
kinaeshetic awareness of human being and how its potential can be exploited in the
context of interaction with the guide robotinkeshetic awarenesgroprioceptive in

nature is the perception othe relative position of one's body parts in space. Haptic
sense, especially the kinaesthetic awarensssiediated byone's motor abilitieand

has the potentiab develop into @motor skill'. Previous researcfBushnell et al. 1991)
hashighlighted the extraordinary spd and sensitivity of the haptic sendewever, the
chapter aimed at highlighting the sensitivity and trainability of the sense, in the context
of the handler's interaction with the guide rolfsmall scaleexperiment was carried

out, keeping in mindh@at if participants caruse their haptic sense to discriminate
between objects in terms of weight (sensitivity) and how quithdy sensemproves

over a short period of time (trainability}.semiological perspective was also integrated
within the experirental design, associating thée HUEDO GHVFULSWLRQV RI
MPHGLXPY uKHDY\Y ZLWK KDSWRAF ahthpper& s Fd\prototigpe W K +
of the intended guide robot system was used, which consisted of a wooden trolley
attached to a hareli(couldbefixed ona participants’ arm) and a bumper prototype that
sat on the trolley. Participan(blindfolded and headphones on to remove visual and
auditory feedbackjvere asked to use the apparampush wooden boxes tiie same

shape and sizeontaining varying weightand associatinthe predefined verbal labels
(LOLIJKWYT P HQ wihe Whatutkey Delt Afthough they had no idea of the
weights, the results show that they learnt to coherently and successfully integrate the
verbal labels with the weights during the course of the experifibatproprioceptive
information from the position of the fingers and wistised to hold the handle and the
kinaesthetic information from the tension of the musdietped them distinguish
between weightsOver subsequent trials the accuracy of the participants showed
improvement, meaning, theyere learning fast in a very unfdrar environmentand

their motor abilities were developing into motor skills (given training).
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Research Question 3Vhat is the physical connection between the robotic guide and

the handler and how to evaluate the effectiveness of the connection?

The lterature on the subjeof guide robots in lowisibility is rather sparse.
However, there are several Weron robotic assistance fersualy impaired people
which is highlighted in chapter 4. It reflects on the literature where thahwand the
robot operate in anixed intiative or shared controapproachChapter 4 also looks into
the Comprehensive Assistive Technolo@yAT) model for understanding assistive
technology and uses the model to analyse our situation of haptic interaction with the
designedguide robot system, emphasising the importance of designisgitable
interface the hapticinterface). The interface is required to communicate the right
information to create a haptic experiemmedevant to themain subject of the study.
Chapter 5 premnts a critical evaluation of the design of Hapticinterface and explains
how it can aid locomotion guidance for the handlére first step towards developing
an interface with robot guide is the fact that it enstinesafety of the handler. It was
observed that when the robot traverses a path avoiding obstacles, it creates a spatial
corridor safe for the handler. Thuke working definition for safety for this thesis is
‘handlershould follav the trail of the robot as close as possible and his feet are placed
as close to the spatial corridor created the robot, as possible The secad most
important aspect of havingn effective interface is the fact that it contributes to the
cognitive ma@ of the handler. However, before testing the interface on these two
grounds,chapter 5 carried out pilotiffs in phases to infer its implementation on the
robot and the grip specifications. A crutch like grip and a spring system at the base
seemed thedst solution for the problem being looked Atpreliminary phase ofhe
evaluation was conducted, attaching a laser range finder at the back of the robot, to
analyse the handler's following behaviour when attached to the riobibte experiment
the roba waspre-programmed to navigate fixed trajectories. The operator would start
and if necessary stop the rolr@imotely. One could say that the robot emulated an
autonomoudehaviouras it wasnot teleoperated byhe handler. The prprogrammed
trajectories consisted oftraight travels and turns, based on the TOUR model from
literature. The turns varied, short turns were aboutd&grees while the longer ones
were close to 70 degrees. The robot operated with a linear spe€uind$, while for the
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turns tle angular speed was 0.5 radds an outcome, an evaluation metric was defined

in terms of how closely the path of thandler matched the live path of the roli8dsed

on metric and keeping the above mentioned two aspects in mind (path matching and
sense of cognitive map), lastly a more refined experimental design was reRésatis

have shown how the spring system (flexible joint) at the base, during locomotio
guidance by the robot, allows the participaotfollow a safer path and the kinaesthetic
feedback from the interfacgives them a keener awareness of spatial orientation and

location.
Research Question How can the robotic guide be used an exploratory tool?

We have alredy discussed aboutraixed mode of operation, where the autonomy
is shared between the handler and the guide robot. Chapter 6 reflects on how the handler
can use the powered guide robot as a tool to encounter obstacles in the environment.
While being use@s a exploration tool, physical contact with the obstacles is essential
andto enable physical contaet,bumpemwas designedyhich can estimate the point of
the contact. The question arises about how the information aboiumnfiaet can be
transmitted @ the handler in the form of haptic messages. Vihotile feedback seemed
to be anatural solution, as the eanhanoreceptors on the skin respond to mechanical
pressure or distortionHowever, the tactile sensitivity of the human body varies by
location. Pevious researcfKaruei et al. 2011)eflects thatwrist, arms and spine are
the most preferred locatiorier wearable haptic systems. Following this consideration,
a haptic cuff for the forearadto be designed; thiwould be attached to the crutch
like part of the interface. The initial hapticff consisted of six vibration motors, three
of which sat on the aimer side of the forearm and other three on the dorsal side. An
experiment was designed to validate theatilon messages sucha way that they do
not add on to the cognitive load of the handler and the number of messages is optimised.
Results show thahe error rates are lowest whasingle motor is active, followed by
two concurrent active motors and highest during three concurrent active motors.
Therefore it is evident that the cognitive load is lowest for haptic messages concerning
single motor ativations and subjective feedback also revealed that participants found it
difficult to gauge the exact locations of the motors when theylaseto each other.

The results have led to the redesign of the haptic cuff with four vibrating motors, two on
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the palmer side and two otfne dorsal side. The next phase evaluai®to investigate
whether activation of the vibration motors induces an adequate spatial sense to the
handler.The rationale behind the next phase evaluation was to see if resultsgweuld

an insightinto using vibration motors to represethie physical location othe impact
between the robot bumper and obstaclHse robotwas allowed to bumpnto an
obstacle with the aim of alerting the handler to the presence of the obstacle but also to
indicate the position of the obstacle relative to the handler. The main quiestidre

next phase of studhereforewaswhether the handler can associatélaation signal

with a spatial directionA Wizard of Oz gpeimentwasdesigned wittparticipants with

a wooden handle replica haviagrutchlike design and the redesigned cuff attached to
their forearmin a way that the attachment wasiform for all. Initially they were asked

to associate their spatial cognition with qlefined verbal labelngar, far, right, left)

and their performances were recorded to have a base for comparative analysis. Then
they were asked to point at marked tasget the flog on receivinga haptic message
generated by a single motor activation from the wizdrte participants were
blindfolded during the experiment to eliminate visual feedtault even trained with
kinaesthetic cues through trial sessions so thair motor memory transforms into
motor skills Results show thatarticipants can spatially discriminate among the target
pointsto interpretthe haptic messagesnd their performances even improve after they
have received trainingResults even show pointingwards a targetpoint involves
knowledge othelimb's relative positionwhich is an important design consideration for

the entire guide robot system consisting of the mobile robot, the bumper, the handle and
the haptic cuff. Thereforethis chapter gives aimsight into how the system can
contribute to one's task of spatially exploring the immediate environment.

7.2 Contributions of the thesis

The thesis presents a body of work that investigates the interaction of a human

being with a robotic guide irero visihlity. The main contributions of this thesis are:

¥ Understanding interaction izero visibility which is an outcome of

reflecting upon real world scenarios where people interacgna visibility
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(such as interaction among firefighters and between Nysuapaired

people and guide dogs).

¥ Understanding théaptic sense¢hat could be used for interaction zero
visibility and designing experiments to study the sensitivity and

trainability of that sense.

¥ Analysing and evaluating the design of a pbakinterface (designed by
the consortium of the project) connecting the human and the robotic guide

in zero visibility.

¥ Laying a foundation for design of test cases to evaluate human robot
interaction in zero visibility taking into consideration thaspects of

locomotion guidance and environmental exploration.

7.2.1Papers published from the work

¥ Ghosh, A.; Penders, J.; Jones, P.E.; Reed, H., "Experience of using a haptic
interface to follow a robot without visual feedback,” in Robot and Human
InteractiveCommunication, 2014 RMAN: The 23rd IEEE International
Symposium on, vol., no., pp.3:334, 2529 Aug. 2014

¥ Ghosh, A., Alboul, L., Penders, J., Jones, P. and Reed, H., 2014.
Following a robot using a haptic interface without visual feedbackQ
ACHI, Barcelona, Spain 237 March 2014, pp. 14753

¥ Jones, P, Ghosh, A, Penders, J, and Read, H, (2013), "Towards human
technology symbiosis in the haptic mode,".In: International Conference on
Communication, Media, Technology and Design, Famagusta, North
Cyprus, 24 May 2013. 30312.

¥ Ghosh, A, Pendsr J, Jones, P, Reed, H, andraéao, A, (2014),
"Exploring Haptic Feedback for Robot to Human Communication."
ICDVRAT, Gothenberg, Sweden.
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¥ Penders, J. and Ghosh, A., 2015. Human Robot Interaction in Senéd
of Visual and Aural Feedback: Exploring the Haptic Sense. Procedia
Computer Science, 71, pp.1895

7.3 Reflections onthe research

Somereflections of the researehe detailed below:

X The thesishas presented research work about sldréhe autonomy
between the handleand the guide robot to achieve the task, had it
could be logicallyseparated into locomotion guidance and environmental
exploration. Both these problerhave been dealt with separately in this
thesis. The biggest challenge would bmnceptualf integrating them
under one system, sucha way that the handler (the dominant partner in
the collaboration) can steh between them. Secondly,n@ore important
question arisesonce the handler decidés shift from one mode to the
other, hav will transition take place and how will the handler react to the
transition. Thirdly the guide robot system (the mobile robot, the bumper,
the handle and the feedback cuff) design concerning environmental
exploration is still in its early stages. Intereg would be when actual
data in regards to impact on the bumper is transmitted in the form of
vibration message#t would be interesting if theewresearch coulghed
light on this context.

x The guide robot operates at a linear speed of 0.6m/s and 0.5rad/s at the
turns. Reflecting on the thesis arabnsidering the fact that an unknown
environment is traversed absence of visibility, it would be interesting to
investigatehow the robot guideould adapto the walking speed of the
handler.

x Experiments were performed concerning locomotion guidance and
participants' performances were analysedvem different handle settings
However, their subjective experiencésonfidence)were not captured
based on these settings. A more refined and fine grained experimental

design to test the handteuld be doneAnother complicating factor might
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be the slippage caused by the resistance forces the handler exerts on the
robot while following; a measure afhich can reveal the confidence of the
handler.

The firefighters use their front leg in a fdike motion to form an arc and
explore the environment ahead of them (similar to the motion of the cane
used by visually impaired peopleBut, in order to exple specific
obstacles, they tap their feet on them (in case of visually impaired, the tip
of the cane is tapped). The ultrasonic sensors on board the mobile robot,
can create a spatial window to detect the presence of obstacles, however,
to explore them pysically, what should be the motion of the robot?
Therefore research can be continued, to shed light on these questions,

seeking answers.
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Appendix

Appendix

Consent form used fqrarticipants for all trials

e

REINS VIBRATING CUFF - HANDLE ORIENTATION TRIALS July - August

2014

Consent form

| hereby confirm that | am a willing participant in today's trials and that | understand
the nature of the task that | will be asked to perform. | also understand that | can quit

the task at any time without explanation or apology.

I also confirm that the nature of the potential health risk has been explained to me.

| also give my consent for the use of data collected during the trials (including video
data) to be used for the purposes of scientific publication and dissemination of the

results of the research project.

Name

Signature:

Name: Gt
Signature: &/

Name:

Signature:

Name:

Signature:

.
Signature: “

Name: e
Signature: ‘
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