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ABSTRACT

Industrial robots have been identified as one of the most effective solutions for
optimising output and quality within many industries. However, there are a
number of manufacturing applications involving complex tasks and inconstant
components which prohibit the use of fully automated solutions in the
foreseeable future.

A breakthrough in robotic technologies and changes in safety legislations have
supported the creation of robots that coexist and assist humans in industrial
applications. It has been broadly recognised that human-robot collaborative
systems would be a realistic solution as an advanced production system with
wide range of applications and high economic impact. This type of system can
utilise the best of both worlds, where the robot can perform simple tasks that
require high repeatability while the human performs tasks that require
judgement and dexterity of the human hands. Robots in such system will

operate as “intelligent assistants”.

In a collaborative working environment, robot and human share the same
working area, and interact with each other. This level of interface will require
effective ways of communication and collaboration to avoid unwanted conflicts.
This project aims to create a user interface for industrial collaborative robot
system through integration of current robotic technologies. The robotic system
is designed for seamless collaboration with a human in close proximity. The
system is capable to communicate with the human via the exchange of
gestures, as well as visual signal which operators can observe and comprehend

at a glance.

The main objective of this PhD is to develop a Human-Robot Interface (HRI) for
communication with an industrial collaborative robot during collaboration in
proximity. The system is developed in conjunction with a small scale
collaborative robot system which has been integrated using off-the-shelf
components. The system should be capable of receiving input from the human

user via an intuitive method as well as indicating its status to the user



effectively. The HRI will be developed using a combination of hardware
integrations and software developments. The software and the control
framework were developed in a way that is applicable to other industrial robots
in the future. The developed gesture command system is demonstrated on a

heavy duty industrial robot.

Keywords:

Human-robot interface; gesture control; human-robot interaction; system

communication; teleoperation; automation; robot assistant



ACKNOWLEDGEMENTS

First of all, I would like to thank my supervisor Prof. Phil Webb for his
continuous support and revision of my research work along the development of
this thesis. | would like to thank you for encouraging my research and for

allowing me to grow as a researcher.

| would like to thank all the members of the Aero-structure Assembly and
System Installation Group at Cranfield University for your support and advice,
especially to those who have sacrificed their time to take part in my studies. |
would like to express my special thanks to all the colleagues who | have
collaborated with throughout this project: Seemal Asif, Teegan Johnson,
George Charalambous and Rebecca Charles. It has been a pleasure working
with you. Big thanks to John Thrower for his technical support throughout the
development of this thesis. Special thanks to Rachael Wiseman for helping me

submit this thesis.

I would like to thank all my colleagues within the EPSRC Centre for Innovative

Manufacturing in Intelligent Automation for your inspirations.

Finally, | would like to thank my mum, dad and sister for all their love and
encouragement. | am grateful for all of the sacrifices that you have made on my
behalf. 1 would like to thank my dearest wife for supporting me spiritually

throughout writing this thesis and my life in general.






TABLE OF CONTENTS

AB ST RACT et e e e e e a s [
ACKNOWLEDGEMENTS. ...t iii
LIST OF FIGURES ..ottt ettt e e Vil
LIST OF TABLES ... .ottt e e e s Xil
LIST OF ABBREVIATIONS ...t eraans Xiii
PUBLICATIONS ...ttt e e e e e e e e e e e e r e e e e e aban s 1
I L (oo (1 1o 110 o 1SRRI 2
1.1 Research MotiVatiON .........oouiiiiiiici e e 2
1.2 ReSearch ODJECHIVES.......ccooei e 4
1.3 Contribution t0 KNOWIEAQGE ......cooeeeieeeeeeee 5
1.4 TRESIS SITUCTIUIE ...cevieeet e et e e e e e e eaaans 6

2 LITEIAtUIE FBVIEW ....uuecieiiie e e et e e e et e e e et e e e e et e e e e e s e e e e esbaeeeeesaaneeeeees 9
2200 N [ 01 { £ o [ ¥ Tox 1o o ISR URTRRPIRt 9
2.2 OVEIVIEW ... .eiiviiee e ettt e e et e e et e e e e e et e e e e eeta e e e e ea bt e e e eesaan e esesbaneeeessanaeeees 9
2.3 INAUSEHAl TODOL ... ...eviiiiieee e 12
2.3.1 Collaborative robO0t ..........ooovuiiiieeee e 16

2.4 Human and Robot Collaboration..............cceeevvvieiiiiieiiiieeeeieeeeeeeee e, 20
2.5 Collaborative robot in manufacturing environment...........ccccccvvvveveeeeeeenn. 24
2.6 Communication in collaboration...........c.cceueviiiiiiiiiee e 27
2.6.1 Feedback on automation states and behaviours..............cccccceeeeenen. 30

2.7 HUMaN-RODOL INtEIACE ... 31
2.7.1 GeSture USEer-iNterfaCe.........ccuuiiiiiiiiie e 33

2.8 Interaction iN ProXiMILY .........cooiiiiiiiiiie e e e e e e eeaaans 35
2.8.1 Safe motion Planning...........cevvviiiiiiiiiiiiiiiee e 36

2.9 RODOE SAFELY ...cooiiiiiiiiiiiieeee e 38
2.10 RODOLIC SENSING ...ceeiiiiiiiiiiiiiiiiiiieeeeee ettt 39
2.10.1 NON-CONTACE SENSOIS .. cvuiiiiiiieiiieee e e e e e e e e e e e e e e e eeanas 40
2.10.2 VISION SENSOIS ...uuuuiiiiiiiiieeeeiiiieeeeeetieeeeeetieeeeeetaiaeeeeesaeeeesesteeeeesaans 41
2.10.3 MICroSoft KINECT........coeiiiiiie e 42
2.10.4 Leap MOLION ......ouuiiiiiiie e 44
2.11 DISCUSSION ...cetiiiiteeeie ettt e e e e e e e e e e e et e e e et e e et e e eateeeaaeeeannns 45

G|V =1 g ToTe [o] (oo Y PIN 49
G 70 Vg (o Yo [FTox 1] o TR 49
3.2 Problem [dentifiCation ..........ccuiiiiiiiiie e 49
3.3 Collaborative robot SYSIEM ..........uuiiiiiiiiiiiiiiiiiiiiiiiii e 53

G TR Tt L U ST T 54
3.3.2 ROIES Of OPEIatOr.....cccviiieiiieie e 56

3.4 Hardware selection and Integration ............cccoevvviiiieiiiiiii e 57
G20 N I 0 ] [>T o1 11/ | Y S 61

3.5 System deVvelopmEeNt ..o 61



3.6 Human recognition and traCcking ................eeeeeeemimmmmmimniiiiiiiiiiieiiiiiniiieneaees 62

3.6.1 Body and hand tracking................uueeemeiimimiiiiiiiiiiiiiiiiiiiiiiiieieeaeees 63
3.6.2 Hand and finger traCking .........ccoooeeiiiiiiiiiiiiiee e 64
3.7 Central CONIOl .......uueeiiiee e 66
3.8 Robot decoder ProgramMe ...........iieeeeeeieeeeiiiee e e e e e e e e e 69
4 The development of a gesture control system for robot interaction................ 71
g 1 0 To [ Tox 1o o 71
= T Yol (o | o 11 Lo 71
4.3 Static Pose Recognition (SPR) .....cooviiiiiiiiiie e 76
VG T80 R [ 1o To [1 o 1[0 o PSR 76
4.3.2 SyStem arChit@CHUIE. .........uuuiiiiiiiiiiiiiiii e 76
4.3.3 Early development — Virtual Directional Pad .................coeeevvvvvinnnnnnn. 77
4.3.4 Static pose gestures iN iNAUSETY ........ovvviiiiiieeiieeeeee e, 81
4.3.5 Recognition algorithms..........cccooooiiiiiiiii e, 84
G J O Y= 10T 1o o 97
A.3.7 RESUIES ...ttt nnnne 99
4.4 Dynamic Hand Motion Tracking (DHMT) control ..............ccccccvvvviinnnnne 101
2 R [ 1 o To [ T o o R 101
4.4.2 System arChit@CHUIE. ..........uuuiiiiiiiiiiiiiiiiii e 101
4.4.3 Hand calibration and mapping............cccceueuuemmmmmmmmiiiiiiiiiiiii. 102
NV =Y T T 104
N AV 10T (o o 104
4.5 Integration of SPR and DHMT: a demonstration of application............. 111
4.5.1 System ArChiteCtUIE ..........uuiiie e 112
4.5.2 Facial reCognition .............uuuiiiiiee e 114
A.5.3 EVAIUALION ...coiiiiiiiei e 115
4.6 Development of an ergonomic and intuitive gesture control system..... 118
T80 R [ 1o To [ T o o U 118
4.6.2 System arChit@CIUIE. ..........uuuiiiiiiiiiiiiiiii e 118
TG0 = 1 0 = [ 118
4.6.4 GeSture desSign PrOCESS ....uuuiieiiiiiiieee it e e e e e e 119
4.6.5 Gesture design CONSIraiNtS..........uiviiiiiiiiii e 119
4.6.6 Technological CoONStraint.............coooeeviiiiiiiiiiii e 120
4.6.7 HUMAN CONSIIAINT .....cceeieiiiiiiiee e e e e e 120
4.6.8 RODOL CONLIOL.....uuiiiicieeiee e 124
4.6.9 Safety and RODUSINESS ...........uuuiiiiiiiiiiiiiiiiiiiiie 128
4.6.10 Usability of the Leap Motion Gesture Control system .................. 129
4.6.11 RESUIES . e 131
4.7 Integration of gesture control with a heavy duty industrial robot ........... 134
v R [ 1 o To [ T o o PSP 134
4.7.2 Robot setup and safety .......cooevviiiiiiiiii e 134
4.7.3 SYSIEM SITUCTUIE ...euiiiieie et eeas 136

Vi



A.7.4 DEMONSIIATION - . e e 136

8 ST @ [ [ 1= (o PR 138

5 Robot to human commUNICALION ...........uueiiiieieiieieiii e 139
5.1 Signal communication between machine and human........................... 140
5.2 Exploratory study: RObOt gesture.............ouvieiiieeeiiieeecee e, 143
o070 I [ 1o o 18T ox 1 o] o 143
5.2.2 Understanding of robot gestures by the human partner ................. 144
5.2.3 Effects of industrial gesture motions on users’ understanding ....... 145
5.2.4 EXPEriMENt dESIGN .....uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiniieisieeeseeeeee e 146
5.2.5 PrOCEAUIE. .. ..ot e e et e e e e e e eeenes 147
5.2.6 ANAIYSIS ...ttt 149
5.2.7 RESUILS ...t et e e e e e e eeenes 150
5.2.8 Impact of robot gestures on users’ trust ............ccccevviiiiiii i, 151
e V= 0= 1 o] o 151
EIOZ 0 @ o Tox 11 ] o] o 153

5.3 The development of an advanced robot indication system ................... 154
EIRC 700 A [ 11 o o 11 o 1o o SRR 154
5.3.2 Indication system for industrial automation .............cccccceevveeeeerenenns 154
SRCIRCH BI=TS o] oI oo ] o [o1=] o] AT 155
5.3.4 Experiment for concept validation ..............cccccuveemiiiiiiiiiiiiiiiiiiinns 159
5.3.5 Standards on indication system for industrial machinery................ 159
5.3.6 System comparison: integrated robot light versus tower light ........ 162

L IRC T AV, 1 T To L 163
GRS V7= [0 = 1 o] o 170

6 General discussion and CONCIUSION .........coooiiiiiiiiiie e, 179
6.1 Gesture control development...........oovvvviviiiiiiiiiiiee 179
6.1.1 First iteration of development ... 180
6.1.2 Second iteration of development...........oovvvviviiiiiiiiiiiiiiiiiiieeeeee 183
6.1.3 Limitations of process and technology ........ccccccvvvvviiiiiiiiiiiiiiieeeennn. 184

6.2 Robot-Human communiCation ............cccevvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 186
6.2.1 RODOt GESIUIES .....uvciiii e 186
6.2.2 Integrated robot indication light ............ccccooeeiiiiii i, 187
6.2.3 CONCIUSION ... eeeees 187

6.3 FULUIE WOIK ... e e e eeeeeeeee ettt e e e e e e et e e e e e e e e e e eanaa e e e e e e eeeeennes 188
REFERENGCES ........ouiiiiiiiiiiiiiiieieiiieie e saeasaaasssssasssaassnasssssnsannsnnnnnnnes 191
F N o o | [ 225
APPENIX A — LItErature MEVIEW .........uuuuuiiiiiiiiiiiiiiiiiaiiiiiiiiennnsnnisnnbenneeneeeeanne 225
Appendix B - Methodology .........cooeiiiiiiiiiie e 228

Vii



LIST OF FIGURES

Figure 2-1 - UNimate robOL ........covviiiiii e 13
Figure 2-2 - articulated robot (top left); parallel robot (bottom left); Cartesian

robot (top right); SCARA robot (bottom right) ..........ccooeviiiiiiii, 14
Figure 2-3 - typical working envelop of an articulated robot ................cccceveeeee 15
Figure 2-4 - BaXEr FODOT ........uuuieiiiiiiiiiiiiiiiiiiiii i 17
Figure 2-5 - ABB YUMI FTODOt ........uuuiiiiiiiiiiiiiiiiiiiiiiiii e 18
Figure 2-6 - KUKA LWR ...ttt e e e 19
Figure 2-7 - Universal RODOt URS ...........uuiiiiiiiiiiiiiiiiiiiiiii i 20
Figure 2-8 - industrial collaborative robot applying sealant on car door ........... 24

Figure 2-9 - industrial collaborative robot carrying out glow plug installation.... 25

Figure 2-10 - KUKA LWR in serieS producCtion .................eeeeeeeemmmmmmnnmnnnnnnnnnnnnnns 26
Figure 2-11 - collaborative robot is currently being used in Audi factory .......... 27
Figure 2-12 - Multimodal displays and controls (Chen et al, 2007)................... 33
Figure 2-13 - Microsoft Kinect for Windows Camera unit ............ccccccoovvveinnnnen. 43
Figure 2-14 - description of the Kinect camera.............cccuuvuevviiiiiiiiiiiiiiiiiiiiinnes 44
Figure 2-15 - Leap MOLION SENSOI ........uuuuuuuiiiiiiiiiiiiiiiiiiiintiiiiiiieeeeeaneneeeneeeaneeaee 45
Figure 3-1 - human-robot collaborative system and its influential factors......... 50
Figure 3-2 — An industrial collaborative environment: TL= Tower light, TP=

Teach Pendant, EE= End-effector.............ooeviiiiiiiiiie 54
Figure 3-3 - COMAU industrial robot teach pendant ..., 59
Figure 3-4 - illustration of SUDSYStEMS..........oovviiiiiiiiii e, 62
Figure 3-5 - Kinect skeleton tracking diagram (Microsoft) ............cccceveivieennnnn. 64
Figure 3-6 - Leap Motion Controller and its working frame...............cccceeeeeeennn. 66
Figure 3-7 - a breakdown of the CCP programme..........cccccooevvviiiiieeeiiine e, 67

Figure 3-8 - CCP operates as the client sending script code to control robot... 68

Figure 3-9 - CCP operates as server sending encoded variables to robot....... 69
Figure 3-10 - robot thread programming and serial programming.................... 70
Figure 4-1 - system architecture of the gesture recognition system ................. 77
Figure 4-2 - Virtual Control Pad for 2D motion control.............ccccevveiiiviineneenn. 78

viii



Figure 4-3 - pick and place test using Virtual Directional Pad .......................... 79

Figure 4-4 - Peg-In-Hole test using Virtual Directional Pad .................cccceee.... 80
Figure 4-5 - gesture commands used in robot operation............cccccvvvvvvineeennn. 82
Figure 4-6 - Kinect skeleton with joint variables ..........ccccccceeeiiiiiiee e, 83
Figure 4-7 - gesture recognition SOftWare ..........ccooeeeeiviiiiiiiiiiie e 84
Figure 4-8- “start” gesture .........oouuiiiii i 86
FIQUIE 4-9 - "StOP" gESIUIE.....ciiieeeiieei e e e e e 87
Figure 4-10 - "right” geSIUIe .......covviiii e e 88
Figure 4-11 - "left” geSIUIE.....ccoveeeecii e 89
Figure 4-12 - "confirm™ geStUIE........uiii i e 90
Figure 4-13 - "danger” gESIUIE .........ciii i e e 91
FIQUrE 4-14 - "raiSES" JESIUME.....cuvviiiii e e e ee ettt e e e e e e 93
FIgUre 4-15 - "IOWEr" gESIUIE.......vviiiiii i eeeeeeee e 94
Figure 4-16 - "backward” geStUIE ..........ccoiiiiiiiiiiii e 95
Figure 4-17 - "forward” geSIUIe ........cooiieeiiiiiiee et 96
Figure 4-18 - Accuracy of Static Pose Recognition programme (%) .............. 100
Figure 4-19 - system architecture of DHMT.........cccoooeiiiiiiiiiiiiie e, 102

Figure 4-20 - gesture control with right hand controlling movement and left hand
for actuation, picture on the right showing robot's working area............... 103

Figure 4-21 - comparison of laser tracker (red) and Kinect skeleton raw results
(blue), which illustrate similarity in shape and size of rectangular
MEASUIEIMENT. ...ttt e e e e e e e e e e et e e e e e e e e e eenns 105

Figure 4-22 - the graph is showing the means of 3D coordinate ranges
measured DY the tWO JEVICES ........coeviiiiiii e 106

Figure 4-23 — Comparison of Kinect Skeleton (left) and Kinect Interaction hand
pointer (right) results of hand movements in a rectangular shape path ... 108

Figure 4-24 - hand drawn shapes using Kinect to test usability to direct a path

................................................................................................................ 109
Figure 4-25 - System High Level ArchiteCture............ccccvvveviviiiiiiiiiiiiiiiiiiiines 112
Figure 4-26 - Flowchart for Industrial Gesture Control System — a sample

APPHCALION ... 113
Figure 4-27 - Facial Recognition SYStem ............ccoeviiriiiiiiiiiiiiiineeeeeeeeeeeiiiinnn 114



Figure 4-28 - the test bench consists of two working areas - component storage

aNd POHSNING ... 116
Figure 4-29 - System arChiteCtUIe............uuuuuiiiiiiiiiiiiiiiiiii e 118
Figure 4-30 - Wrist movements and changes in sensor values...................... 121
Figure 4-31 - RULA Employee Assessment Worksheet............ccccvvveieiinnnnnns 122
Figure 4-32 - model showing the upper arm constraint ..............ccccccuvveveennnnns 124
Figure 4-33 - the Universal Robots teach pendant..............cccccvvviiiiiiiiiinnnnnnes 125
Figure 4-34 - hand position and pitch thresholds................ccccciiiiiiiiiiiiiiinnnes 127
Figure 4-35 - the Universal Robot UR5 has 6 dof which can be utilised with the

gesture CoNtrol SYSIEM.........ooouviiiiii e 128
Figure 4-36 - user interface in different modes............cccoooiiiiiiiiiiiie, 129
Figure 4-37 - mean ratings given to the two systems in five criterions, error bars

] B PSSP 132
Figure 4-38 - industrial robot collaborative cell layout; EE=End-effector,

TP=teach pendant ..........oooumiiiiiii e e 135
Figure 4-39 - robot programme StruCtUre ...........cccoeeeeeeiiiieeiiiie e, 136
Figure 4-40 - gesture control movement ZONES ..........ccoovvvvvvviiiiieeeeeeeeeeeiiinn, 137
Figure 4-41 - gesture controlled Comau NM-45 industrial robot..................... 138

Figure 5-1 - come here, step back (pointing to a floor area), stop gestures ... 147

Figure 5-2 - robot gestures experimental cell setup ...........ccceeeeeiiiiiiiiiiiiinnnnnn. 148
Figure 5-3 - indication system operating diagram for collaboration in proximity

................................................................................................................ 156
Figure 5-4 - indication system application suggestion for larger industrial

collaborative robOt ..o 157
Figure 5-5 - the glowing robot CONCEPL.......coovviiiiiiiiiiee e, 158
Figure 5-6 - OLED light sheet, image courtesy: http://www.oled-

info.com/epigem-develop-flexible-anode-film-flex-o-fab-project .............. 158
Figure 5-7 - zones of vertical field of VISION ...........cccooeeiiiiiiiiiiii e, 161
Figure 5-8 - zones of horizontal field of vision .............ccccoeiiiiiiiiie, 162
Figure 5-9 - Experiment area [ayout..............coooeeviiiiiiiiiiiieee e, 164
Figure 5-10 - viewing angle from the side position, both types of light were lit for

]| 0] 1= 11 0] o USRS 165
Figure 5-11 - illustration of the robot indication systems comparison............. 166



Figure 5-12 - experiment sequences; R=Lights on robot, T=Tower light........ 169

Figure 5-13 - reaction time in forward poSition ............cccevvvviiiiiee e, 170
Figure 5-14 - reaction time in side POSItioN..........cccoeveeeiiiiieiiiiii e, 171
Figure 5-15 - total number of missed light signals of all scenarios ................. 172
Figure 5-16 - photographic evidence of task performance .............cccccuvvvnnnn. 173
Figure 5-17 - average task performance in all scenarios...............ccceevvvvvvnnnnn. 173
Figure 5-18 - average ease of monitoring light signals of all scenarios.......... 174
Figure 5-19 — combined average fixation heat map (1000-2000ms)............... 175
Figure 5-20 - combined average fixation heat map (1500-2000ms)............... 175
Figure_Apx 1 - Robot's Emotions used in Baxter RODOL.................euviiiiiiinnnnes 225
Figure_Apx 2 - different phases of the research.............cccccuvviiiiiiiiiiiiiiiinnnnns 229
Figure_Apx 3 - system development CYCle............uuvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies 230
Figure_Apx 4 - an iterative system development cycCle ............ccccvveviiiiinnnnnnns 231

Figure_Apx 5 - Mapping of Zachman Framework architectural aspects to areas
of System ENQINEEIING.......coovviiiiiiii e 233

Xi



LIST OF TABLES

Table 3-1 - questions asked at the investigation stage.............cccoeeeeeevevvivnnnnnnn. 52
Table 3-2 - Roles in HRC and their characteristiCs.........ccccccccvvvviiiiiiiiiiiiiinnennn. 55
Table 3-3 - system requirements and their pUrPOSES .........cccvvveiiiieeeeeeeeeinnnnnnn. 57
Table 3-4 - system components and their pUrPOSES.........cccvvvvvciiiieeeeeeeeiiiinnn, 59
Table 4-1 - a summary of gesture control developments ...............cccevvvvvvvnnnnnn. 74
Table 4-2 - joints of interest and corresponding variables ...............ccccevvvvvvnnnnn. 83
Table 4-3 - gesture and gesture ID.........coooeeeiiiiiiiiiiiie e 98
Table 4-4 - Static Pose Recognition test SEQUENCE...........ccevvvvvciiieeeeeeeeeiiiiinnnn. 98
Table 4-5 - Kinect vs Tracker reSultS.........cccccvvvviiiiiiiiiieeeeee 106
Table 4-6 - summary table of robot movement errors compare to control output

................................................................................................................ 110
Table 4-7 - user input and robot control mode............ccoooeevviiiiiiiiiiiiiieeeeeeeeeens 126
Table 5-1- summary table of developmentin chapter5 ........ccccccvvviiiiiiinnnnn. 140
Table 5-2: Experiments summary table............cccccoo 146
Table 5-3: Complete categorisation for comprehension score ....................... 149
Table 5-4: Comprehension score table ..........cccccooviiiiiii 150
Table 5-5: Major trust related themes...........ccccc 151
Table 5-6 - Meaning of colours - General principles EN 60073:2002............. 160
Table 5-7 - fixation time average of four different scenarios................cccc....... 176
Table 5-8 - fixation count average of four different scenarios......................... 176
Table 6-1 - comparison summary for SPR and DHMT .........ccccccciiiiiiiiinnnnnnn. 182

Xii



LIST OF ABBREVIATIONS

ASRD Affective-State Reporting Device
API Application Program Interface
AOI Area of Interest

APF Artificial Potential Field

ACE Autonomous City Explorer

BSI British Standards Institution
CCP Central Control Programme
CPU Central Processing Unit

DOF Degree of Freedom

DHMT Dynamic Hand Motion Tracking
EEG Electroencephalogram

FSM Finite State Machine

GUI Graphical User Interface

Hz Hertz

HMI Human Machine Interface
HRC Human-robot collaboration

HRI Human Robot Interface

ID Identification

IR Infrared

IP Ingress Protection

I/0 Input/ Output

IFR International Federation of Robotics
IP Internet Protocol

LED Light-Emitting Diode

LCD Liquid Crystal Display

OLED Organic Light-emitting Diode
PCA Principal Component Analysis
RFID Radio-Frequency Identification
RGB Additive Colour Model

RAM Random-access Memory
RULA Rapid Upper Limb Assessment
RT Reaction Time

SDK Software Development Kit
SPR Static Pose Recognition

SOl System of Interest

TFT Thin-Film Transister

3D Three-dimensional Space

Xiii



2D

TCP
TCP
TOF
USB
VSE

Two-dimensional Space

Tool Centre Point
Transmission Control Protocol
Time-of-Flight

Universal Serial Bus

Vision for Space Exploration

Xiv



PUBLICATIONS

Journal Publication

Tang, G., Asif, S., & Webb, P. (2015). The integration of contactless static pose
recognition and dynamic hand motion tracking control system for industrial

human and robot collaboration. Industrial Robot: An International Journal, 42(5).
Conference Publication

Tang, G., Charalambous, G., Webb, P., & Fletcher, S. R. (2014). Users'
understanding of industrial robot gesture motions and effects on trust.

Contemporary Ergonomics and Human Factors, 116-123.



1 Introduction

The efficiency of a team of human workers is dictated by the effectiveness of
communication between teammates. The same applies to human-robot
collaboration (HRC). If one does not communicate well with another during
cooperation, the operations will result with increased system downtime and
errors which may affect the quality and rate of output. Conventional human-
robot interfaces enable highly skilled personnel to programme industrial robots
using proprietary robot interface and programming languages. However, these
methods of robot control were not designed for human-robot collaboration, such
applications may require frequent intervention by a human worker with minimal
amount of training. Thus, an intuitive and interactive solution is required which is

presented in this thesis.

1.1 Research motivation

Industrial robots have been identified as an effective solution for optimising
output and quality within many industries such as automotive manufacturers.
There are numerous manufacturing processes that could potentially be
automated in order to improve efficiency and quality. The use of readily
available robotic systems could provide a means of achieving such automation
in a cost effective manner. However, there are a number of high-value low-
volume manufacturing processes involving large numbers of product variants
and complex tasks for example, wing manufacture which prohibit the use of fully

automated solutions in the foreseeable future (Walton et al, 2011).

Previous safety regulations require the separation of human operators from
automated equipment, typically with fixed safety fencing. Such installations are
difficult to arrange on a flexible assembly line, restricting the efficiency of the
overall assembly process. However, health and safety standards such as ISO
10218:2 - 2011 have been updated to reflect that in some circumstances it is
now safe and viable for humans to work more closely with industrial robots
(British Standards Institution, 2011), this, coupled with the introduction of safety

rated collaborative robots and improved low cost sensing technology, may now



provide an opportunity to increase the degree of automation in such tasks.
Robots in such systems could operate as “intelligent assistants” in a shared
workspace in which to carry out simple and repetitive tasks or to carry out tasks
that require human operators to work in awkward positions and to lift heavy
parts with the human operator carrying out tasks that require decision making
and the dexterity of the human hands. The presence of such a robot helper
could increase production output and provide a better working environment for

production workers.

In a collaborative working environment, robots and humans share the same
working area, and interact with each other. This type of interaction will require
flexible and effective ways of communication and collaboration to avoid
unwanted conflicts and errors. Conventional robot user interfaces such as teach
pendant enable trained users to programme industrial robots to perform
repetitive routine using proprietary languages. However, these user interfaces
and programming languages can require significant learning prior to achieving a
satisfactory level of competency to operate these machineries. Frequent human
intervention can be required in an industrial human and robot cooperating
scenario, an incapable user-interface can costs process cycle time and causes
errors in operating procedures. This can result with decreased efficiency which
defeats the purposes of an automation system. In the field of human-robot
interaction, the majority of researches on the interface between human and
robot are targeting social robot and mobile robot applications. Human-robot
collaboration research in the industrial robot domain are predominantly focusing
on improving the safety aspects of this type of systems, but there has been a
lack of research effort in user-interface for human-robot interaction in industrial
applications. Thus, the development of an intuitive human-robot interface is
encouraged. This thesis is attempting to focuses on improving the human-robot

interface in terms of robot control as well as indication system.



1.2 Research objectives

The primary aim of this PhD is to develop a Human-Robot Interface (HRI) for
communication with industrial collaborative robots during collaboration in
proximity. This goal is achieved through development of software programmes
and integration of robotic and sensing technologies.

The system should be capable of receiving input from the human user via an
intuitive method as well as indicating its status to the user effectively. The HRI
will be developed using a combination of hardware integrations and software
developments. Software should be developed using a high level programming
language for efficacy reasons and a number of relevant algorithms will be
developed to process data. The HRI software and the control framework should
be developed in a way that is applicable to other industrial articulated arm
robots with a similar robot controller programming structure. The developed
system will accept contactless input, and therefore a non-contact based sensor
will be used.

Industrial human-robot collaboration research involves engineering and social
science. The development of such system can require significant resources,
both financial and people. Therefore, the scope of this research project is
limited to include a number of exploratory studies and developments which
demonstrate the development process of an industrial human-robot

collaborative system as contribution for future work.

A number of objectives are outlined as follows:

e Problem identification of human-robot interfaces — literature review of
existing technologies and researches on human-robot collaboration

e System integration of an industrial collaborative cell which is compliant to
safety standards with risk assessment being carried out. - The system is
developed in conjunction with a small scale collaborative robot system
which has been integrated using off-the-shelf components.

e Preliminary development of different gesture interfaces to investigate

their characteristics.



e Further gesture control system development with human factor
considerations.

e Demonstration of gesture control interface with potential applications.

e Integration of gesture control with traditional industrial robot arm

¢ Investigation of robot to human communication and identify problems of
conventional systems.

e Develop robot to human communication system and evaluate with
human factor experiment.

e Establish suggestions for future work based on findings.

1.3 Contribution to knowledge

The work described in this thesis offers the following contributions:

Three gesture user interfaces were developed for human-robot collaboration. It
provides an understanding of different types of gesture control interface and
their potential applications in various aspects of human-robot collaboration.

Two different types of gesture control: Static Pose Recognition and Dynamic
Hand Motion Tracking were integrated into one system. The integration was
demonstrated using a pick and place and a polishing task to demonstrate its
potential application in the industry. The work has been published in a journal

paper (Tang et al. 2015).

This thesis demonstrates the integration of a gesture command system and a
heavy duty industrial robot. It explains the technical challenges of this type of

integration and discusses potential applications.

An exploratory experiment was carried out investigating the effect of robot
gestures on users’ understanding. It highlights the limitations of industrial robots
in performing human-like interaction movements. The experiment results have

been published in a conference paper (Tang et al. 2014).

It presents the development process of a HRI for industrial human-robot
collaborative system with Human Factor considerations. It demonstrates how

human factor tools such as RULA can be applied in the system design process.



Human factor experiment was also used to validate the design concept at
development stage.

The findings of this thesis suggest a number of future works. This contributes to
the initiation of future academic proposals. They also reveal potential research

directions for the future.

1.4 Thesis structure

The remainder of the thesis is organised as follows:

Chapter 2 provides the underlying basis by an overview of related work on
human-robot collaboration. This chapter introduces collaborative robot and
their applications. The issues associated with collaborative systems are
explored further which leads to the realisation of the need of better
communication in human-robot interaction. Other human-robot collaboration
related subjects such as safety and supporting technology are also discussed in

the literature review chapter.

Chapter 3 presents the methodologies used to achieve the objectives of this
thesis. It describes the problem identification process, hardware selection and

integration of a base system for the main development in this thesis.

Chapter 4 presents in detail the development of gesture control systems for
robot interaction. It describes the design procedures of gesture control systems
at different stages which include design of system architectures, evaluation and
system integration.

Chapter 5 presents the development of the Robot to human communication
system concepts. This chapter highlights the importance of user feedback
within the design process. Thus, it explains in detail the experimentation
procedure used in various stages of testing. The experimental results are also

presented.

Chapter 6 provides an overview of the work presented in this thesis and

discussions regarding this research.



Chapter 7 concludes the work and provides suggestions for future work.

Appendix A provides additional literature review on digital facial expression,

robot safety equipment, and the effect of gesture on human’s trust.

Appendix B provides a description of additional research methodology used in

this thesis.






2 Literature review

2.1 Introduction

The literature review has focused on human and robot collaboration and
interaction. This aims to investigate existing research efforts which have been
attempting to solve a similar problem in interactive robotics systems, thus a
number of relevant research areas have been identified. A variety of research in
similar collaborative contexts has been recognised. However, the majority are
based on humanoid type social robots. Various researchers have developed
communication methods with small industrial robot arms which aid
collaboration, and some preliminary work has been done on robotic collision

avoidance with industrial arm robot.

The literature review begins with a brief overview of industrial robots which
briefly covers their history and the state of the art. The developments in human-
robot collaborative systems is subsequently reviewed, the use of collaborative
robots in the industrial is also discussed. It is realised that effective
communication is key to achieve seamless collaboration, thus this subject area
is extensively reviewed. The HRI of a collaborative system has direct impact on
its efficacy of receiving and conveying message with the human counterpart so
existing and current developments in HRI are studied. This research concerns
collaborative system where a human and a robot coexist in the same work
space, safety is one of the main consideration in this type of situations so robot
safety is reviewed as well as researches carried out on the subject of human-
robot interaction in proximity. The state of the art in sensing technologies used

in robotics is also reviewed to support system development.

2.2 Overview

The deployment of industrial robots in manufacturing plants has continued to
increase over previous decades. They are used in a variety of applications
which include spot welding in automotive production and pick-and-place
operation in the packaging industry (Fryman and Matthias, 2012). Traditional

industrial robot operations are enclosed by hard safeguard which prohibited



human intervention, but there is a shift in paradigm in recent years due to the
continuously increasing requirements of flexibility and changes in industrial
robot regulations such as ISO 10218-2:2011 (Kruger et al, 2009; British
Standards Institution, 2011). Moreover, there are many situations where robots
fail to complete a task to a desirable standard due to unexpected events. There
are many applications involving objects or processes with high degrees of
variability where their positions and orientations are unknown, which
complicates the requirement of the robotic system. It is a common issue in high-
value low-volume production (Potter, 2009; Inman et al, 1996). Such robotic
systems are difficult and expensive to develop, which may defeat the original
purpose of using robotic technology. However, it has been recognised that
human and robot operating as one system can boost productivity and improve
many current processes. In this case, the role of the human operator remains
important in the process which reduces the optimal degree of automation to be
less than 100% (Fryman and Matthias, 2012). It is important to balance the
workload between human and robot to optimise productivity, and studies have
been carried out to investigate the optimal level of collaboration between human
and robot. A measurement method has been developed in (Bechar et al, 2006),
where 4 human-robot collaboration levels from manual to fully autonomous

were defined, tested and evaluated.

The introduction of industrial collaborative robots has enabled human and robot
to coexist in the same work space (Knight, 2014; Tan et al, 2016). These robots
are currently being used in the automotive industry to perform tedious tasks
which include sealant application, system installation and material handling
(Bernier, 2013; Green, 2013). Industrial collaborative robots feature safety rated
designs which limit power and force, and this eliminates the requirement of
safeguard (Matthias et al, 2011). Collaborative industrial robots are becoming
increasingly popular in last five years. Many robotic companies are developing
‘user friendly’ robots for collaborative tasks. One of the prominent robot
manufacturers, ABB Corporate Research has investigated approaches to risk
assessment for collaborative robots and a more detailed future methodology

that will improve resolution to relevant low-level injury risks (Matthias et al,
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2011). The focus is on designing robot with low health impact to the user in the
event of collision between the 2 agents. The collaboration of human operator
and traditional large industrial robot has been investigated for aerospace
production application previously. Walton et al from Cranfield University have
studied the implementation of human and robot cooperation in an aerospace
equipping process in (Walton et al, 2011) .The project developed a system
using a high payload KUKA robot to perform positioning with actual aerospace
components. The human interaction area was monitored with the state of the art
safety monitoring devices, which include a 3D safety camera and a safety laser
scanner. This work has shown that human and robot collaborative tasks can be

performed safely and effectively in the heavy industry.

The growing interest of industrial human-robot collaboration has sparked a
number of related research areas Where a Human and a robot coexist in the
same workspace can introduce additional safety risks when compared to fully
automated system guarded within a cage. Risk assessment for collaborative
robots must be considered with high priority during the implementation of this
type of systems, viable approaches have been investigated in existing
researches (Matthias et al, 2011). Apart from risk assessment, studies have
been carried out in developing alternative safety strategies for industrial robots
such as safety path planning and collision avoidance (Pedrocchi et al, 2013;
Sharma et al, 2015). When carrying out a collaborative task, the communication
between human and robot must be effective in order to achieve seamless
collaboration. Ideally, a robot should collaborate with non-expert users with little
to no prior training. This can be accomplished by incorporating intuitive human-
robot interface. The reduced cost of advanced 3D sensors has enabled the
development of intuitive human-robot interface such as contactless gesture
control (Tang et al, 2015). Furthermore, haptic devices are also a popular tool
for robot control in recent researches (Vu and Na, 2011). The ability to perceive
a robot’s state during a collaborative work task is also paramount for users to be
aware of the situation and make confident planning of their own actions. This
can increase the fluency of a process and reduce hazardous conditions. A

number of studies have been carried out in this context, which includes robot
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gesture, anticipation and hesitation motion, dialog control, and touchscreen
display (Tang et al, 2014; Moon et al, 2011; Gielniak and Thomaz, 2011).

The development of human-robot collaboration should also be considered from
a human factor perspective. For example, the balance of workload between
human and robot can be used to optimise productivity (Bechar et al, 2006;
Hinds et al, 2004). Understanding the preferences of the human worker can
improve planning of collaborative task (Gombolay et al, 2015). Measurement of
users’ trust in a robot can be used in enhancing system design (Sadrfaridpour
et al, 2014, Freedy et al, 2007).

The literature review of human-robot collaboration is discussed in greater detail

in following chapters sorted by relevant research areas.

2.3 Industrial robot

Unimate is the first modern-day industrial robot, co-developed by serial
entrepreneur George Devol who applied for a patent in 1954 and received the
patent by 1961 (figure 2-1). The Unimate arm was commissioned on the
General Motors assembly line in 1961 to pick and place hot die-cast metal
components from their molds (Pearce, 2011; Ballard, 2011). In the early 1970s,
Nissan Corporation automated an entire assembly line with robots which
sparked a continuous revolution. An industrial robot has three crucial elements.
It manipulates its physical environment, industrial robots are computer
controlled and they operate mostly in industrial setting, such as production line.
Industrial robots are broadly applied in manufacturing operations which include
assembly, machining, welding, packaging, palletising, material handling and
positioning (Thrun, 2004).
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Figure 2-1 - Unimate robot

The use of industrial robots has continued to expand and sales have increased
in current industries. The International Federation of Robotics (IFR) estimated
that around 225,000 units were sold in 2014 which is 27% more than in 2013
(IFR, 2014). Industrial robot systems can integrate with other factory automation
systems to support just-in-time production and economically-viable bespoke
manufacturing. A well-design robotised manufacturing line can adapt to produce
different product variants as demand dictates (Heyer, 2010). There has been a
shift in paradigm from low cost high-volume production to high value low-
volume manufacturing and increased production demand in wage-intensive
countries which mean manufacturing systems require more flexibility,
adaptability and cost-efficiency (Jovane et al, 2003).
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Figure 2-2 - articulated robot (top left); parallel robot (bottom left); Cartesian
robot (top right); SCARA robot (bottom right)

There are four popular types of industrial robots which are widely available on
the current market, these include: articulated robot, parallel robot, Cartesian
robot, and SCARA robot (as illustrated in figure 2-2). Amongst these four types,
articulated robot is the most widely used in manufacturing industry due its good
flexibility, speed, and large working envelope (as illustrated in figure 2-3)(IFR,
2012). Robot manufacturers generally classify these robots by their payload and
reach capabilities into 3 main groups which are small, medium and large. Small
robots have payload of up to 16kg and some manufacturers offer variants of

small robots with extended reach of up to 3.1m. Medium robots have payloads
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of between 16-60kg and reach of around 3m. Large robots have payloads of
60+kg and reach of over 3m.

Dimensions: mm

Figure 2-3 - typical working envelop of an articulated robot

Traditional industrial robots have high payload capability and repeatability, but
they have never been safe for human to work alongside them. Thus, the
majority of final assembly tasks in automotive and aerospace manufacturing
have remained full manual procedures (Knight, 2013; Webb, 2011). The goals
of human-robot collaboration are to increase productivity and reduce workers’
workload by relieving them of the most unpleasant jobs. Thus, industrial robots
become an essential element of many manufacturing systems (High Level
Group, 2006). Collaborative robots or Cobots are introduced to the market in
recent years. These robots are designed to work along humans without the
requirement of additional safe guard which reduce the complexity and cost for

implementation.
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2.3.1 Collaborative robot

There is a wide range of small articulated robots on the market, and most of
them have similar capabilities. A number of the most prominent robot suppliers
have been consulted during the process of identifying the most suitable robot
for this application, and these include KUKA, FANUC, ABB, Yaskawa Motoman,
Kawasaki and Comau.

Recently, a new breed of collaborative robots are unveiled on the market, these
robots are designed to work alongside human and with each other without the
requirement of safe guarding. A common feature among these robots is the
compliant design which greatly reduces the severity of injury in the event of a
collision between human and robot. Collaborative robots are offered by a
number of manufacturers in single-arm and dual-arm configurations, 6-axis or 7-
axis, for example KUKA LWR (Bischoff et al, 2010), Universal Robots
(Dstergaard et al, 2006), ABB YuMi and Baxter Robot (Guizzo and Ackerman,
2012; Anandan, 2013).

Rethink Robotics has created the Baxter robot, which was designed to be a
human friendly robot (figure 2-4). The Baxter robot features an animated eye
Human Machine Interface (HMI), as well as a dual arm system driven by series
elastic actuators (Rethink Robotics, 2015). The key feature of the robot is its
compliance provided by the actuators, which allow safe interaction, but it has
relatively low repeatability and maximum speed. However, these robots have
inferior capabilities compare to traditional industrial robots which restricts their

applicability in large scale applications.
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Figure 2-4 - Baxter robot

ABB has developed YuMi, a robot for human-robot collaboration in the same
workspace. The robot features inherent safety for human operators, high
flexibility and degree of freedom, intuitive interface for programming and
deployment, and dexterity which enables it to assemble small parts (Kock et al,
2011; Hedelind and Kock, 2011). The ABB YuMi comprises a two-arm robot
with integrated controller inside its torso (figure 2-5). Each of its arms has seven
joints and each arm is equipped with a multi-tooled gripper which is developed

for the targeted applications (Vittor et al, 2011; Park et al, 2012).
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Figure 2-5 - ABB YuMi robot

The light-weight robots developed at the German Aerospace Centre (DLR)
features low inertial properties, torque sensing in each joint and a human-like
load to weight ratio (Albu-Schaffer et al, 2007). A technology transfer was
undertaken between KUKA and DLR towards the end of the research stage
carried out in DLR (Bischoff et al, 2010), and the KUKA LWR was developed
(figure 2-6). The properties of the LWR enable them to fit into applications which
require the robot to interact with human. A safety evaluation of this particular
robot has been carried out by Haddadin et al (2007) which concluded the light-

weight robot does not cause serious ham.
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Figure 2-6 - KUKA LWR

As a result of further research, the Universal Robot URS5 robot has been chosen
for this project (figure 2-7). This robot has 5kg payload, +/-0.1mm repeatability
and 850mm reach, which is adequate to perform simple assembly tasks of a
small structure for experiments and testing. However, this robot was chosen
mainly for its safety features. The UR5 robot is a safety rated robot equipped
with a post-collision safety function which will activate an emergency stop to the
robot as soon as an impact has been detected. That means the user can
interact with the robot freely without any safe guarding, and that has greatly
simplified the work cell integration and also allows collaborative experiments to
be carried out with less restriction.
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Figure 2-7 - Universal Robot UR5

2.4 Human and Robot Collaboration

There has been an increased interest in the technology aspect and economic
benefit of bringing human and robot closer together in manufacturing
environment. The primary motivation is the limitations of conventional robots in
tasks which require a certain level of perception, dexterity and reasoning, this
can be difficult to achieve technically in a cost-effective manner. In a high value
low-volume manufacturing environment with elevating cost pressure, the conflict
between flexibility and automation has become apparent. With the increased
flexibility requirements, a fully automated solution may no longer be optimal in
terms of cost, productivity, robustness and flexibility. In this case, a safe and
flexible collaboration between human and robot can be a feasible solution to
achieve maximised productivity and flexibility. Thus, industrial robots can
operate as intelligent assistants in production environment at handling,
machining, positioning and assembly tasks (De Santis et al, 2008; Hagele et al,
2002; Helms et al, 2002; Kriger et al, 2009).
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Automation has provided many benefits for a broad range of applications. The
main benefit of automation regardless of applications is that it can reduce the
human user's workload, both mentally and physically (Boy, 1998). These
workload reductions can include response execution and muscular exertion,
decision making, and in information acquisition and analysis. The potential for
automation to reduce workload is the main attractive point to the human
operator in an environment where time stress is high or in task where cognitive
effort must be minimised for carrying out other concurrent tasks. However, the
workload-reducing feature can induce new types of problems while reducing
some other errors (Pritchett, 2009; Sarter, 2008). If not designed correctly,
automation may increase rather than decrease human mental workload (Wiener
and Curry, 1980).The main goal of the developed system in this project is
simple and flexible programming, as most people who interact with an industrial
robot system are production operators and not robotic experts. Thus, an
intuitive and natural user interface is important for seamless human-robot
collaboration (Hvilshgj et al, 2012). Human-robot interaction in proximity can be
carried out efficiently with the support of innovative interface such as gesture
control (Kruger et al, 2010; Stopp et al, 2001; Burger et al, 2008). The
development of human-robot collaboration has become more viable in recent
years due to the significant decrease in costs of devices for computation,
sensing and actuation. Furthermore, recent advances in industrial robots have
enhanced their potential to operate in unstructured and high variability
environment (Thrun, 2004).

Many functions in collaborative systems are shared by humans and robots, thus
it is important to consider synergies and conflicts among the various performers
of joint actions. Furthermore, it has been realised that successful function
allocation is not a simple process of transferring responsibilities from one agent
to another (Boy, 1998). It has been found that automated assistance does not
simply enhance human’s ability to perform a task, but instead changes the
nature of the task itself (Christoffersen and Woods, 2002; Norman, 1992).
Research on human-automation interaction has shown that automation can

change the cognitive process of a human user, in a way that is unanticipated by
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the system designers. Furthermore, a technology-centred approach has been
the cause for many human performance issues and accidents when using
automated systems such as Three Mile Island accident and Kegworth air
disaster. Designers have typically focused on improving the technology aspects
of an automated system without taking human factor into consideration.
Research evidences have shown that a human-centred design approach should
be incorporated when considered an automated system, in which the design
objective is for joint human-automation performance (Billings, 1996; Lee and
Seppelt, 2009).

Industrial Psychologists have classified automation in terms of which human
performance functions it replaces. Five general categories have been
suggested to describe the different purposes of automation as follows
(Parasuraman and Sheridan, 2000):

e Tasks that humans cannot perform

e Human performance limitations

e Augmenting or assisting Human Performance

e Economics

e Productivity
The categories can be a useful tool for assignment of new task to different team
players of the system. Furthermore, Joint activity theory mentions three points
for effective coordination which are interpredictability, common ground, and
directability (Klein et al, 2005). Interpredictability is the ability of team players to
predict the actions of others in order to plan their own actions. In this context,
the users must be aware of the robot’'s state to avoid interruption to the
operation. Common ground refers to the relevant mutual knowledge which
supports the collaborative task. For example, two members of a team cannot
cooperate effectively unless they can make effective assumptions of each
other’s capability. Directability is the capacity to redirect the actions of other
team members in a collaborative task as the conditions and priorities change. In
this case, the robot system must have the capability to receive input from users
during a task and response accordingly (Klein et al, 2005; Bradshaw et al,
2009).
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The level of autonomy can affect the efficiency of a human-robot collaborative
system depending on the nature of the task. It is important to perform a cost
and benefit analysis associated with automation and manual control to find the
optimal level of autonomy. A manual system allows high level of system control,
but it is labour intensive and the capability of robot may not be fully utilised. A
fully automated system lacks the flexibility of high-level task planning and
execution to tackle uncertainties within the process which necessitates frequent
human intervention to alter the programme. Sophisticated interfaces which
enable human guidance of robots’ tasks and goal can be used to tackle these
issues (Few et al, 2006; Bruemmer et al, 2005). It has been suggested that an
adaptive and variable approach can be used to address the issue (Goodrich et
al, 2007).

One of the most important variables in human-robot collaboration is trust. There
are numerous literatures on trust and its application on automation, for example
the concepts of complacency (over-trust) and the cry wolf effect (under trust)
have been introduced by Sorkin (1989). Automated systems that appear to be
reliable can cause the tendency for operators to not monitor the automation or
the signals from the system. Automation complacency allows human operators
to focus on their other tasks before the machine eventually fails, but when it fails
there can be two behavioural consequences. Firstly, the machine failure is
infrequent and therefore unexpected so it will be hard to detect when it occurs.
Secondly, the human operator who expects the machine to be functioning
properly will be less likely to monitor the machine operations which can results
in a lack of situation awareness (Endsley and Kiris, 1995). Thus, the operator
may not react appropriately when an error occurs. More recent work has been
carried out on developing a trust scale for evaluating the level of trust for

collaborative robotic systems (Charalambous et al, 2015).

There is a vast body of research on human-robot cooperation particularly in
material handling. Maeda et al (2001) have investigated in a control method for
human-robot cooperative manipulation. Agrevante et al (2014) proposed a

framework for combining vision and haptic information for human-robot
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interaction. The system is aim at tasks which cannot be performed with vision or
haptic information alone (Agravante et al, 2014; Bussy et al, 2012). Effort has
also been made to improved fluency of robot-human hand-overs by using

spatial contrast (Cakmak et al, 2011).

2.5 Collaborative robot in manufacturing environment

BMW has progressed towards revolutionising the role of industrial robots in
automotive production by deploying a number of robots which work alongside
human workers at its plant in Spartanburg South Carolina. Compliance
industrial robots are used in a door sealant application task prior to door casing
installation (as illustrated in figure 2-8). The task involves rolling of glue lines to
an automotive door which is heavy duty work so the aim of assembly robots is
to improve the working condition of the workforce instead of replacing them.
The age of skilled workers and retirement age have continued to increase, thus
it is important to compensate with the help of industrial robots and maintain the
health of the workforce. BMW’s human-robot collaboration is one of the first of
many examples of robot working in proximity with humans. BMW is currently
testing mobile assembly robots which are capable of collaborating directly with
human workers. These robots are being developed with Julie Shah, a professor

in MIT’s department of aeronautics and astronautics (Knight, 2013).
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Figure 2-8 - industrial collaborative robot applying sealant on car door

24



Volkswagen deployed its first Universal UR robot in 2013 to install glow plugs

into engines. Manual workers are working with the robot on the same

production cell as shown in figure 2-9 (Rustici, 2015).

Figure 2-9 - industrial collaborative robot carrying out glow plug installation

On the other hand, Mercedes-Benz began collaborating with KUKA AG in 2012
to investigate the use of the KUKA Lightweight Robot on its manufacturing line
(figure 2-10). It is suggested the lightweight robot can operate as a worker's
“third hand” which can be set up to support workers ergonomically. The plan is

for the robots to take over tiring and repetitive tasks (Daimler, 2012).
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Figure 2-10 - KUKA LWR in series production

Audi has deployed the “PART4you” cooperative robots at its main plant in
Ingolstadt in 2015. The robots operate as material handler which hand
automotive components to workers when required (figure 2-11). Similar to the
Mercedes-Benz concept, the robots work alongside human workers without any
safety barrier, and they pick up components from a box and pass them to
assembly workers at the right time and in an ergonomically optimal position.
The robots feature a soft protective skin with integrated safety sensors to
minimise hazard to employees (Audi press release, 2015).
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Figure 2-11 - collaborative robot is currently being used in Audi factory

2.6 Communication in collaboration

It is identified that communication between human and robot must be effective
in order for a collaborative task to be carried out smoothly. Existing studies have
investigated the communication between humans and robots during a
collaborative task. The computer science department of the University of
Southern California has develop a collaborative communication framework,
which was inspired by Theory of Mind and making use of perspective taking to
support several collaborative functions, including detection of opportunities to
assist. The work is currently under development and their aim is to validate the
approach on a cooperative task in a dynamic environment involving humans
and robots (Clair and Mataric, 2011). The efficiency of a collaborative task can
also be improved by designing smooth and natural cooperative transfers
performed by a human-robot system. In (Ahmad F et al, 2011), the effect of
perceiving different parts of the object as a means for exchanging information
between subjects has been investigated, as well as the importance of having
task initiation signal and information of targets position to improve the task

smoothness.
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It is important for users to be able to perceive a robot’s state during a
collaborative work task, so users can be aware of the situation and make
confident planning of their own actions. This can increase the fluency of a
process and reduce hazardous conditions. A number of studies have been
carried out in this context, which includes robot gesture, anticipation and
hesitation motion, dialog control, and touchscreen display.

It is logical to consider human-human communication when developing a
human-robot communication interface. Many research projects have studied
human interaction prior to investigate human-robot collaboration (Nakata et al,
2011; Meisner et al, 2009; Zhu and Kaber, 2012). Literatures on human-human
communication are briefly reviewed to gain a basic for the understanding of the
needs of an effective human-robot collaborative system. In face-to-face
communication, people use speech, gesture, gaze and non-verbal cues to
effectively communicate with each other. Eye gazes are an important subset of
non-verbal communication cues, it provides visual feedback which regulates the
flow of conversation, communicating emotion and relationships, and improving
concentration by restriction visual input (Kendon, 1967; Breazeal et al, 2005).
Eye gaze cues are also valuable for coordinating collaborative task (Fussell et
al, 2000; Brennan et al, 2008). Eye gazes have also been found to be useful in
task such as human-robot handovers (Admoni et al, 2014; Moon et al, 2014,
Sato et al, 2016). Apart from gaze, humans also use a wide range of non-verbal
cues to improve communication which include nodding (Cassell and Thorisson,
1999), gesture (Goldin-Meadow et al, 2001; McNeill, 1992; Goldin-Meadow,
1999; Iverson and Goldin-Meadow, 1998) and posture (Strabala et al, 2013).
This suggests that a robot needs the capability to recognise and produce non-
verbal communication cues in order collaborate effectively with a human
partner. Green et al (2008) have classified three types of communication
channels which include audio, visual and environmental. “Environment channels
consist of interactions with the surrounding world, while audio cues are those
that can be heard and visual cues those that can be seen”. Rani et al (2004)
developed a robot system that senses and monitors the anxiety level of a

human and response accordingly. When the robot and human are collaborating,
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the robot can detect the emotional state of the human through physiological
responses that are generally involuntary which are non-bias from culture,

gender or age (Rani et al, 2004).

Moon et al (2011) have investigated the communicative capabilities reflected in
the trajectory characteristics of hesitation gestures during human-robot
collaboration. The research was addressing the problem of safe interaction for
non-expert users of robotic assistants. Hesitation gestures and non-hesitation
human arm motions were recorded from simple reach and withdraw tasks and
programmed into a 6 degree of freedom (dof) articulated robot. Hesitation
gestures of both the human and robot were recognised by the majority of the
survey participants, which indicates that hesitation movement from robot can be
an effective communication mechanism to express a robot’s state of uncertainty
during collaborative task. Similar studies have been carried out in (Dominey et
al, 2008; Gielniak and Thomaz, 2011), where they created anticipatory motion
in robot motion to give users greater time to respond during an interactive task.
The concept is that the human partners are aware of the robot’s intent earlier so
they can react accordingly. The developed algorithms for generating
anticipation in robot motion have been tested, but there were limitations with the

robot’s kinematics so the researches are still on-going.

The importance of clarifying how humans actually interact with each other when
they do collaborative work is commonly recognised to be key in creating a
human-collaborative robot system. The user should be able to effectively
command a robot when intervention is required. There is various existing
research which investigates the way humans communicate with each other
during human-human collaborative tasks. Many have studied speech command
related subjects for the realisation of voice control in collaborative robots. For
example, in (Huichi et al, 2011) the effectiveness of the length of a command
speech is studied, and based on the experiment results, the authors have
proposed three stages of language skill acquisition in collaborative work. Other
studies such as (Kruijff et al, 2010, Burger et al, 2011, and Mashimo et al, 2016)
have looked at using dialogue and speech to control a robot during

29



collaboration. Attamimi et al (2016) have studied the use of honest signals in

robot to improve interaction with human.

Ende et al (2011) have developed a different approach for human and robot
communication within collaborative working processes. The authors have
reviewed some previous interactive methods which includes a touchscreen
display to control the robot state. They have pointed out the drawback of a
touchscreen method is the distraction from the actual interaction task, hence a
gesture based approach is more suitable for collaborative tasks. It was
proposed that human gesture communication skill can be transferred onto an
articulated-arm robot. It is realised that the robot’s pure task motion does not
provide sufficient information to the human to fully understand the task state, so
they have studied gestures from human-human interaction and transferred a
pre-selected ensemble of gestures to single arm robotic system. Their
experimental results have shown that some gestures are better received than
others. For instance, synchronising gestures such as “higher” or “lower” have
shown poor results, and on the other hand, referencing gestures e.g. “this one”
and terminating gestures e.g. “stop” have shown provide valuable information to
the human user for their designed use-case. This project will further investigate
human and robot communication in collaborative tasks based on the work

described above.

2.6.1 Feedback on automation states and behaviours

During a collaborative task, the human operator and robot work together as a
team and if one does not communicate with another effectively the task
performance will be affected, or accidents may occur. The deficiency of
automation feedback to human has been well-documented as one of the most

common causes for incidents occurred during a collaborative task.

Automation should provide feedback on its state to enable a human operator to
predict their next move, but even if feedback is presented the saliency must be
high enough for the operators to notice, because human’s limitation in signal
detection and vigilance capabilities. Humans suffer the phenomenon of change
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blindness when they are focused on other tasks (Simon and Chabris, 1999) and
unexpected signals can often be ignored (Starter et al, 2007).

A typical automated system consists of at least one type of Human Machine
Interface (HMI). The HMI includes the electronics required to signal and control
the state of industrial automation equipment. These interface products can
range from a basic light-emitting diode (LED) status indicator to a thin-film
transistor (TFT) panel with touchscreen interface (Atmel, 2015). A traditional
industrial robot system usually includes a teach pendant and a stack light to
provide user with the information of robot’s state (Electro-Matic, 2015). Some
robots have different feedback system, for example the Baxter robot has a
monitor screen positioned above its dual-arm and single-arm systems, and a
pair of animated eyes is displayed on the screen during an operation to indicate
the robot’s state. Rodney Brooks of Rethink robotics has claimed that the face
was the most intuitive way for robot to communicate with user (Rethink
Robotics, 2015). There are a number of studies investigating the effectiveness
of digital facial emotions such as emoticons as described in appendix Al.
Others have studied the generation of facial expression for robots and these
include (Han et al, 2013; Baltrusaitis et al, 2010; Wu et al, 2009), but there is
still a lag of empirical evaluations of human-robot affective interaction, as well

as in importing existing tools from avatar animation towards their use of robots.

2.7 Human-Robot interface

NASA published the “Vision for Space Exploration (VSE)” in 2004, a framework
that describes the guiding principles and roadmap to implement a robust space
exploration program (NASA, 2004). The main goal of the VSE is to implement a
sustained and affordable human and robotic program to explore the solar
system. The development of joint human-robot systems is a major emphasis to
the VSE (NASA. 2005). The use of robot systems was proposed in the VSE due
to its capability to perform tasks that are not practical or necessary for humans
to perform. It is realised that there is a need for standardisation of human-robot
interface because the combination of non-expect robot user and complex and

inconsistent robot interfaces will result in significant training requirement,
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system deficient and increased crew workload. Some human-robot interfaces,
such as text-based command, offer great functionality and flexibility but require
high learning cost. Other interfaces, such as direct manipulation display are
easy to use due to the minimal assumptions on user’s knowledge. However, the
effectiveness of an interface depends solely on the design. In the design of
computer user interface, a sequential approach is often used. Some of the
broadly used design methods are heuristic design, guidelines and iterative
design (Ferketic et al, 2006).

The traditional setting of industrial robots can be simplistic, inflexible and costly,
but that can change with the introduction of human-robot collaborative systems.
This type of system can be configured to have wider-domain and less
application—specific robots. A generic design with easily reconfigurable user
interface will require minimal effort by programme-engineers on site to cover
various contexts of operation. Ideally, a robot should collaborate with non-expert
humans with little to no prior training. This can be achieved by intuitive robot
tuition by demonstration, imitation and explanation (Argall et al, 2009; Nehaniv
and Dautenhahn, 2007; Wrede et al, 2013; Molina-Tanco et al, 2005). There is
significant research on human-robot interface and manipulation, many of these
research studied robot manipulation by imitation of human movement. Gu et al
(2011) proposes a two-phase learning framework for human-robot collaborative
manipulation task where the robot learns table-lifting skill from a human partner.
Further research evidences have shown that communication effectiveness can
be maximised when interactive robots have natural language capabilities (van
der Zant and Wisspeintner, 2007; Foster et al, 2006; Mavridis and Roy, 2006;
Giuliani and Knoll, 2011). Chen et al (2007) studied the human performance
issues in relation to user interface design. The advantages of audio, tactile,

haptic and gesture interfaces are summarised in figure 2-12.
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Type

Findings

Audio Display Useful supplement to visual feedback - increase awareness of swroundings, cue visual attention, and convey complex info;
can reduce operator workload; spatial audio displays can increase situation awareness

Tactile Display Effective cueing mechanism - ¢an be used to provide warning info and communication info regarding orientation and
direction as well as user position and velocity; especially useful in noisy environments requiring long periods of vigilance

Haptic Input Can provide continuous, proportional force feedback info; can improve teleoperator performance; ideal for surgery tasks

requiring fine manipulation

Audio & Haptic
Display

Providing different modalities in combination may not be more advantageous than presenting the modalities separately;
virtual fixtures can provide guidance against certain directions of motion or forbidden regions and can improve operator
accuracy; visual and audio fixtures were found to be more effective than tactile fixtures in terms of operator speed and
accuracy

Voice Input Useful when manual input is not effective (e.g., in a moving vehicle) or when both of the operator’s hands are busy;

Controls multiple commands can be consolidated into single “macro” commands; can reduce operator fatigue during demanding
procedures

Gesture Input Easy to use, can be used anywhere in the field of view of a camera, does not require special hardware, and allows a wide

Controls variety of gestures since it is software-based, generally oriented to teleoperation tasks that leave the hands of the operator

free

Voice & Gesture
Input Controls

Provide a large range of interactions natural to humans. System interpretation and of multiple-modality input may be
difficult; success depends on efficient, effective integration and delivery strategies.

Figure 2-12 - Multimodal displays and controls (Chen et al, 2007)

Apart from speech and gesture interface, brain-computer interfaces have also

been used in human-robot interaction research. For example, Esfahani and

Sundararajan (2010) have used electroencephalogram (EEG) headset to detect

the level of satisfaction of human user, they have reported an accuracy of

79.2% in detecting the human satisfaction level.

Zoghbi et al (2009) have

measured the affective state of people during human-robot interaction using a

hand-held Affective-State reporting device (ASRD). Haptic devices for robot

control have seen increased popularity in recent years due its robustness and

accuracy in robot motion control (Silva et al, 2009; Vu and Na, 2011). The multi-

sensors configuration of mobile device has been utilised in a number of

researches for motion control of an industrial robot (Yepes et al, 2013; Lopez et

al, 2014). Arumbakkam et al (2010) have developed a multi-modal architecture

for human-robot communication of the Honda humanoid robot.

Despite the rich amount of literatures in human-robot interaction in social robot
and mobile robot domains (Salter et al, 2006; Goodrich and Schultz, 2007),

there has been a lack of research

applications.

in human-robot interface in industrial

2.7.1 Gesture user-interface

Gestures are important in human cognition and constitute a universal element

of human communication across cultures. They also play a significant role in
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teaching and learning of human (Roth, 2001). Bolt carried out the “Put-That-
There” experiment using gesture input back in 1979 (Bolt, 1980). The subject
has been extensively studied in various contexts for human-machine interaction
due to its expected advantage. Using gesture input, users can experience more
natural interaction, because gesture is a natural form of communication for
humans which provide an easy-to-learn method of interacting with machines.
Some gesture control techniques can offer a more direct interaction with the
control subject, because the hand can become the input device in this case
without the need for intermediate transducers. Depending on the motion
capturing device, the precise position of the user’'s body can be tracked and
used to define both a command to be executed and its parameter (Baude and
Beaudouin-Lafon, 1993). Lidoris et al (2009) have developed the Autonomous
City Explorer (ACE), a robot capable to navigate its way through Munich by
received directional gestures from pedestrians. Similar gestures have been
described in (Thorisson, 1996). Bhuiyan and Picking (2011) have reviewed the
history of Gesture controlled user interfaces and identify trends in technology,
application and usability. They have reviewed a number of gesture control
interfaces developed for research projects and commercial products. It was
pointed out that the evolution of gesture based systems has accelerated in the
last several years due to improved vision sensing technology. Initially gesture
input was limited with the use of wearable motion capture devices such as data
gloves. The problem of wearable devices is that it might hinder the user's
movement which causes poor usability and discomfort for prolonged period of
usage. Another important aspect is the cost of these motion tracking devices

have become more affordable (Bhuiyan and Picking, 2009).

There are many other types of gesture user-interfaces for human-robot
interaction. lba et al (1999) have developed a dynamic gesture recognition
system to control a mobile robot using six dynamic gestures. The system is
based on a Hidden Markov Models which include a “wait state” to enable
rejection of non-related hand gestures, avoiding unintended robot command
while wearing the data glove. It is suggested that high-level command of robot

activity can be very useful compared to fine direction control. Similarly,
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Waldherr et al (2000) have used a gesture recognition interface to control a
mobile robot in performing clean up tasks. Loper et al (2009) demonstrated a
human-robot interface for mobile robot which combine person following, speech
input and gesture recognition. An example of a more simplistic approach is
(Cipolla and Hollinghurst, 1998), which allows people to point at a target object
with their finger to initiate robot pick up routine, and then point at a location for

drop off.

2.8 Interaction in proximity

Two of the main concerns when applying robots into unstructured environment
populated by humans are safety and dependability (Corke, 1999). The safety
aspect of collaborative robot design has been a popular research area in recent
years. There are a number of safety strategies in collaborative robotics, for
example back-driveable joints and gravity compensation (Brooks, 1983), safer
mechanical design (Brooks, 1985), improved actuation/ controller design
(Khatib et al, 1985; Kroger, 2011; Parusel et al, 2011) and safe plan planning
(Balan and Bone, 2006).

Safe interaction between humans and robots in proximity has been studied in
various contexts. Liu et al (2005) have developed a planning method for safe
interaction between human arms and robot manipulators based on mapping
moving obstacles into Configuration Space. In this research, motion planning in
dynamic environments and interaction strategy in task planning were
considered simultaneously. The concept was only tested using a simulation
model and the authors have left the future work to implement on more precise
models. Similarly Hanai et al (2011) have presented a model and motion
generation method for the task of collaborative pick and place between a robot
and a human. The method has been simulated to confirm the effectiveness of
the proposed strategy. The authors stated that applying such a method to a real
robot is a major future work, but there are a number of issues to overcome prior
to that, which include tracking of the human hand with minimal delay and

human trajectories estimation.
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Kunz et al (2011) have presented a strategic planning algorithmic model for
human-robot interaction with hybrid dynamics. Their model was designed for
predicting human motion which allows the robot to select optimal motions in
response to human actions and increase safety. For experimental purposes,
they implemented their model to simulated human-robot fencing which enabled
a 7 dof robot arm to block known attacks in any sequence. Game theoretic tools
have also been applied to process action plan for the robot to perform
defending actions. This research has shown the potential applications of

gaming theories and technologies in robotics.

2.8.1 Safe motion planning

It is accepted that collision avoidance and path planning are valuable functions
for a collaborative robot to be equipped with, and therefore this research has
investigated existing techniques in this subject area. There are numerous
different solutions which have been proposed to the collision avoidance
problem, and there are different approaches depending on the specific
application (Kroger and Wahl, 2010; Vannoy and Xiao, 2008). A number of
reviews have been published by various institutions to compare different
methods by their efficiency, complexity, and processing requirements. Reviews
such as (Kuchar and Yang, 2000) have evaluated different collision methods
which have been applied in automated air traffic conflict detection and
resolution (Shim and Sastry, 2007; Tadema and Theunissen, 2008; Lai et al,
2011; Luongo et al, 2010; Drury et al, 2010). A number of relatively simple
motion planning strategies have been used in path planning of mobile robots,
for example fuzzy-rule-based algorithm (Lee et al, 2011), neural networks
based on information fusion technique (Hu, 2009) and terrain reconstruction
method (Cai et al, 2005). Some of the algorithms described are highly complex
and demand enormous computing power to process in order to minimise delay
in the generation of a solution. Artificial Potential Field (APF) is a popular choice
of approach documented within collision avoidance research with the advantage
of not demanding significant computing power to effectively calculating a safe
plan. The method has been further developed and tested in number of research
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projects which require path planning for manipulators and mobile robots
(Warren, 1989; Khatib, 1985; Flacco et al, 2012). Pedrocchi et al (2013) have
developed and tested a robot collision avoidance system with safety for human
and robot collaboration as the emphasis. They have pointed out the safety
options provided by the basic supply of industrial robots are still limited which
hinder the possibilities of safe design of collaborative system. It was also
mentioned that collision avoidance-based motion planning requires a significant
amount of sensor data exchange over the network which introduces
architecture issues in terms of information flow, protocols and transmission
performance. A safe network has been created which involves a number of non-
safety rated sensors and computers for processing algorithms and cross
checking data to fulfil the requirements of IEC61508. Their paper describes a
Finite State Machine (FSM) approach with three super-states. The three super-
states include safe, warning and danger areas which the collision avoidance will
only be activate in the warning area. Kulic and Croft (2005, 2006, 2007) have
developed a safe planner which minimises the danger criterion during the
planning stage ensures that the robot is in a low inertia configuration in the case
of an unanticipated collision, as well as reducing the chance of a collision by
extending the robot centre of mass from the user. It is reported that participants
felt less anxiety and surprise with their safe planner when compared to a

conventional potential field planner.

A collision avoidance function will not be developed in this project for a number
of reasons. Firstly, the development and testing of a safe collision avoidance
system requires a significant amount of resources which is out of the project
scope. Secondly, as explained in (Pedrocchi et al, 2013) the execution of safe
collision avoidance algorithms wholly relies on measurements from sensors that
return obstacles’ positions and motion, but sensors currently available for such
development are non-safety rated. Furthermore, collision avoidance may clash
or introduce restrictions on other functions of the system. For example, the
gesture control input is designed to allow an operator to alter the robot position
when required. In some cases the operator may be required to be positioned

within the robot’s warning area for observation purposes. At this point the robot
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speed can be reduced to enable the gesture control to safely continue.
However, the presence of a collision avoidance system will prohibit this to take
place. Moreover, collision avoidance will create a significant amount of data flow

which may increase the latency within the system.

2.9 Robot Safety

Automation has provided many benefits in numerous applications area, but it
has also introduced new problems that have resulted in accidents. Several
highly publicised incidents have demonstrated that automation system can
introduce new vulnerabilities in system performance by overly dependent on
human capabilities and limitations when designers introduce automation from a
purely technology-centred perspective (Billings, 1997; Parasuraman and Byrne,
2003). Human and robot coexist in the same workspace can introduce
additional safety risks when compare to fully automated system guarded within
a cage. Matthias et al (2011) have discussed viable approaches to risk
assessment for collaborative robots and potentially effective future methodology

to resolve the relevant low-level injury risks.

The workspaces of industrial robots are traditionally isolated from human using
safeguard such as fence with locked safety doors or light barriers (BSI, 1997). A
combination of improving technology and changing regulations has the potential
to allow closer interaction between human operators and robotic equipment
(Zanchettin et al 2016). Improving sensor technologies, combined with high
speed computer processing, could allow the real time monitoring of the
environment around automated equipment and thus remove the need for fixed
guarding (Jeong et al, 2016; Vogel et al, 2016), the current market capability of
robot safety monitoring devices is described in appendix A2. According to the
safety requirements for industrial robots EN ISO 10218-2: 2011, it is important
to maintain a safe separation distance between the human and the robot in a
dynamic manner. This distance can be calculated using the safe distance
formula provided by the standard of safety of machinery EN 1SO 13855:2010.

The formula is illustrated as follows:

S=Kx (t1 +t2) +c
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Each symbol represents the follows:

e t1=Response time of the protective device itself

e {2 = Response time of the machine

e C = Potential approach towards a danger zone undetected by the
protective device

e K = Anticipated approach speed of the human body or parts of the
human body

e S = Safety distance

The current robot safety standards have undoubtedly induced some limitation in
the collaboration between human and robot. To design a robot cell which fulfils
the current safety standard, a robot with long reach and high speed capability
would be inefficient to use in tasks which involve frequent human interaction,
because the safeguarding would be required to be setup to separate human
from a great distance to the robot during its operation. For the ease of setting up

and for safety reasons, a small robot is used for development of this project.

2.10 Robotic sensing

The system requires sensing capability to support the tracking of human within
the robot’'s work space, and therefore a sensing device is needed for the
system. Literature reviews have shown there are a number of types of sensing
devices which has been used in relevant research areas which include
localisation, gesture/voice input, and object detection. There are two main types

of sensors which are contact and non-contact. Most contact type sensors used
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in robotics include force sensor, torque sensor, and tactile sensor (Mittendorfer
and Cheng, 2011; Fritzsche et al, 2016). The Universal Robot URS5 robot
described previously is embedded with a number of torque sensors at its joints,
and these sensors provide the signal that are required for the post-collision
safety function. However, the aim of this project is to develop a system with
contactless input, and therefore a non-contact based sensor is required.

2.10.1 Non-contact sensors

There are 2 types of non-contact sensing which are passive and active. Sonar
sensor detects object using sound in an active manner, where it emits pulses of
sounds and listens for echoes. It is commonly used in mobile robots for
navigation, but it is poor for detection of complex shape so making distinction of
human and non-human will be difficult. Sonar sensor has been largely replaced
by radar, which is more robust and less affected by environmental conditions.
Laser Radar has been broadly deployed in military and mobile robot
applications. It is effective for long distance motion measurement and they can
operate through adverse outdoor condition. The state of the art of laser radar
can be used for 3D image and video reproduction. However, producing and
processing of high resolution 3D radar image require substantial computational
processing power, and 3D laser radars/scanners are generally very expensive.
Therefore the overall system cost will be significant, so it is not suitable for

achieving the objective of developing a relatively low cost system.

There are a number of movement based sensors which include sensitive skin,
RFID, and whisker. Sensitive skin and whisker technology have been used in
robotics for navigation and human interaction of small humanoids and mobile
robots, but they are only effective when the object is within a very short distance
to the sensor, so they are not suitable for the application of this project which
involves large working area. The sensor should provide sufficient amount of
time for the robot and the processing unit to react to the situation, so that a new
trajectory can be generated for the robot to avoid the collision. A 3D tag-based
RFID system has been demonstrated in previous research (Roh et al, 2009) to

perform object recognition as well as determining orientation and location of the
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object. The RFID technology can operate from a reasonable range, but the
object to be detected requires having a number of embedded tags. For a
person, they will be required to wear a suit with RFID tags. Therefore, this does
not match the system requirement of this project, because the monitoring
function should be capable of detecting unexpected intruder of the working

area.

Finally, machine vision is currently the most common type of passive robotic
sensing and it has been used in a broad range of applications which include
measurement, product verification, safety monitoring, quality check, localisation
of mobile robot, and gaming. There are various researches which use machine
vision for the detection of human presence, and evidences have shown that
vision sensor is capable of supporting real-time 3D human tracking.

2.10.2 Vision sensors

It is identified that there are 3 types of 3D vision sensor technology which are
applicable for robotic vision, and these include stereoscopic vision, time of flight,
and structured light. Each of them has their advantages and disadvantages.
Stereoscopic vision is currently the most common 3D sensing method, and it
has significant applications in machine vision where accuracy and fast response
time are inessential. This approach combines 2 or more passive 2D image
sensors which capture the same scene. The cameras are usually positioned in
a way that the cameras’ optical axes are parallel to each other, which enable
range determination uses the disparity in viewpoints between the cameras to
measure the distance to the subject of interest. Stereoscopic vision technology
can be cost effective for simple applications but it requires high computing
power in order to process and analyse 3D data in real time (Aptina Imaging,
2013; Sansoni et al, 2009).

TOF (time of flight) is an active range system which requires an illumination
source. It obtains range information by emitting a modulated near-infrared light
signal and processing the phase of the received light signal (Bascetta et al,
2010). A typical TOF sensor consists of an array of pixels, where each pixel

measures the time delay between the received signal and the sent signal. TOF
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offers a direct depth data acquisition which requires less computing power when

comparing to stereoscopic vision.

Structured light 3D scanning is an active sensing technology which consists of
an image sensor and a projection component. This type of system projects a set
of patterns onto an object which is captured with an image sensor. The known
camera-to-projector separation is used to locate a specific point between them,
and the range information is obtained through image processing and
triangulation of the acquired data. Structured light technology can be separated
into 2 types which include fixed-pattern scanner and programmable-pattern
scanner. Both types of structured light scanners project a pattern of infrared
laser light on the surface of the object and capture the object using an optical
sensor. The main difference between fixed-pattern and programmable-pattern
structured light is that the latter require the projection of multiple patterns, and
the benefits are the ability to obtain greater depth accuracy and adaptation to
environment factors. Structured light technology is a good candidate for the use
of robotic vision. It can deliver high level of accuracy with less depth noise in

indoor environments.

2.10.3 Microsoft Kinect

All 3 types of vision sensors mentioned have their advantages and
disadvantages, and all of them are applicable to the system in this project. After
some cost and benefit analysis, it was concluded that the Microsoft Kinect for
Windows (figure 2-13 & figure 2-14) structured light 3D sensor will be used for

this project due to the low cost, availability and maturity of the technology.
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Figure 2-13 - Microsoft Kinect for Windows Camera unit

The invention of the low-cost Microsoft Kinect has been a breakthrough in 3D
sensing technology which enables high-resolution depth and visual sensing.
The Kinect for Windows sensor consists of an RGB camera, an infrared (IR)
emitter and an IR depth sensor, a multi-array microphone, an accelerometer, as
well as a 3D human motion capturing algorithm, which enables interactions
between users and the machine without any physical contact, the maximum
frame rate is up to 30Hz. There are currently software development kits (SDK)
available specifically for the Kinect which allows users to create programs using
the data captured with the Kinect sensor. One of the benefits of using the Kinect
sensor is the availability of its open source libraries, where various human
motion capturing algorithms are accessible, and this will enable this research to
focus on the development of the system control framework (Microsoft, 2013).
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Figure 2-14 - description of the Kinect camera

2.10.4 Leap Motion

The Leap Motion Controller is a low cost consumer hand tracking device
designed as a human-computer interface. It is a small device with surface area
of 24cm? and it is based on stereo vision which has three IR light emitters and
two IR cameras (figure 2-15). The field of view of the controller is approximately
150° and the effective range is approximately 25 to 600mm above the device.
The controller is capable to tracking position of hands, fingers, and finger-like
tools with sub-millimetre accuracy. The manufacturer claims that the accuracy
of fingertip detection is approximately 0.01lmm and the frame rate of over
100Hz. This device will be integrated in the system for hand and finger input for
robot control during interaction. The capability of the device is further discussed

in chapter 3.6.2.
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Figure 2-15 - Leap Motion sensor

2.11 Discussion

Industrial robots are proven to be valuable production tools across different
industries, but there remain numerous manufacturing processes which cannot
be fully automated by industrial robots. Moreover, traditional robot cells are
surrounded by hard safeguards which restrict the flexibility of the work cell
design and reduce the efficiency of a task. A new breed of industrial robots has
been introduced to the market recently. They are known as collaborative robots
which can coexist with human operators within the same working space without
the requirement of safeguarding, thus new applications of robot are exposed but
research is still required to ensure the collaboration can be carried out

seamlessly.

It is learned from the literature that safe and flexible human-robot collaboration

can maximise productivity and flexibility. There are numerous researches being
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carried out on developing human-robot interface to improve flexibility of robotic
systems, as well as work being conducted on making robot system safer to
work with. The efficiency of a production system that consists of both human
and robot working together can be significantly affected by the level of
autonomy. This particular parameter varies across different system depending
on a number of factors such as the complexity of the task, the task flow and
scale of the components involved. Thus, the balance should be adjusted by
carrying out a cost and benefit analysis to tailor the system. Nonetheless, it
suggests that sophisticated interface which enables human guidance of robots’
action can be a method to tackle these issues (Few et al, 2006; Brummer et al,
2005).

A number of researches investigated the communication in human-robot
collaboration with the aim of improving task performance. For example, Clair
and Mataric (2011) developed a communication framework where one of the
robot functions supports detection of opportunities to assist in a dynamic
environment. On the other hand, Ahmad F et al (2011) attempted to improve a
task involving object transfer by perceiving specific part of an object as a signal
for exchanging information. It is known that in most human-human collaboration
people use speech to communicate with each other, but often one would
observes the actions of others to plan their own move without the need of verbal
cues. These visual cues can be segregated into three main types and these
include gesture, gaze and posture (Goldin-Meadow et al, 2001; Moon et al,
2014; Strabala et al, 2013). Eye gaze and posture are limited to applications in
face-to-face interaction due to the nature of these micro movements. In an open
working environment these cues can be falsely recognised. Gesture on the
other hand, can be coded to specific gesture arrangements which are not
ambiguous to other natural movements, thus it can be useful in many cases.
This type of human-machine interface has been studied in numerous contexts
due to its effectiveness in providing an easy-to-learn method of interacting with

machine.
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The system should provide an indication of its state to its human user so they
can be aware of the robot’s action. A typical automated system consists of at
least one type of HMI such as a robot teach pendant or touch screen interface,
but these interfaces may lack effectiveness in a collaborative environment.
The feasibility of robot communication to the user through its motion has been
investigated in a number of studies. These include hesitation gestures (Moon et
al, 2011), anticipatory motion (Gielniak and Thomaz, 2011) and robot gesture
(Ende et al, 2011). The main limitation with these communication methods is
robots’ kinematics differences to human which can be difficult to represent
similar movements by people. Furthermore, these communication motions can
interrupt the task being carried out by the robot because the robot has to stop
its current activity in order to carry out these motions. In manufacturing terms,
they can be classified as non-value added activities which increase process

cycle time.

Many of these researches are limited to the social robot domain and it can be
difficult to apply the same technology to industrial robots as they do not share
the same physical properties or technical attributes. For example, many social
robots feature two arms, a torso and a head to anthropomorphise their
appearance to improve interaction with humans, whereas industrial robots
mostly available in the form of a single robot arm or other complex mechanical
structure such as the parallel robot. Furthermore, when designing a system for
use in production systems, there are more to consider than just basic
functionalities. There are evidences which demonstrate the importance of
incorporating a human-centred design approach when the design process
involves an automated system (Billings, 1996; Lee and Seppelt, 2009). This is
particular important when the design concerns an industrial system, because
the developed system will be used for prolonged period of time by different
users. Taking human factor into design consideration can help achieve a
system with improved usability. However, this element has been neglected in

many current researches that concern human-robot interface development.
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The knowledge gap exists in the development of an intuitive HRI specifically for
industrial human-robot collaboration. This research addresses this knowledge
gap by investigating the development of a communication system for human-
robot collaboration in industrial settings. The development process comprises of
a number of elements to fulfil the knowledge gap. These include system
adaptability for integration with other industrial robots, human factor and
ergonomic considerations across different design phases, and system

practicality in real applications.
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3 Methodology

3.1 Introduction

This chapter presents the methodology used to achieve the objectives of this
thesis. This entails problem identification, description of human-robot
collaborative system, hardware selection and system development. The system
connectivity architecture and system components are also described in this

chapter.

3.2 Problem Identification

The focus of the research is on improving the interface between human and
robot in a collaborative system. This subchapter explains the problem
identification process used to seek this underlying problem in collaborative
system. The first stage of the study is to investigate the problems as illustrated
in figure 3-1. In order to identify all the system requirements it is important to
first understand the purpose of the system. To explain the definition of Industrial
Human-Robot Collaborative System, the five terms forming the description are
explained as follows. As the name implies, it is a type of production system

consists of robot and human working together in the same workstation.

Industrial — The term industrial refers to the working environment and
application domain of the robot system. In this case, an industrial environment
means manufacturing lines where a robot can work as an assistant or partner of

the human operators.

Human — The human user is usually to describe production operators on a
manufacturing line that carry out manual operations and monitor robot

operations, but it can also be a production manager who oversees the flowline.

Robot — an industrial robot is to describe an articulated-arm robot with 5-7
degree of freedom which performs manipulations of components in a
manufacturing environment, but the robot can also carry out other task such as
machining and inspection. Industrial robots are typically classified by their

payload capability and maximum reach. They have relatively little intelligence
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when compared with social or service robot, and perform specific repetitive
tasks accurately. The design and integration of robot systems should comply
with robot safety standard which include ISO 10218-1:2011 and ISO 10218-
2:2011.

Collaboration — in this context, it is the collaboration between human operator(s)
and industrial robot to achieve a manufacturing goal. For example, a
collaborative system can be used to increase production output by combining
the strong points of human and robot.

System — the collaborative system as a whole consists of robot, human,

sensors, control software, tooling and user-interface.

Subsequent to system definition, a number of relevant system influential factors
were identified from literature review, and they are mapped onto a system
context model to create links between factors (Midgley, 1992). This is explained

in greater detail in appendix B.

collaborative
system

Environment

Social

Technology

Political

Economy

Figure 3-1 - human-robot collaborative system and its influential factors
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The system of interest (Sol) in this research is human-robot collaborative
system which is located in the centre of the system context model. At the
system level, a typical industrial robot cell consists of safety system, robot,
control software, user interface, tooling and various sensors. At the wider
system level, the human operator can greatly affect the way a collaborative
system operates, but a human can only be influenced and not controlled. On
the other hand, the components in a manufacturing process can necessitate a
major physical alteration in the robot system. For example, the components
may carry certain degree of variability which is difficult to automate and require
human input. On the environmental level, a number of factors can indirectly
affect those in the system, and these include budget, factory space, human
factor, regulations, manufacturing target, application, work culture and skills.
Altering the system would have no influence or control over these environment
factors, but the design of the system can be hindered by some of these factors,
for example safety regulations dictate the necessity of a safety setup as well as
the type of robot being used. The wider environment consists of political,
economic, social, technological, legal and environmental. These factors do not
directly affect the system but they may have some influence on those at the

environment level.

According to figure 3-1, those at the wider system level can be influenced by
environmental factors and changes made at the system but they are
ungovernable elements, and therefore it is decided the appropriate level to
address issue in human-robot collaboration is at the system level. Thus, this
research focuses on system alteration to improve the overall effectiveness of

the system.

In many cases, the main incentive in using a robot system is to improve
productivity. Evidence shows that productivity can be affected by
communication, whether it is between people or systems (Crandell et al, 2003;
Takanaka, 1991; Husain, 2013). Thus, effective communication within a human-
robot collaborative system is paramount for seamless operation. In order to

analyse the problem at the system level it is crucial to understand the structure
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of human-robot collaborative systems, the architectural differences between a
conventional industrial robot and a human-robot collaborative system are

explained as follow.

Based on the Zachman method, the 5SW+1H questions were applied at the first
stage of the development to specify the system requirements which helps

planning the design of the system. These questions are summarised as follows:

Table 3-1 - questions asked at the investigation stage

Question Purpose

Why - current issue To specify requirement to solve issue
What - available solution To find current solution

Where - operation To take environmental factors into account

environment

Who - target user To consider human factor and interaction modes
at an early stage

When - timescale of To restrict the development to a timescale

development

How - system capability To establish system specification

requirement

The questions in table 3-1 extract vital information at the investigation stage
which aid system design. This is especially important during the first cycle to
establish an appropriate baseline to develop the system, but this should be
repeated every iteration to identify any advancement in the state of the art. The
system requirement should consider technical capability as well as human
factor at this very early stage, the complexity of these elements can gradually
increase as the development advances. The plan and create phases of the
cycle involve mainly design of software and hardware architecture, and
subsequently software writing and hardware integration. At evaluation phase,
the system should be tested according to the system requirements. For

example, a technical capability analysis can be carried out to prove
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functionalities of system, or a human factor usability study can be used to

assess the level of user-friendliness.

3.3 Collaborative robot system

In an industrial robot system, the robot manipulator is the main components in
the system which is equipped with an end-effector to perform specific tasks. It is
sometimes equipped with external sensors to provide additional system
feedbacks e.g. 2D camera to track location and orientation of objects. Many of
the state of the art machine vision sensors have on-broad processing unit for
data processing such as image recognition, but in most cases a processing

computer is still required as the interface between the sensor and the robot.

A human-robot collaborative system has the added element of human
operator(s), between the operator and the robot system is a user-interface
which enables the two system elements to interact with each other. Figure 3-2
shows a sample layout of industrial collaborative cell, the diagram is based on
an illustration extract from a draft standard PD ISO/TS 15066.

There are various types of user-interface, the most common type of user-
interface for industrial robot is teach pendant. Teach pendants of industrial
robots are usually constructed with hard casing which are IP rated for use in
harsh environment. For collaborative robot system, system safety is a
requirement to fulfil robot safety regulations unless the robot is designed for
direct interaction with a human as described in 1SO 10218-2:2011. Factory
automation systems usually consist of an indication lighting system to indicate
the present of any system errors or machine status, a tower light is a popular
device for this purpose but this research seeks to find a more effective
alternative to the tower which can reduce reaction time and increase awareness

for the user.

Industrial human-robot collaboration is still in its early stages and common
design methods, operational models and standards have yet to be established
(Ferketic et al, 2006). For instance, the Collaborative robots standard PD

ISO/TS 15066 was still in its drafting stage while this research is being
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conducted. Many interaction techniques are application or task specific, and
there is potentially a broad range of human-robot collaborative applications in

manufacturing domain which hinders standardisation.

User
interface

Robot controller

Operating space

Figure 3-2 — An industrial collaborative environment: TL= Tower light, TP= Teach
Pendant, EE= End-effector

3.3.1 User

The human user should be understood as a system element in a collaborative
system. It is important to identify the variation of this element in order to design
the interface appropriately. Scholtz (2002) has proposed an interaction model
which describes different roles in human-robot interaction for mobile robots.
This thesis adopts some of the relevant roles and interprets their interaction

modes in the industrial HRC context.

54



The supervisor’s responsibilities are to monitoring and controlling the overall
situation (for instance, a portion of manufacturing line with multiple collaborative
work cells). In this case, the supervisor could be monitoring a number of robots
while evaluating the performance based on manufacturing target. Digitalisation
has continued to increase in the manufacturing industry which means that future
collaborative workstation could be controlled through a central planning system.
In this case, the supervisor can communicate with the system to specify an

action or modify plans.

The operator typical works in a single workstation throughout a shift and has
the most frequent interaction and collaboration with robots. Their role is to
monitor the robot and ensure the robot is operating as normal, but they could be
working on a manual task simultaneously. The robot can reach a point where it
is unable to autonomously resolve an uncertain situation whether it is caused by
the component or the environment, at this point the operator should intervene

and provide guidance to the robot. This interaction is illustrated in figure 3-2.

The technician is a skilled personnel who has knowledges such as robot
programming languages and mechanical skills. The technician could interact
with a robot at the physical level as level as programming level using tradition
HRI such as teach pendant and off-line programming.

The bystander could be anyone in the surrounding area of the collaborative
work cell. They are not responsible for monitoring or have any interaction with
the robot, but they could be a factor in altering the robot’s action. For example,
a bystander can accidentally walk into the operating space (figure 3-2) and

causes the robot to stop.
The characteristics of different roles are summarised in table 3-2:

Table 3-2 - Roles in HRC and their characteristics

Role Characteristics

Supervisor Monitor and control the overall situation
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Could be monitoring multiple robots

Communicate with robot to specify an action or modify plans
Operator Frequent interaction with the robot

Monitor the robot to ensure normal operation

Interaction with robot to resolve uncertainty
Technician Robot programmer

Mechanical skills

Capable to interact with robot using conventional HRI
Bystander Does not interact with a robot directly

Can alter robot by accident e.g. triggering e-stop

This thesis focuses on the communication between operator and robot, but
some of the integrations have also taken supervisor interaction into

consideration for comprehensiveness.

3.3.2 Roles of operator

The roles of the operator in a human-robot collaborative system can be further
described with regard to three types of activity in the 3-I classification for HRC,
these are interaction, intervention and interruption. These activities can be
expressed with reference to Annex E of ISO 10281-2:2011:

Interaction — routine activities which involve the operator and the machine
working together inside a collaborative workspace to complete a common goal.

For example, hand-guided assembly, common assembly and machine service.

Intervention — manual activities being carried out on a regular basis which put
machine operations on temporary halt. These activities can include refill and
removal of materials, manual inspection, and manual rework. The operator can
carry out the work within the collaborative workspace or through an interface

window.
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Interruption — unexpected events which can cause disruption to both automated
and manual process. This type of event can be triggered by other systems
outside the collaborative workspace. The operator in this case is responsible for
communicating with other systems or to carry out remediation such as

programme restart to resume normal activity.

3.4 Hardware selection and Integration

High-level system structure of a human-robot collaborative system has been
defined in chapter3.3 and this architecture is used to set the baseline for the
hardware selection and integration which support interface development and

evaluation in this thesis.

A number of system requirements have been identified, the list of requirements

and the purposes of them are summarised in table 3-3:

Table 3-3 - system requirements and their purposes

System requirement Purpose

Consists of at least one industrial

robot manipulator To carry out manufacturing tasks
Safe for collaboration with human Compliance to safety standards and
operator in proximity ensure the safety of user

Capable of communication with user ~ To enable user to react quickly when
in a speedy and effective fashion intervention is required
Capable of receiving input from user  To provide a user-friendly control

through hand gestures in mid-air interface which require minimal training

A number of system requirements have been identified above to lead the
hardware selection process. The primary requirement of the system is to have
at least one robot manipulator to perform tasks or assist the human operator. In
a collaborative system, the safety of the operator is paramount so the
developed system must be safe for human and robot to coexist in proximity. In a
collaborative working environment, the operator can bring foreign objects into

the working area to support their work. In this case, workspace monitoring can
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be incorporated to avoid collision between the robot and the object. A
collaborative robot system can require frequent human intervention to resolve
uncertainties and decision making. The robot system should be capability to
convey these messages to the user efficiently to minimise robot downtime
which can result in losing productivity, thus the developed system should have
the capability to catch a user’s attention in a speedy fashion while the user can

perceive the correct information.

Traditional teach pendant designs of the last two decades typically consist of an
information screen and a high number of buttons for user input as illustrate in
figure 3-3. A teach pendant enables the user to programme a robot as well as
change settings. The movements of an articulated-arm robot can be controlled
by rotation movement at each joint, linear movement in Cartesian and rotation
around pre-defined axes. Robots can be programmed to perform repetitive
routines using manufacturers’ proprietary programming languages, which is
often carried out on a teach pendant or offline programming. However, teach
pendants often feature complex button layout and the graphical interface vary
between robot manufacturers so significant user training is necessary prior to
any operation. In this case, a collaborative robot system should be user-friendly,
and while embracing the skill enhancing characteristic, it should enable novice
user to interact with without any expert knowledge. Thus, the system should
feature an intuitive user-interface which enable user to make commands

through simple hand movements.
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Figure 3-3 - COMAU industrial robot teach pendant

Based on the system requirements and the system diagram in figure 3-2, a

number of system components are identified and illustrated in table 3-4.

Table 3-4 - system components and their purposes

System component Purpose

Industrial robot arm To manipulate end-effector to carry out task

Safety system To ensure safety of user and surroundings

End-effector To perform specific action

Sensing device To enable tracking of user

Processing unit Data processing of sensor data and interface of
subsystems

Indication system Indication of robot status
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The Universal Robot UR5 robot has been selected as the manipulator for
preliminary development of this system due to its safety rating, acceptable
performances and connectivity options. The use of a safety rated robot
eliminates the requirement of safety system setup which allow this research to
focus on the main project scope. The robot features Joint Torque Limiter
mechanism which enables the robot to stop immediately in the event of a
collision to minimise damage to its surroundings. This particular feature enables
user-interface development to be carried out more safely and efficiently.
However, the final goal of this work is to develop HRI control system for
conventional industrial robot with medium to high payload capability. Unlike
small payload collaborative robot, medium to large industrial robot can incur
significant damage if collide with surrounding objects or people, so the
integration of gesture interface shall be carried out with caution. The capability
of gesture control of an industrial robot is demonstrated using a COMAU NM-45

industrial robot with 45kg payload and approximately 2m reach.

A Schunk pneumatic gripper has been chosen as the default end-effector for its
simplicity to setup and flexibility for fingers configuration. The gripper is used to
demonstrate actuation capability of the developed user-interface as well as to

carry out pick and place in experiment.

One of the system requirements is the capability to receive gesture input from
user using contactless device, thus sensors are required for tracking of people.
It was identified that the Microsoft Kinect and Leap Motion are designed to track
user's body movement and hands’ movement respectively. These devices
feature software developer toolkit which can be used to develop software for
processing these sensor data, and therefore they are selected for the sensing of
the system. The functionalities of these devices are discussed in more detail in
chapter 3.6. A processing computer is required for the interface between the
human tracking sensors and the robot controller. To validate the compatibility of
developed software, they have been tested on various lab computers with MS

Windows interface.
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3.4.1 Connectivity

The robot is powered by the robot control through a dedicated power supply
cable. The operation of the gripper is driven by the main air supply of the
laboratory where the main air supply is routed to a 2-way pneumatic valve
system which is controlled by the I/O output of the robot controller. Each valve
controls either the open or close operation of the gripper. The robot system is
connected to the processing computer through TCP/IP network, which receives
control information from the operator through the sensing device. The
processing unit in this case operates as a system central control between the
robot and the human operator, which incorporates programmes for various
processing and communication. The sensing devices continuously obtains user
tracking data within its own working area, and the processing unit receives the
data, analyses the image and performs human recognition and tracking. The
sensing device is connected to the computer via USB connection. The tracking
data will be processed by an appropriate programme, which will pass control
information onto interface software which translates this data into
comprehensible commands for the robot. This information is sent to the robot
controller via the TCP network at a rate of >10Hz. This will enable the robot to
react to the user’s intend accordingly. A schematic of the system can be seen in
figure 3-4. The developed indication system communicate with the robot system
through 1/O control, the change in signalling is made based on the control input
of from the robot controller and the relative position of the user which is
explained in more detail in chapter5.

3.5 System development

The developed system is a human-robot interface system which accepts
gesture commands from the user. The development has been carried out on a
collaborative robot system with vision sensing capability which supports
contactless input from human operator within the work cell. The system was
evaluated for its reliability, practicality and usability. Due to the nature of the
system architecture where a human is part of the system loop, it is sensible to

consider the development with human-centred design method in which human
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factor considerations are taken into account in a prospective manner to outline
feasible design options (Kidd, 1992). The major system development activities
consider two subsystems (figure 3-4). Subsysteml is the control interface,
responsible to process command from human operator and interface with the
robot system. Subsystem?2 is the indication system which indicates robot status
to the user(s). A base system was integrated to support the development in
system 1 which consist of sensors, central control system and interfaces. The
work carried out on subsystem 2 were mostly exploratory and experimental

base due to the lack of literature.

Subsystem 2

Indication system

: /b' & |
i dil
=

[y

Robot and gripper

Processing
unit (Central
control)

Robot controller
|

Decoder

Communication
Interface Subsystem 1

Figure 3-4 - illustration of subsystems

3.6 Human recognition and tracking

It was identified at the beginning of this PhD that Microsoft Kinect and Leap
Motion were two of the most suitable devices on the market at the time to use
for gesture input. Both devices are consumer product aimed at gaming and
computing market which can be purchased at a relatively low cost compared to
industrial 3D sensors. These products feature software developer toolkits for
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use with these devices to enable tracking of hands and other body parts. Both
sensors were deployed in the initial development cycle of this research because
the two sensors have different characteristic, the Microsoft Kinect is useful for
full body tracking at mid-range and the Leap Motion is good for hand tracking at
close-range. Their capabilities and applications are described in the following
sub-chapters.

3.6.1 Body and hand tracking

The Kinect can track up to 20 joints using its standard Software Developer
Toolkit (SDK hereafter) at a range of 800mm to 4000mm from the sensor (figure
3-5). A number of researches have been carried out to investigate the
performance and application of the Kinect device (Han et al, 2013).
Khoshelham and Elberink (2012) has investigated the accuracy of the depth
data and concluded that the Kinect depth measurement is less accurate with
increasing distance from the sensor and reaches error of 4cm at the maximum
range. However, Ballester and Pheatt (2013) have concluded that although the
device has limitations with respect to spatial and temporal resolution, overall the
Kinect has been found to be an effective device with the potential for high speed
data acquisition in many applications. Furthermore, Obdrzalek et al (2012) have
carried out extensive testing on the accuracy and robustness of Kinect Pose
Estimation using the official Kinect SDK. It was found that the Kinect skeleton
tracking can struggle with occluding body parts or objects in the scene and the
variability of the pose estimation is up to approximately 10cm, but nonetheless it
has significant potential as a low-cost alternative for real-time motion capture
and body tracking. The Kinect for Windows was chosen for this project for
image acquisition primarily due to the human tracking capability and its SDK
support multiple programming language which enable the developed software
to be written using high-level programming language such as C#. For
demonstration purposes, the Kinect is attached on a static horizontal surface
where the users stand approximately 2 metre away from the front of the sensor.
The official Microsoft Kinect driver and SDK are used to support tracking of user

because it is part of the off-the-shelf product, which fulfil one of the emphases of
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this research which is to integrate off-the-shelf devices from the current market.
The skeleton tracking data is used in both SPR and DHMT. The Kinect
Interaction API is used to support basic gesture recognition which includes open

and close hand.
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Figure 3-5 - Kinect skeleton tracking diagram (Microsoft)

3.6.2 Hand and finger tracking

The Leap Motion Controller is a low cost consumer hand tracking device
designed as a human-computer interface (figure 3-6). Further to the basic
specification discussed in chapter 2.10.4, the manufacturer claims that the
accuracy of fingertip detection is approximately 0.01lmm and the frame rate is
up to 300fps. However, Weichert et al (2013) have performed a series of tests
to measure Leap Motion’s accuracy using a pen mounted on an industrial robot.
The robot was used to manipulate the pen to a series of predefined positions
and paths. Using this method, the Leap Motion pen tip tracking data were
compared against a set of reference data. They have discovered different

results as the manufacturer has stated. It is summarised that it is not possible to
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achieve the claimed accuracy of 0.01lmm under real condition, but the overall
average accuracy of 0.7mm from the experiments is still relatively good for
gesture-based user interfaces. On the other hand, Guna et al (2014) have
performed a series of test on the Leap Motion with the aid of a fast and high-
accuracy motion tracking system, and by measuring a static plastic arm with a
pointing finger they have measured accuracy with a standard deviation of
0.5mm and best case at less than 0.01mm. However, they found a significant
increase in the standard deviation when moving towards the edge of the
controller’s working area. Furthermore, the set of measurements in the dynamic
scenario have revealed some inconsistent performance of the controller which
is limited by its inconsistent sampling frequency. Nonetheless, the Leap Motion
can measure hands positional data which cannot be done with other markerless
and non-contact off-the-shelf device so it is an alternative sensor to be used in
this system. The weaknesses of this particular sensor can be compensated by

taking appropriate measure during the development of the gesture control.

65



Figure 3-6 - Leap Motion Controller and its working frame

3.7 Central control

The developed system layout has been described previously and it is illustrated
in figure 3-4. The processing unit acts as a central control of the user-interface
which receives input from the sensors and produces control output for the robot.
The unit is a PC computer which consists of a Central Control Programme
(CCP) which is embedded with various SDKs to received input from different
sensors (figure 3-7). The programme was developed as part of the research. A
number of human recognition and positional tracking algorithms will be used
within the Kinect SDK toolkit and Leap Motion API, and the positional data is
constantly transferring onto the CCP during operations. The CCP is capable of

translating human user’s intentions into robot control signal.
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The CCP is created using the C# programming language. The C# language is
selected based on its compatibility with both the Kinect and Leap Motion

drivers. It is also relatively simple to use when compared to older language such

as C++.
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Decoder —————
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Figure 3-7 - a breakdown of the CCP programme

The communication between the control unit and the robot must be effective for
the robot to respond to any situations with minimal delay. Two control
frameworks with different commanding methods of the robot have been
proposed. Both methods involve the control interface making decisions based
on the user’s relative position and hand gestures. Once a decision has been
made, the control interface will send a signal to the robot to execute an action.
The first method communicates with the robot via Ethernet through the robot’s
real-time communication port (figure 3-8). In this case, the robot is the server
and the control unit is the client. The control unit commands the robot by

sending lines of script code, which is the proprietary language used by the robot
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controller. The robot will execute the command immediately once it is sent. The
drawback of this method is the disruption of the robot’s current movement,
because the robot controller will prioritise any input from the real-time
communication port. Therefore, it is not suitable for running an offline program
which has been stored in the robot controller and the control interface

simultaneously.

CCP - Client
Prioritise and
execute incoming Transfer codes Generate UR
commands to robot script codes
R ntroller mmunication Main
obot controlle » Communicatio a
- Server Interface programme

Figure 3-8 - CCP operates as the client sending script code to control robot

The second method also uses Ethernet as a mean of communication, but the
role of the control unit is reversed from the previous method. In this instance,
the control unit operates as a server and the robot is a client (figure 3-9). A
program containing a number of threads is stored on the robot controller, and
these threads run concurrently with each other. One of these threads contains a
program which receives variables from the server (control unit), while others will
contain movement and action sequences. The action sequences are assigned
with variables or number, which can be called by the control unit. The second
method enables the control unit to pause the robot’'s current movement to
perform action, and then resume normally afterwards without any major
disruptions or trigger of the emergency stop. Furthermore, this method is more
adaptable when compared with the first method because the control data can
be encoded as predefined variables which can be decoded by a robot
programme. Thus, robot decoder programmes can be written for different robots
to receive commands from the same control interface. Due to the adaptability,
the second arrangement is selected for the interface between control system

and robot.
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Figure 3-9 - CCP operates as server sending encoded variables to robot

3.8 Robot decoder programme

Chapter 3.7 explained the schematic of subsystem communication and the
client-server model used in this thesis. The robot controller (client) receives
predefined variables from the control system (server), and the decoder
programme within the robot could interpret these signals and prompt
appropriate action. Depending on the structure and application of the robot
programme, the decoder programme can be integrated into the main robot
program. Some robot controllers support multi-thread programming, but many
robot controllers are restricted to serial programming which can affect the

flexibility of the integration.

Figure 3-10 illustrates two generic models for multi-thread programming and
serial programming. For multi-thread programming, the interface programme
module can be working in a dedicated thread and override the main routine only
when required. The transition between automatic mode and manual control
should be carried out smoothly, and the architecture must be designed carefully
to avoid unforeseeable disruption to the operation. This type of programmes
enable the robot to respond to manual command more promptly when
compared to serial programme. However, many industrial robot controllers only
support execution of a single thread at a time. In this case, the interface module
must integrate sequentially to the main robot routine. It is demonstrated in figure
3-10 that the main routine can be separated into smaller segments where the
interface can fit in between to check for incoming signals. For example, in a
manipulation task an operator can use gesture control to run an industrial robot

by activating pre-programmed routines to carry out a series of movements.
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Nevertheless, the functionality of a robot programme can vary significantly
depending on the task. This thesis demonstrates the integration of gesture
control interface in both programming applications.

Thread programming Serial programming
Thread 1 Thread 2 Programme
start

Programme start Initial position

Enable Check for
communication incoming
interface signal

Initial position

Routine

Override

Check for

incoming
signal

Routine

Routine

Loop or halt

Figure 3-10 - robot thread programming and serial programming
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4 The development of a gesture control system for
robot interaction

This chapter describes the system development process of a gesture control

user-interface for use in industrial collaborative system.

4.1 Introduction

True human and robot collaboration involves a high level of cooperation, and
therefore an effective method of communication is crucial for the overall
efficiency of such processes (Green et al, 2008). In human to human
interaction, voice and hand gestures are practically inseparable, hand gestures
are used to strengthen the speaker's ideas, and people sometimes
communicate only through hand gestures (Cerlinca et al, 2013). In industrial
terms, gesture communication is sometimes preferred due to the nature of
operation environments, for example high background noise and
communication over a long distance may limit the effectiveness of speech
communication (Barattini et al, 2012). For example hand gestures are
commonly used in building sites where site workers communicate with crane
operator using purely hand gestures. Thus, it is apparent that gesture control
could be an ideal candidate for robot user-interface due to its intuitive nature.

4.2 Background

In a traditional factory setting, industrial robots are programmed to operate
automatically to perform various tasks in a repeatable and synchronised
manner sometime with a number of other robots. In this case, contact type
interfaces such as teach pendants and touchscreen human-machine interfaces
are used as the primary interface between human and robot, but these devices
feature complex layout to accommodate a comprehensive range of
functionalities. These devices can require uncomfortable hand and arm motion
for tele-operation tasks, which increase workload and also require trained users.
This may be acceptable for occasional and short term usage, but for frequent
intervention in human-robot collaboration a more effective user-interface is

required. In recent years, researchers have been investigating the use of
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alternative methods for interfacing between human and robot which is
particularly common in the social robot domain. User input through hand
gesture is a popular idea due to its intuitiveness and potentials. Gesture input
can be interfaced using contact type controls such as data gloves which track
the user’s hand position in real-time in order to enable tele-operation via natural
hand movements. However, it has been reported that data gloves hinder the
user's movement and are uncomfortable to wear. Furthermore, the use of
wearable devices is often restricted in industrial context because data gloves
and motion capture suit often require calibration prior to use which significantly
increase man hour of the process, wearable devices may also require frequent
maintenance due to wear and tear which increases cost. A vision based system
has a non-contact nature which means it is non-invasive to the user’s
movement and the process involved (Kofman et al, 2005). Furthermore, the
state of the art of vision based systems can support tracking of human body

position which enables gesture commands or input by body movements.

A number of researches have been conducted on robot teleoperation using
contactless human tracking. These control techniques are mainly divided into
two types which include the imitation of human natural movement gestures
(Nguyen and Perderau, 2011; Stanton et al, 2012; Du et al, 2010) and gesture
recognition (Yanik et al, 2012; Wan et al, 2012; Parkale, 2012; Kornuta and
Zielinski, 2011). There are standardised industrial hand signals used in crane
operation which offer a full range of directional control, such as “up”, “down”,
Left’, “Right”, Forward”, and “backward”. Thus, it is possible that an articulated
robot can be controlled in Cartesian 3D space using these commands. These
gestures are easy to learn and they are widely used in current industrial
applications. Moreover, some factory personnel may have already learnt these
gestures which reduce training requirement. Robust gesture recognition for
robot movement control can be highly valuable in industrial human and robot
cooperation, especially in a case when a process recovery is needed. For
example, a robot was to carry out a large scale assembly task, but the two
components are out of alignment due to misplacement. In this case, a robot

operator could use gestures to guide the robot into the correct position to allow
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the task to continue without the need for a skilled programmer and teach

pendant.

Furthermore, gesture recognition offers benefits such as contactless control for
robot activation and deactivation, as well as restart after a robot protective stop
using gesture command, because activation using a robot teach pendant can
increase workload on the operator and requires a specific skill set. (Bhurane
and Talbar, 2011) have presented a face and gesture recognition system for
robot user authentication. The user is verified using real dual-tree discrete
wavelet transform based face recognition, then the authenticated user is further
allowed to control the robot using hand gesture recognition. The gesture set is
consisted of five basic gestures which are based on finger count. This thesis
proposes the novel approach to combine gesture recognition and dynamic hand
motion tracking gesture control with face recognition to demonstrate potential

applications in the industry.

Despite significant research efforts in technological development of gesture
control for robots, there has been a lack of ergonomic consideration in these
development processes which may have implications on the users’ health and
user experience for long term use. A number of researches have demonstrated
that gestures if not designed with human factor can cause muscle fatigue after
prolonged usage (Gope, 2011). For example, Beurden et al (2011) have
developed a gesture-based interaction technology for interacting with three-
dimensional displays for working distance within arms’ reach with the aim to
develop a system that is intuitive to use, but their user evaluation has shown
that users reported moderate to somewhat strong levels of fatigue in the
shoulder and upper arm using the system. This has shown that it is important to
not only develop gesture that is intuitive to use, but also include biomechanical
constraints of human into design consideration (Nielsen et al, 2003). Norman
(2010) has pointed out that a pure gestural system makes it difficult to discover
the precise dynamics of execution, but the problem can be overcome by adding
conventional interface elements such as menus, operations, tutorials, and other

forms of feedback and guides. It was also suggested that because gesturing is
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a natural, automatic behaviour, the system must be adjusted to avoid false
responses to movements that were not intended to be system inputs. It is
particularly important in this case because the control object is an industrial
robot which has the potential to cause damage to people and surrounding area
if it is moving unintendedly. This thesis investigates in the use of existing
industrial human factor analysis tool in the development and evaluation of
gesture control design. Also, conventional interface design elements are

considered in the system design.

It is identified from literatures a number of gesture control methods feasible to
use in human-robot interaction. Each method has their merits and flaws so the
selection of method should be based on the suitability for the application. As
explained previously, a gesture recognition system can be used to command a
robot to carry out specific routine or move in a certain manner, a hand following
type of gesture control can enable a robot to follow or mimic a person’s hand
movements. At the initial development cycle, both types of gesture control
system were developed to explore their characteristics for an early evaluation
and suitability to use for further application. A list of gesture control

developments is summarised in table 4-1.:

Table 4-1 - a summary of gesture control developments

Control type | Gesture type | Development Characteristics
Static Pose Directive Virtual Directional | Preliminary development
Recognition gestures Pad to enable 2D directional

control of a robot

Static Pose Standardised | Industrial gesture | Recognition a set of
Recognition industrial SPR gestures based on
gestures industrial standardised
hand signals using 3D

body tracking data

Hand Motion | Natural hand Dynamic Hand Enable user to control

74




Tracking movement Motion Tracking motion path of an
(DHMT) industrial robot using
hand movement
Static Pose Standardised Integration of SPR | A system integration of
Recognition industrial and DHMT: a the two gesture control to
and Hand gestures and demonstration of illustrate potential
Motion natural hand application industrial applications
Tracking movement
Static Pose Hand and wrist | Ergonomic and A gesture control system
Recognition poses intuitive robot designed using human
gesture control factor analysis tool to
reduce excessive hand
arm movement which
may increase
musculoskeletal injury
risk. This system enables
user to control an
industrial robot in linear
motion and movement
around different joints.
Static Pose Hand and wrist | Integration of This work demonstrates
Recognition poses gesture control the methodology of

with a heavy duty

industrial robot

integrating a gesture
command interface to an
industrial robot, the
applications are also

discussed.
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4.3 Static Pose Recognition (SPR)

4.3.1 Introduction

This thesis investigated in the development of a Static Pose Recognition (SPR)
system for industrial robots which includes design and evaluation. Gesture
recognition can be classified into two categories: static pose and dynamic
gesture. Static poses are defined by the arrangement of a person’s body
whereas dynamic gestures are marked by the changes in arrangement of a
person’s body during elapsed time. The advantages of the SPR method include
responsiveness, reliability and simplicity for computation. In comparison, a
dynamic gesture mostly requires longer time for the recognition algorithms to
recognise because it requires observing gesture motion from initiation to
completion, for example to complete drawing a circle in mid-air. On the other
hand, the SPR method can detect a gesture almost instantly when a matching
gesture is identified but gesture design should consider using appropriate
techniques to reduce ambiguity which can lead to false triggers.

It is important to consider the system requirements when designing a gesture
control system. In this case, the system should be capable of controlling the
movement of the robot for event such as system recovery or positional error
correction, but also enable the user to make command such as start and stop of

routines.

4.3.2 System architecture

The system architecture of the gesture recognition system is illustrated in figure
4-1. The raw data from the sensor are processed by the relevant APl which
performs the tracking of human body. The tracking data are analysed by the
gesture matching algorithms to carry out gesture recognition. Once a gesture is
identified, relevant outputs is encoded and then being sent to robot system. The
robot programme decodes the variables and proceeds according to the

command.
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Figure 4-1 - system architecture of the gesture recognition system

4.3.3 Early development — Virtual Directional Pad

The idea of Virtual Directional Pad is based on the directional pad on a
gamepad controller commonly used in game technology. The area in front of
the user became a Virtual Directional Pad where the user can control the

movement of a robot in Cartesian 2D space as illustrated in figure 4-2.

The system tracks the user's movement at a sampling rate of 30Hz using a
Microsoft Kinect. For this application, both shoulder joints and both hand joints
were being monitored. The Kinect Interaction API was used in monitoring the
status of both hands which enable the open and close palm motion to be used
as a functional gesture. An algorithm was designed and embedded within the
system to measure the Euclidean distance of right hand position (RHx, RHy)
relative to the right shoulder joint coordinate (RSx, RSy). Thus, the user could
change the direction of robot movement by pointing their hand to a relevant
direction on the virtual pad in figure 4-2. The movement control is only enabled
when the left palm of the user is closed which minimises false triggers. The
open and close motion of the user’s right hand can operate the pneumatic
gripper. The control system sends control signals to the robot at a rate of 30Hz.
The robot reacts to these commands by moving on corresponding axes with
0.25mm increments. Thus, the theoretical resolution of control is 0.25mm (+/-

0.1mm robot repeatability) on both x-axis and y-axis of the robot frame.
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Figure 4-2 - Virtual Control Pad for 2D motion control

A pick and place test was carried out to test the capability of the Virtual
Directional Pad in performing a task. It was used to position a robot gripper in
the correct position to pick up a cylindrical object and to position the object at
the target before the drop. The robot was programmed to stop near the object
outside the dartboard area as shown in figure 4-3, at this point the user has to
use gesture to guide the robot to position its gripper directly above the object.
Once correctly positioned, the user can actuate the pickup routine by closing
their right palm. Subsequently the robot moves the object near to the drop off
area, the user can use gesture to adjust the position of the object until it
reaches the centre of the target dartboard. At this point, opening the right palm
actuates the drop off routine which complete the task. This test has been
carried out fifteen times by the researcher with full success.
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Figure 4-3 - pick and place test using Virtual Directional Pad

A second test was carried out to address more realistic issue in assembly
applications. The system was setup to carry out a peg-in-hole test using the
Virtual Directional Pad solution. Similar to the previous test, the robot moves the
end-effector to the pickup area where the user has to use gesture to guide the
robot into an appropriate pickup location above the cylindrical component. Next,
the pickup routine can be actuated by closing the right palm and the robot
brings the component to near the target. In this test, the user has to position the
object in line with the vertical hole using gesture and then drop the object into
the hole by releasing the right palm (figure 4-4). The fitting of the assembly has
a tolerance of approximately 1mm. This peg-in-hole task has been performed
five times by the researcher where four out of five consecutive attempts were

successful. It was assessed the one failure was the result of the limitation in
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viewing angle and the lack of practice of the participant, which shows the

importance of informative visual feedback during teleoperation.

Figure 4-4 - Peg-In-Hole test using Virtual Directional Pad

Although the tests performed have been mostly successful, it was concluded
that this method of robot control has a number of drawbacks. Firstly, the
potential to expand the functionalities of this particular system is difficult. For
example, it is unintuitive to extend the 2D control to 3D control in Cartesian
space. Secondly, the positioning of the robot gripper was difficult to achieve and
time consuming due to the limitation in visual perspective and the skill required
in accomplishing such tasks. Furthermore, this method can require significant
physical workload over a prolong period of use.
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4.3.4 Static pose gestures in industry

Subsequent to the Virtual Directional Pad development the research proceeded
to seek a more sophisticated solution. A number of researches have
investigated the feasibility of gesture recognition of common sign languages
with different origins (Verma et al, 2013). However, these sign languages can
require significant effort to learn. It was identified that existing industrial hand
gestures are currently being used by building workers for crane operation in
building sites. These gestures are standardised as described in BS ISO 16715.
These gestures enable ground workers to direct the crane operator who sits in
an operating room situated as high as 100m above the ground (Chow and
Pickles, 2015). The gestures are designed to use both arms which provide
signals that are clear to observe from a distance. The standard describes 26
gestures with a combination of directional gestures and operation commands.
Some of the gestures require small movement such as rotation of the hand
which can be difficult to observe. Ten of these gestures were selected based on
their function which is suitable for the application of the developed system.
Some gestures were simplified for more robust gesture recognition. The
greatest challenge in developing a gesture control system is to design the
system to be coherent for the user (Wigdor and Wixon, 2011). Using gesture
designs based on standard ones can simplify the design process. These
gestures can also be easily remembered, and therefore minimal training is
required. From a human factors point of view, using simple gestures can
minimise cognitive workload. The gesture set used in this system consists of ten
gestures as illustrated in figure 4-5, six of them are directive gestures and three
are command gestures. The directive gestures include left, right, raise, lower,
forward and backward. These gestures can be used for selection or control a
robot tool centre point to move in a direction in a predefined coordinate frame
depending on the application. The command gestures include “Start”,” Stop”,
and “Danger”. These gestures can be used to trigger or terminate a robot

programme.
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Figure 4-5 - gesture commands used in robot operation

The programme performs gesture recognition by analysing the user’s upper
body 3D joints position at a rate of 30Hz. These include neck, right shoulder,
right elbow, right wrist, left shoulder, left elbow, and left wrist. The body joints
used in the recognition process are summarised in table 4-2 and illustrated in
figure 4-6. The x (horizontal), y (vertical) and z (depth) values of each joint are
constantly analysed by algorithms to seek for matching condition to any of the
gestures, if all conditions are met then a gesture will be identified and a signal
will be sent to the robot. For example, the “Danger” gesture requires the user to
put both of their hands above their head as illustrated in figure 4-7. The system
is designed for the robot to receive command from the user during operation in
a workstation layout similar to the one illustrated in figure 3-2. To avoid false
trigger, the system will only accept commands from the user when they are
facing the robot, similar to human communication where people would look at
each other during an interaction. In this case, the z values are used to monitor
the level of attention of the operator towards the robot. This is explained in

greater detail in chapter 4.3.5.
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Table 4-2 - joints of interest and corresponding variables

Joint Variables

Neck (Xn . Yo, Zy)
Left shoulder Xis Vs  Zis)
Left elbow (Xie » Yies Zie)
Left wrist Kw » Yiws Ziw)
Right should Xrs » Vs Zys)
Right elbow (Xre »YrerZre)
Right wrist (0 e d e i)

Figure 4-6 - Kinect skeleton with joint variables
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Figure 4-7 - gesture recognition software

4.3.5 Recognition algorithms

The Kinect API performs the human tracking and returns a number of joint
coordinate values relative to the sensor position. These data are selected and
used for classification of gesture. The gesture recognition algorithms recognise
a gesture by matching conditions based on measurements of Euclidean
distance between joint and joint angles. The adopted gesture set consists of
gestures characterised by different variations of hand and arm positions. Thus,
the user inputs have to fulfil several conditions in order to find a matching
gesture. These conditions are segregated by the positions of left and right arm.
Each gesture is defined by three conditions of the left arm «;, §; and y;, and
three conditions of the right arm «,, 8; and y,. The a condition must be met

before the g and y condition is being assessed which can be described in (1).

a ->B-vy D)

This check is carried out simultaneously for both arms which can be described
by (2).
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Ial _)ﬁlﬁyll- |ar _)ﬁr _>Vr| (2)

The a and g are characterised by coordinate positions of the hand which vary
between each gesture. The y is defined by the angle 8ab which is the specific
angle of the elbow required to be met by gesture. The angle of elbow is

obtained using formula (3).

_ Va.x*Vb.x +Va.y*Vb.y+Va.z*Vb.z 180 (3)
fab = cos™! *

JVa.x2 +Va.y2 +Va.z% * [Vb.x2 + Vb.y% + Vb.z2 T

The inner elbow angle 8ab between wrist and shoulder on both arms must
reach a calibrated threshold 6t for the condition to take effect. The angle
calculation between the lower arm vector Va and upper arm vector Vb is defined
in (8). Note that both Va and Vb have three dimensions x, y and z where Va. x *
Vb.x +Va.y xVb.y + Va.z x Vb. z is the dot product of Va and Vb.

To further enhance the robustness of the interface, the level of attention of the
operator is monitored by the conditionOA. The condition OA ensures that the
operator is standing straight and facing the robot while making the command.
By comparing the depth value of the right and left shoulders and the neck, the
condition OA can be checked. The condition can be met if the calculated value

is within the upper and lower threshold tu and 7l.This can be expressed as (4):
OA=tl< (Zs- Zy)— (Zps* Zy) <TU (4)

The characteristics of each gesture and their conditions are described as

follows.
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Figure 4-8- “start” gesture

The “start” gesture (figure 32) is used to begin an operation or a particular robot
programme. This gesture requires the user to lift both of their arms to form a
horizontal line, and both hands should be pointing away from the body. In
algorithmic terms, both wrists should be on a similar horizontal level as the

elbow and the shoulder as illustrated in (5-9).

o = |xn > Xig > Xje > xlwl (5)

The wrist joint and the shoulder joint should be aligned at a similar horizontal

level as show in (5). The constant e is applied to provide a tolerance.

b= lyw— yis <el (6)

A similar formula applies to the right arm as illustrated in (6) and (7).

O = X > Xpe > Xpg > Xy | (7)
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Br = |Yrw — Yrs <e|

The y condition of both arms require the elbow joints to be near 180degree, fe
is the tolerance constant which can be adjusted to change the sensitivity as
show in (8). A higher sensitivity may reduce the robustness of the system due to
false trigger, but a tolerance must exist to accommodate the physical different
between users. Some users may struggle to achieve a pose with completely

straight arm.

y = 6ab + Be

|

Figure 4-9 - "stop" gesture

The “stop” gesture (figure 4-9) is used to stop an operation or confirm the end of
a task. The operator should lift their right arm until their hand is above the top of
their head and pointing towards the sky with an open palm. The rule of this
gesture is to have the right hand positioned over the horizontal level of the head
as illustrated in (10) and (11) while the other hand in natural position, and the

elbow joint should be approximately 130degree.
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. = {lxrw> Xre > Xps > xnl-
" |Vrw > Vre > Vs > Yl

|

The “right” gesture (figure 4-10) in this case is used for selection purposes such

Figure 4-10 - "right" gesture

as for choosing component to use or routine to start. The operator should hold
the right arm at a horizontal level with the hand pointing away from the body. In
this case, the right wrist is on the same horizontal level as the right elbow and
shoulder as described in (12) and (13) while the left arm is at a neutral position

pointing downwards.
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oy = Ixrw> Xre > Xps > xnl

Br = |Yrw — Yrs < e

g =

Figure 4-11 - "left" gesture

Similarly, the “left” gesture (figure 4-11) is also for selection purposes. The
operator should hold their left arm at a horizontal level with the left hand
pointing away from the body. The left wrist is on the same horizontal level as
the shoulder as illustrated in (14) and (15) while the right arm is at a neutral

position pointing downwards.
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ap = |xy > x5 > X > Xy

Br= yw— yis <e|

Figure 4-12 - "confirm" gesture

The “confirm” gesture (figure 4-12) can be used to confirm a decision or
selection. The pose is the opposite of the “stop” gesture where the operator
should lift their left arm until their hand is above the top of their head and
pointing upwards, the conditions for left hand is described in (16) and (17). The

elbow joint should be approximately 130degree.
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a = {lxn > Xig > Xie >xlwl '
| =
lyiw > Yie > Yis > ynl

Br = lxww — xe <e|

Figure 4-13 - "danger" gesture

The danger gesture (figure 4-13) should only be used when an operator senses
a hazard. However, the robot system should be designed in way that no
hazardous incident would occur and safe for operator to work with under any
circumstances. To trigger the emergency function, the operator has to lift both
of their arms until both hands are above the head level. In algorithm terms, this

gesture is to have the both wrists positioned over the horizontal level of the
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head (18-21), and both elbow inner joint angles should be approximately
130degree which is processed using (8).

_ |xn > X > Xje > xlwl ' (18)
a; =
lViw > Yie > Yis > l

Br = lxpw — xe <e| (19)

A similar formula applies to the right arm.

a. — {lxrw > Xpe > Xpg > Xp | . (20)
" |Yrw > Yre > Vs > Yl

Br = lxy, — x. <e| (21)
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Figure 4-14 - "raises" gesture

The “raise” gesture (figure 4-14) is somewhat similar to the “stop” gesture, the
only difference is the closed palm. It is used for directional control purpose. The
operator should lift their right arm until their hand is above the top of their head
with their palm closed. The rule of this gesture is to have the right hand
positioned over the horizontal level of the head with palm closed as illustrated in
(22) and (23) while the other hand in natural position, and the elbow joint should

be approximately 130degree.

. = {lxrw> Xre > Xps > xnl-
’ [Vrw > Yre > Vrs > Yal

Br = lxyw — x. <e|
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Figure 4-15 - "lower" gesture

The “lower” gesture (figure 4-15) does the opposite to the “raise” gesture which
is used for lower direction control. The operator should point their right arm
downward slightly away from their body with their palm closed. The rule of this
gesture is to have the right hand positioned below the horizontal level of the
elbow and shoulder. The wrist should be pointing away from the torso centre
line as illustrated in (24) and (25) while the other hand in natural position, and
the elbow joint should be approximately 130degree.

— {leW > xre > xTS > xn | .
" 1Vrw < Yre < Vsl

Br = |xy — x. <e|
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Figure 4-16 - "backward" gesture

The “backward” gesture is used for directional control which indicates
movement towards the operator. The operator should raise both of their hands
to the front of their chest around the horizontal level of their neck. The rule for
this gesture is to have both wrists positioned in front of the elbows and the neck,
at a horizontal level similar to the neck. The algorithms for both arms are
illustrated in (26) and (27).

a={Z,< Z,< Z; < Z, |

B=IYw— Yy<el
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Figure 4-17 - "forward" gesture

The “Forward” gesture is used for directional control which indicates movement
away from the operator. The operator should hold both of their forearms
horizontally in front of them with curled elbows as illustrated in figure 4-17. The
rule for this gesture is to have both wrists positioned in front of the elbows and
the neck, at a horizontal level similar to the elbows. The algorithms for both

arms are illustrated in (28) and (29).

a={Z,< Z,< Z; < Z, |

B= Y- Y <el

For most gestures, there is a short initiate delay and this is to minimise
recognition error caused by unintended movements which can be similar to a
certain gesture. An exception has been made for the “Danger” gesture, because

it is an emergency function to be used when a hazard occurs. The recognition
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program for this particular gesture is run simultaneously to the other gesture
recognition program, and it can be activated even by unregistered users within
the sensor’'s range with immediate effect. However, this is only to cover
hazardous situation where the robot may collide with another component. The
robot shall be setup in a way that should never cause any harm to people
according to ISO 10218:2011.

4.3.6 Evaluation

Initial testing have revealed that some of the gestures suffer from ambiguity with
normal activity or other gestures. These gestures include forward, backward,
lower and raise. For example, the forward and backward gestures can appear
similar to natural postures during a manual task, especially when both hands
are positioned in front of the person’s body. The lower gesture could be
triggered accidentally in a natural pose while the raise gesture could be
confused with the stop gesture with the only difference being opened and
closed palm. For these reasons, these four gestures are impractical to use in
this system. However, the remaining six gestures continue to be valuable to use

as command gestures and they were evaluated using a number of participants.

The SPR programme was tested in a laboratory environment. Each of the six
gestures were given a gesture ID (table 4-3) and grouped in a number of
randomised sets to minimise the order effect (table 4-4). Each gesture set is
consisted of the six gestures in different sequence and this is to allow detection
of false triggers cause by transition from one gesture to another. Six staffs of
Cranfield University (4 male and 2 female, height: M=175.67cm, SD=7.42cm)
took part in the test and each of them was given five sets of gestures to
perform. Participants had to hold each pose for approximately 3 seconds, the
accuracy of gesture recognition is measured based on the ability of the system
to recognise the gesture within the given 3 seconds. The Kinect was setup at a
height of 138cm and the participant were standing approximately 200cm from
the sensor. Prior to the test, the participants were briefed about the experiment

and instructed to perform the gestures in a specific order. An A3 printout of the
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list of gestures in Figure 4-5 was positioned in front of the participants
throughout the test.

Table 4-3 - gesture and gesture ID

Gesture ID

start 1
stop 2
left 3
right 4
danger 5

confirm 6

Table 4-4 - Static Pose Recognition test sequence

Test sequence
Set Gesture ID
1 1 2 3 4 5 6
2 1 3 4 5 6 2
3 1 4 5 6 2 3
4 1 5 6 2 3 4
5 1 6 2 3 4 5
6 2 3 4 5 6 1
7 2 4 5 6 1 3
8 2 5 6 1 3 4
9 2 6 1 3 4 5
10 2 1 3 4 5 6
11 3 4 5 6 1 2
12 3 5 6 1 2 4
13 3 6 1 2 4 5
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14 3 1 2 4 5 6
15 3 6 1 2 4 5
16 4 5 6 1 2 3
17 4 6 1 2 3 5
18 4 1 2 3 5 6
19 4 2 3 5 6 1
20 4 3 5 6 1 2
21 5 6 1 2 3 4
22 5 1 2 3 4 6
23 5 2 3 4 6 1
24 5 3 4 6 1 2
25 5 4 6 1 2 3
26 6 1 2 3 4 5
27 6 2 3 4 5 1
28 6 3 4 5 1 2
29 6 4 5 1 2 3
30 6 5 1 2 3 4
4.3.7 Results

The experiment results from the Static Pose Recognition programme test is
shown in Figure 4-18. It shows that the “start” and “right” gestures were
recognised with 100% accuracy. The “left” gesture has 96.7% accuracy and
“stop”, “danger” and “confirm have 93.3% accuracy. The accuracy is measured
based on the recognition of the first attempt of the participant performing the
pose. All the poses that were not initially recognised have been recognised after
slight adjustment of the arm position. Gestures that involve positioning one or
both hands above the head receive the lowest accuracy, and most of these
errors happened with two participants who did not position their hands high
enough so improved training may increase the accuracy in the future. This

problem can also be solved by increasing the value of the threshold. As
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mentioned previously, the robot setup should be carried out compliant to ISO
10218:2011 to ensure all the safety aspects are well thought-out, and under no
circumstances should the malfunction of the gesture control poses safety threat
to the user. Furthermore, the practicality of these static pose commands can be
enhanced by combination with dynamic hand tracking motion control which
enable user to make commands to the robot as well as controlling its motion in

3D. This integration is discussed in chapter 4.5.
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Figure 4-18 - Accuracy of Static Pose Recognition programme (%)
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4.4 Dynamic Hand Motion Tracking (DHMT) control

4.4.1 Introduction

In addition to the SPR, the DHMT control mechanism enables the user to
control the robot's movements by moving one of their hands. As mentioned
previously, there are a number of researches conducted on developing this type
of gesture control system for robots. However, in a practical situation industrial
robots are often installed in a restricted space with obstacles such as walls
within the robot’'s working envelope. Furthermore, the majority of industrial
robots have no safe force torque limit unlike the one used in this system, and
therefore a human operator should be separated from the robot by a safety
distance which is calculated by the safety distance formula described in EN ISO
13855:2010 (British Standards Institution, 2010). The safety distance formula
takes a number of factors into account which include the robot speed, if the
robot is programmed to match a human’s hand speed which can be over 2m/s
(Elgendi et al, 2012) then human integration will be prohibited, because the
human operator will be separated by a safety distance of over 2m, also Arai et
al (2010) have found that a robot moving at speed greater than 1m/s in a
collaboration can causes fear and surprise to human operator . Thus, full control
with this technique is not feasible. Nevertheless, this type of control method is
valuable for applications where guidance of robot through a specific path is
required. Although safety distance is not an issue with the robot used in this
research, the gesture control is still designed as a subsystem with appropriate
restrictions, and these restriction parameters will allow the system to be
adapted for use with other robots in the future.

4.4.2 System architecture

The system architecture of the DHMT system is illustrated in figure 4-19. Similar
to the SPR, the raw sensor data are processed by the sensor API which
recognises and tracks the user. The tracking data are processed by the DHMT
algorithm and relevant outputs are encoded and then sent to robot system. The
robot programme decodes the incoming data and the robot moves according to

the user input.
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Figure 4-19 - system architecture of DHMT

4.4.3 Hand calibration and mapping

For DHMT control the system constantly tracks the position of the user’s right
hand while monitoring the state of the left fist for activation and deactivation as
illustrated in figure 4-20. During every activation the current hand position
C(cxcy,cz) is saved in temporary memory for calibration. The tracked hand
position data H(hxhyh;) are calibrated using recorded hand origin  C(cx,cy,cz)
which gives UH(uhxuhy,uh;) as presented in (22). The operator's right hand
movement range is defined by (HI2% — HID ) while (Wm3% — WIin) gives the
range of the robot’'s work space. The hand position data are scaled based on
(Hpax —H@n)  and (WSS — WMiny using the algorithm presented in (23)

which gives R(rxry,1z).

UH=H-C

(R (UHx _ H)rcnin) % (vamax _ Vl/-xmin)
i (3 = H
_ (UHy _ H}r}nln) % (Wymax _ Wymm)

+ Wmin
x

< Ry (Hmax _ Hmin) + Wymm
y y
_ (UHZ _ H;nm) " (VVZmax _ VVme) N Wmin
S (' — H) ’

Rw= CP+ R
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The robot movement point Rw(rwx,rwy,rwz) is result of the robot current tool
centre point (TCP) CP(cpxcpy,cpz) added with the dynamic hand tracking output
R(rx,1y,rz) as illustrated in figure 4-20.

The virtual work plane is predefined in the robot controller using three or more
points, a number of work planes can be created within the robot controller to
support different applications, and this can be carried out with most robot
controllers, thus enabling the system to be applicable on other industrial robots
in a different scale. Each plane has its own coordinate system Rf and the robot

movement bounding box will be defined based on these work planes.

: Right hand
position
(HleyrHZ)

Closed left fist for
actuationand
calibration of right

hand position
-

User distance to g
sensor =2m

\ Robot movement
boundingbox defined frame Rf

I ]
o ooy

Figure 4-20 - gesture control with right hand controlling movement and left hand

for actuation, picture on the right showing robot's working area

The functionality can provide the user with the ability to control the robot’s
movement in real-time to carry out tasks. This is particularly useful for
manufacturing applications with high variation and required delicate movement

control of the end-effect, for example polishing.
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4.4.4 Methods

The hand tracking capability of the Kinect is critical for the DHMT system, thus it
was tested with a calibrated laser tracker to make comparisons of hand
movement paths. The Kinect was positioned 60cm from the laser tracker at a
lower level and both devices were approximately 1.8m from the participant
standing point. The chosen distance between the participant and the sensors
enables the Kinect to capture all the possible movements of the participant as
well as to simulate human-robot interaction as described in chapter 3.3
(assuming the sensor is mounted at the robot base). The effect of the
separation distance between human and the Kinect on the tracking accuracy is
discussed in chapter 3.6.1. The purpose of this setup was to make direct
comparisons between the two devices, and therefore initially the participant was
to hold a laser tracker reflector ball in the right hand to perform the movement
allowing both devices to record identical hand movement paths. However, it
was found that the Kinect struggled to track the participant's hand on many
occasions while holding the reflector ball, and hence an alternative method was
used. Instead a rectangular frame was built to enable hand movements to be
performed repeatability with similar paths. The frame was constructed using
aluminium tube with 4cm x 4cm cross-section and the rectangle measured
45cm x 42cm, additional guiding sticks were placed at the 4 corners of the
rectangle so that operator’'s hand could move in front of the frame to avoid
obstruction of the Kinect’'s view. The Kinect data used in this test are extracted
from the right hand joint of Kinect SDK skeleton tracking. More tests were
carried out after this with the Kinect Interaction hand tracking feature, which was

the selected tracking method for this system.

4.4.5 Evaluation

To test the hand tracking accuracy, a number of measurements were taken
using the laser tracker and Kinect separately and comparisons were then made.
Figure 4-21 shows a scatter plot of laser tracker data and Kinect skeleton data.
The Kinect skeletal data has been converted to a real-world coordinate system

to match the laser tracker results. The results show data for hand movements
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around the rectangular frame 4 times. The purpose of this test was to show
graphical correlations between the two sets of data in terms of coordinates,

position and rectangle size.
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Figure 4-21 - comparison of laser tracker (red) and Kinect skeleton raw results

(blue), which illustrate similarity in shape and size of rectangular measurement

The results showed that the rectangle measured with the Kinect is comparable
in size with those measured with a laser tracker. The Kinect data points overlap
the laser tracker data in the X-Z axes after conversion to the real-world
coordinate system. More tests have been carried out using these devices. Each
device was used to take 5 sets of single loop measurement to make
comparison on the length of both sides of the rectangle. The maximum
differences in the spread of lengths among 5 sets of data were 6.3mm, 9.7mm

and 0.7mm (to 1 decimal place) in x, y and z respectively. The spread of axis
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length measurements from 5 sets of coordinate data were plotted for both
devices to make comparisons as illustrated in figure 4-22. The rest of the results
are summarised in table 4-5. Although the differences were consistent for all of
the data sets, the Kinect skeletal tracking hand data contained noise, which can

be caused by occlusion from the aluminium structure for hand guidance.
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Figure 4-22 - the graph is showing the means of 3D coordinate ranges measured
by the two devices

Table 4-5 - Kinect vs Tracker results

Length measurement Kinect (mm) Tracker (mm) Difference (mm)

Mean X 488.47 526.19 -37.72
Mean y 460.48 476.68 -16.2
Mean z 82.58 50.25 32.33
Median x 483.5 522.7 -39.2
Median y 459.69 476.43 -16.74
Median z 83.81 51.16 32.65
Standard deviation x 11.68 8.99 2.69
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Standard deviation y 6.05 9.04 -2.99
Standard deviation z 11.35 7.56 3.79

An alternative method of tracking hands with the Kinect SDK is Kinect
Interaction hand tracking. The feature was introduced to be compatible with
Kinect-enabled PC applications. The feature uses depth information and
skeleton tracking information to track a user’s hands. This feature was selected
to support the gesture control system due to its capability to detect the hands’
state such as grip and release. In this test, the Interaction hand pointer’s
coordinates were compared against skeleton tracking’s right hand joint data for

identical hand movements.

The Kinect Interaction hand pointer has a different coordinate system compared
to the skeleton tracking as well as scale, the interaction hand pointer is also
more sensitive in the z direction to measure how much a pressing movement is
being performed by hand. The plots in figure 4-23 show that the interaction
hand pointer data has a similar shape as the skeletal tracking data. It is also
noticed that the interaction hand pointer data shows significantly less noise
compared to the raw skeleton tracking data and resulted in a much smoother
line plot as shown in figure 4-24, which indicates that built in filters are used in
producing these outputs.
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Figure 4-23 — Comparison of Kinect Skeleton (left) and Kinect Interaction hand

pointer (right) results of hand movements in a rectangular shape path

Furthermore, the hand movement path following capability of the system was
tested using a laser tacker and reflector on the robot end-effector sampling
every 100ms. The hand movements tracked by the Kinect Skeleton, Interaction
hand pointer, and output coordinates as well as robot movements are illustrated
as line plot in figure 4-24. The results show that the robot movements resemble
the same shapes as user input. The laser tracker measurement appears to be
smoother than the Kinect measurements and one of the reasons is due to the

difference in sampling frequency.
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Figure 4-24 - hand drawn shapes using Kinect to test usability to direct a path

For gesture motion control, the accuracy of the robot motion is wholly reliant on
the hand coordinates input obtained using the Kinect which has been tested as
described as well as the scale factor applied in the coordinates mapping. The
accuracy of the robot movement following computer output has been tested by
length comparison of movement lines with the robot working area restricted to a
540mm x 600mm x 230mm bounding box. Errors have been calculated based
on 9 sets of computer output and tracker measurements. These results are

summarised in table 4-6:
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Table 4-6 - summary table of robot movement errors compare to control output

Error Percentage error
Mean 0.08mm 0.02%
Median 0.07mm 0.02%
Standard Deviation 1.44mm 0.36%

The errors of the Kinect hand tracking data can be reduced by the application of
appropriate filters as demonstrated in a number of literatures. The errors in
robot movement can be amplified or reduced depending on the ratio of hand
motion range to size of robot working area. A larger robot working area will
result in greater error relative to hand tracking data and the opposite with a

smaller working area.
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4.5 Integration of SPR and DHMT: a demonstration of
application

This chapter describes the integration of two different types of gesture control
systems for human-Robot collaboration. The purpose of this integration is to
demonstrate the potential applications of gesture control in human-robot
collaboration and the benefit and drawback of the methods. It is the final
evaluation of the first iteration of the system development cycle. This work was
carried out in collaboration with another researcher. The author of this thesis
was responsible for leading the gesture control development and carrying out
the main development where the other researcher has built the communication

interface for distributed control of sub-systems.

The integrated system allows multiple operators to communicate commands
and simultaneous motion tasks to an industrial robot using both hand gesture
poses and hand-arm motion that would naturally be used to carry out tasks. The
aim is to enable smooth transition between operating modes in collaboration
which minimises downtime during human intervention in a robot task. The
DHMT control can be carried out in 2D or in 3D depending on the requirements
of the practical application. A set of gesture commands has been defined as
described in chapter 4.3.4 since there is currently no standardised set of
gestures for industrial collaborative robots. It has been taken into consideration
that the developed system and gesture set will have wider applications in the
future, and therefore it should be applicable onto industrial robots made by

different manufacturers.

The novelty of the research presented in this chapter is the combination of
standardised industrial gesture as well as dynamic hand tracking for input
methods which provide an intuitive interface and allow for a direct control of
robot motion. Furthermore, a facial recognition is embedded in the developed
system as a management tool which to enable authorisation which is capable of
determining level of authority and provides different type of control to specific

user.
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4.5.1 System Architecture

The system architecture consists of a number of subsystems at software level
which are controlled by the control software (figure 4-25). Facial Recognition,
Static Pose Recognition (SPR) and Dynamic Hand Motion Tracking (DHMT) are
three sub-systems. Facial recognition is used to verify users who are authorised
to use the system and recognise the user once they need to use the system.
Registered users can be assigned with different levels of permission over the
control of the system. For example, there can be two main roles in the system
as follows:

1. Supervisor: A user who is authorised to use both the SPR and DHMT
systems to start and stop the process, as well as the movement control
of robot.

2. Technical worker: A user who is authorised to use only the DHMT
system to control the movement of robot.
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Figure 4-25 - System High Level Architecture

Figure 4-26 shows the flow of the information between the functions of system.
Once the supervisor is recognised by the facial recognition system the control is
passed to the SPR system where the supervisor can carry out selection,
alignment, and start/stop the system. The system is capable of restart after an
emergency stop without the need to reach the robot controller. Once the system
is restarted, the supervisor (if required) can pass the control to a technical
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worker who can then control the movement of robot using DHMT and can
complete the task. After finishing the task the control can be passed to
supervisor who can stop the system. The emergency stop function can be used
by anyone within the sensor’s detection range using the “danger’ pose to
immediately stop the robot even if the system is in the DHMT control mode.
The restart of the system can only be carried out using a hand signal by the

supervisor who can then pass the control back to technical worker again.
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Figure 4-26 - Flowchart for Industrial Gesture Control System — a sample

application

The system is modular and distributed in nature and can be installed on multiple
computers connected through Ethernet or via an internet. For example, the
supervisor can control the robot activation and de-activation from a remote
location while operators perform robot motion control on the manufacturing line.
A single sensor can be used as a shared resource in the system, but multiple

sensors setup can also be adopted.
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4.5.2 Facial recognition

The robustness and reliability of the gesture control system have been
enhanced using facial recognition. As illustrated in figure 4-25 and figure 4-27,
the system requests user verification at the beginning of the process, a user
database consisting of facial data and level of authority is used for user
identification. Once a user has been recognised, the system will assign the
appropriate level of control and the user can carry out commands using gesture

control.

The facial recognition engine is developed using the Eigenfaces approach for its
simplicity and efficiency (Turk and Pentland, 1991). The system can track a
person’s head and recognise a person by performing Principal Component
Analysis (PCA) comparing facial features to pre-recorded facial data in a
database. The training data set is recorded using the Kinect under similar
lighting condition as the actual operating environment to ensure the training
data is of good quality for carrying out recognition. The training procedure is
carried out for at least five times for each person at different angles to ensure
the recognition to be reliable when the users turn or tilt their body away from the

camera.
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Figure 4-27 - Facial Recognition System
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4.5.3 Evaluation

The three sub-systems were tested in isolation before the complete system was
integrated, after the integration a sample task has been performed using the
system to demonstrate the potential application of using a combination of

different gesture control methods.

The face recognition system is not the focus of this development, but it has
been tested for completeness. The program has been tested a number of times
with 7 participants. The Eigenfaces method is a well-established method which
is relatively simple to build and apply, and it is sufficiently reliable for a number
of applications. However, it was found that the face recognition can be greatly
affected by difference in lighting condition between image training and
operation. The face recognition program has been reliable throughout the tests,
but it is recommended to have at least five training images with different
orientations of the face which include the front view for each person to achieve

maximum reliability.

The effectiveness of the integrated gesture control system was tested using a
pick and polish task with multiple operators. A test bench was positioned within
the robot’s working envelope consisting of a storage area and polishing area as
illustrated in figure 4-28. The storage area had three cylindrical components
located in a part holder, and the polishing area was fitted with a rotational
polishing device. Each test involved two participants, one as the supervisor and
the other one as the polishing operator. The system was trained with their faces
with assigned authority levels prior to the test. The robot working area was
limited to two horizontal planes workplanel and workplane2 which covered the
two areas mentioned previously. The robot shifts from workplanel to
workplane2 during the transition from task 1 to task 2. In task 1, the supervisor
can start the operation and select a work piece to work on using SPR control
system, and also drop vertically and close the gripper to pick up a short pipe
which has been positioned vertically on a holder. In task 2, the operator can

alter the position with their hand using DHMT control.
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Figure 4-28 - the test bench consists of two working areas - component storage

and polishing

The test began with the supervisor stepping into the control zone and starting
the operation using the “start” gesture, the robot subsequently moved its gripper
above the storage area and the supervisor has to use directive gesture
commands to align the robot gripper with the component required before
actuating the picking sequence by posing a “confirm” gesture. Once the
component was successfully obtained from the component rack the robot
moved the component above the polisher. At this point the supervisor passes
control to the polishing operator. Once recognised by the system, the operator
could then start the operation by closing their left fist and controlling the
movement of the robot using DHMT control in front of the sensor. Once the
component had been polished to a desirable level the operator closed their right
fist, and the supervisor performed the “stop” gesture to indicate the end of the
operation. The robot then dropped the component in a box and moved to a
standby position. The test were carried out a number of times with successful

results, the supervisors always being able to start operation, select a

116



component using directive gestures and then pass control to an operator to
carry out the polishing task. Using the DHMT control method, participants
successfully made contact between the test components and the polisher. The
purpose of this test was to illustrate the functionality of the system rather than
as a real application but could be used when the operation required very large

parts or operation in hazardous environment or with harmful materials.

The integrated system used one Kinect sensor as shared resource between the
three subsystems which was occasionally affected by a known issue with the
Kinect hardware driver. A bug with the hardware driver can cause the Kinect to
disconnect from the computer when used as a shared resource between
multiple programmes, but the problem can be solved by disconnecting and
reconnecting the hardware. However, over 90% of the tests were not affected
by this issue, and the issue can be fully solved by using one Kinect for each

subsystem.
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4.6 Development of an ergonomic and intuitive gesture control
system

4.6.1 Introduction

This chapter describes the second iteration of the gesture control system
development. In the second design iteration, more design considerations have
been taken into account and these include design standards, ergonomics and
human factor. The ergonomics and human factor studies are carried out
exploratory studies illustrating how these methods can potentially be applied in
future applications. A gesture control system was developed as a result of this
design process. A demonstration has been carried out to show its potential

application in human-robot collaborative task.

4.6.2 System architecture

The system consists of a small industrial robot with 6 degree of freedom (dof),
control system with software written in C#, and a Leap Motion sensor. The Leap
Motion sensor is used to capture user's hand gesture input and the control
software processes the input and sends signals to robot controller. A decoder
programme is created in the robot controller which receives signal from the
control software through TCP server and actuate robot to perform actions
(figure 4-29).
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Figure 4-29 - system architecture

4.6.3 Standards

The BS ISO/IEC 30113-1 consists of a guideline for the design of gesture-

based interfaces. The standard highlighted a number of requirements and
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recommendations and these include activating/ finishing a gesture, performing a
gesture, feedback for confirming a gesture, feedforward, cancelling a gesture,
criteria of gesture size, controlling the criteria, changing correspondence of a
gesture command and descriptions of individual gestures within part. A number
of these recommendations have been considered during the design of the
developed system (British Standards Institution, 2015).

4.6.4 Gesture design process

The main design objective is to provide a natural user interface for user to take
full motion control of robot without requirement of significant training. The
natural user interface allow the operator to work with a comfortable posture,
thus the risk of work-related musculoskeletal injury is reduced. One of the many
causes of musculoskeletal disorders is the adoption of static or constrained
postures. Using a control system may involve placing a load on the
musculoskeletal system and discomfort, pain, fatigue will be influenced by the
amount, duration and distribution of this load (Smith, 1996). Thus, a gesture
control system designed to be used multiple times during a work shift should be

designed in a way that reduces the risk to these injuries.

4.6.5 Gesture design constraints

Gesture is broadly recognised as a natural way of communication, but when
designing gesture as machine input or control it is important to consider about

constraints of technology and human.

Gesture control for robot motion should be continuous throughout the controlling
period in which the user should be able to change the path of the robot
immediately as intended. The robot movements need to be responsive so the
user can receive an instant feedback to be assured the robot is operating
according to the input, otherwise any delay in response will hinder movements
synchronisation, and the user will feel disconnected to the robot. Thus the use
of dynamic gesture recognition is prohibited, because a dynamic gesture routine
typically takes over half a second to complete, so the system response is not

instant. Therefore it cannot provide a continuous input to control the robot
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motion. The actuation method used in the developed system is based on hand
positional thresholds so the robot responds as soon as user’s hands reach the
thresholds.

4.6.6 Technological constraint

Machines perceive human gesture through sensors and sometime processed
using numerous algorithms, thus it is important to know the limitation of the
technology to design a gesture control system that is reliable and robust to use.
The developed system uses the leap motion as an input device. The device API
provides tracking information of the user’'s hands which include the pitch, roll,
yaw as well as the X, y, z positions relative to the sensor’s centre point. The API
can also recognise pinch or grab motions and return values between zero to
one where one is a full pinch or grab, and zero is none. As explained previously,
Leap Motion has certain amount of tracking errors which can be compensated
by incorporating appropriate filters as demonstrated in (Du et al, 2015).
However, the errors have remained relatively high compared to typical high-
value production manufacturing tolerance (Jayaweera and Webb, 2007). This
means that robot teleoperation involves mimicking human hand movement is
technically challenging due to limitation of human motoring skills and current
sensor resolution. However, the gesture input in this system is designed to
actuate by hand positional threshold based on calibrated hands positions which

is not affected by these limitations.

4.6.7 Human constraint

The senor tracks only the hand and finger movements, thus the posture
analysis can focus on musculoskeletal movements involved in changing the
hands’ positions and orientations. The control hand movements are broken
down into potential risks of musculoskeletal injury. For instance, changing the
hands’ pitch, roll and yaw require wrist flexion, radial deviation and ulnar
deviation respectively (figure 4-30). Changing the x, y, z position of the hand
requires upper arm movement or lower arm movement and sometimes both.
When designing a control system, these required body movements should be

identified and the implication on health should be assessed.
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Figure 4-30 - Wrist movements and changes in sensor values

The Rapid Upper Limb Assessment (RULA) (McAtamney and Corlett, 1993)
postural analysis is chosen to aid the design of gestures and assess the risk of
musculoskeletal injury associate with the system usage. It is an effective
method for assessing the risk level of task requires movement of the upper
limbs. The tool is chosen based on its simplicity and reliability compare to other

assessment methods (Kee and Karwowski, 2007).

The RULA assessment method (figure 4-31) is used in the assessment of
human constraint during the system design phase. The assessment has a score
system with two parts which include part A: Arm and Wrist Analysis and Part B:
Neck, Trunk and Leg Analysis. The scores accumulate at each step and the

final score is calculated using a combination of three score tables.

The Arm and Wrist Analysis indicates that the upper arm position should stay
within +/- 20 degree from the vertical axis or the score increases. A raised
shoulder or abducted arm also increases the score which should be avoided.
The lower arm position should stay within 60-100degree from the vertical axis
otherwise the risk increases. Any deviation of the lower arms from the midline of

the body will increase the risk, but it is inevitable if one of the hand positions is
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required to change in the x-axis of the sensor. Wrist flexion within +/-15 degree
will add two points, but any movement over the range will add three points. Any
ulnar deviation will add another one point to the score, but it is avoidable by
using lower arm movement instead to change hand yaw in sensor values. Wrist
twist within midrange will only add one point to the wrist and arm score. Finally,
highly repeatable posture or prolonged static posture will increase the risk as
well as added force or load larger than 4.4lbs on the hand. The developed
system has received minimum risk score from the Neck, Trunk and Leg
Analysis as it is design to be used in comfortable standing posture as described
in BS EN ISO 9241-5:1999 (British Standards Institution. 1999).
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Figure 4-31 - RULA Employee Assessment Worksheet

The RULA assessment is the core of the human-centred design process of this
development. The human constraints highlighted from the assessment are
considered at the initial gesture design stage as well as each design iterations.

It was established at the beginning that in order to achieve intuitive gesture
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control the user’s hands will be moving within a Cartesian space and some wrist
flexion movement will be required. In this case, the threshold for low risk hands

movements can be calculated using the joint angles provided in RULA.

The Leap Motion sensor will be positioned flat on a solid surface and in front of
the user as it is originally intended. The x,y,z positions of one of the user’'s hand
will be used to actual control input which require shoulder and elbow joint
movements. It is know from the assessment that both joints should not require
to move over +/-20 degree from a default position. Using this information
combined with anthropomorphic data the ideal sensor height, working area and

threshold for actuation are calculated.

Figure 4-32 is a model in the operating posture, labelled are the parameters
used in the calculation for the system setup. Maximum joints movement angles
for low risk classification are obtained from the RULA assessment. Limb lengths
can be obtained from national anthropomorphic data according for use in

different region.

The sensor height Hs is calculated using the elbow height He, the neutral lower
position angle Ben, the elbow to fingertip length EF and the ideal hand to sensor

height Hhs which can be expressed as:

tan6Ben - EF + Hhs = Hs (1)

The lower arm movement threshold Mla is calculated using the elbow to
fingertip length EF and the maximum low risk elbow joint angle 8e which can be

expressed as:

Bem (2
ﬁ EF = Mla

The upper arm movement threshold Mua is calculated using the shoulder to
elbow length SE and maximum low risk shoulder joint angle 8s which can be

expressed as:
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4.6.8 Robot control
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Figure 4-32 - model showing the upper arm constraint

The robot in the system is a small industrial articulated-arm robot with 6 DOF.
This layout is one of the most common layouts for industrial robot due to its high
degree of freedom, relatively large working envelop, flexibility and adaptability to
numerous applications, and the acceptable repeatability. The robot used in the
testing has six joints which include base, shoulder, elbow, wristl, wrist2, and
wrist3. Like most robot, the movement of the robot is controlled using a teach
pendant as shown in figure 4-33. The teach pendant allows the user to alter the

position of each individual joint on the robot, as well as the tool centre point



(TCP) in Cartesian coordinates. The developed system allows user to control
robot movement without the use of the teach pendant. As mentioned in Hands
and fingers tracking, the Leap Motion Sensor and API can accurately track the
user's hands Cartesian position relative to the device’s origin as well as the
pitch, yaw, and roll of both hands. The API can also track pinch or grab motion
of both hands. The control software uses these tracking data as input for mode

change, actuation and robot control.
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Figure 4-33 - the Universal Robots teach pendant

The control software is designed to enable the user to control the motion of the
robot, but unlike some of the gesture control systems described in literatures
this system enable user to control the movement by joint and movement in
Cartesian space. This is achieved by separating different control methods into
modes and user can navigate through the list of modes to complete different
movements. The developed software consists of the Joint mode and Cartesian
mode. In Joint mode, the user can take control of the robot’s base, wrist1,
wrist2, and wrist3. The Cartesian mode enables user to change the x, y, and z
position of the robot’'s TCP (figure 4-36). The user can switch between modes

by performing a pinch gesture with their left hand. The list of modes, functions
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and triggers are shown in table 4-7. The level of control is expandable to include
rotational movements and other joint movements, but the range of control is

limited at this stage of development for the ease of use.

Table 4-7 - user input and robot control mode

Mode Function Trigger
Off No movement None
Joint Base movement Left hand roll threshold
_ Wrist 1 Right hand pitch
Joint
movement threshold
_ Wrist 2 Right hand yaw
Joint
movement threshold
_ Wrist 3 Right hand Roll
Joint
movement threshold

_ Movement in X _
Cartesian . Right hand X threshold
axis

_ Movement in'Y _
Cartesian _ Right hand Y threshold
axis

_ Movement in Z _
Cartesian _ Right hand Z threshold
axis

The system identifies an input by constantly monitoring the values of hands
tracking module. If a particular value meets its threshold then the programme
identifies it as a user input and generate appropriate signal to the robot
controller. Each input has its own threshold, for example the pitch of the right
hand has to reach a certain degree before an input is triggered as illustrated in
figure 4-34. These thresholds are defined according to the results from the

calculations described in Human constraints.
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Figure 4-34 - hand position and pitch thresholds

The control PC communicates with the robot controller via TCP/IP network.
The control software sends encoded signals to the robot controller and a
decoder within the robot programme interpret the signals and drives the robot
according to the input. Each encoded signal is an array which contains
variables representing the movement mode, joints speeds, velocity vectors and
rotation angles. The robot controller decoder interprets this array and set the
speed of the robot depending on the mode of movement and directional values.
For movements in Cartesian space, the controller set the speed in the format of
(x, v, z, a, B, y) where (x, y, z) represent the linear movements and (q, B, Y)
represent the rotation movement about the x, y, z axes. For movements joint,
the controller set the speed in the format of (joint 1, joint 2, joint 3, joint 4, joint
5, joint 6). The robot movement is configured according to the acceleration,
speed and response time of the robot

127



Shoulder

Figure 4-35 - the Universal Robot UR5 has 6 dof which can be utilised with the

gesture control system

The hands positions is stored in temporary memory when changing from mode
0 to mode 1 for calibration of the hands, and this occurs every mode change
cycle. The purpose is to enable every user to use the system in their most
comfortable position, because people have varied natural position of the wrists,
and therefore the degrees of radial deviation and flexion of the wrists will also
vary. The design of this control system is to ensure the user interface is intuitive
to use without the requirement of significant training and the user can produce

input with natural hand movements.

4.6.9 Safety and Robustness

A number of characteristics of the system have been design purposely to
increase the robustness of the system and improve system safety. For example,
the robot movement is progressive and the speed is limited to teach mode level
so user should notice any abnormal movement of the robot and react to it. The
control programme can only operate when both hands are present above the
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sensor, if the user lift one or both hands away from the sensor then the robot
will stop immediately. The system also features an “Off mode” for when the
system is not being used and this feature avoid false trigger by movements near

the sensor.

A simple graphical user interface has been designed to provide information
about robot mode and the hands tracking state of the programme as shown in
figure 4-36. An image of a pair of hands appears when both hands are detected
above the sensor. Directional arrows become visible when user's hands go
above or below any positional thresholds. This enables user to be certain that
the robot is engaged in the most appropriate mode as well as the status of the
hand tracking module. The interface is shown on a pc monitor in front of the

sensor and the user.

In OFF mode In Joint mode In Cartesian mode

P S AV RA

Figure 4-36 - user interface in different modes

4.6.10 Usability of the Leap Motion Gesture Control system

The evaluation of the contactless robot control system is described in this
section. Traditionally the motion of a robot manipulator is controlled using a
teach pendant. However, in a human-robot collaborative environment a more
effective and intuitive way of communicating to the robot is required. A
contactless gesture system can provide a more natural way of controlling the
robot motion for the user. Using gesture input, the user can control the robot by
relating their hand motions to the movements of the robot which also reduce
physical workload. The experiment aims to identify area of improvement for the
developed contactless gesture control, and to compare its user experience with

a modern robot teach pendant.
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A comparison study has been carried out at the development stage to compare
the risk of using the developed system against a touch screen teach pendant
using RULA. RULA has a final score scale from one to seven where a final
score of one to two mean the posture is acceptable, three to four means change
may be needed, five and six require further investigation and change required

soon, and a score of seven leads to investigation and implement change.

Eight people from the general population of Cranfield University have
participated in the usability experiment. Four of them were males and four of
them were female, and all participants were right-handed. Their age ranged
from 23 to 51 years with mean of 30 (SD = 9.27). Five of the patrticipants have
some experience in robot control and three of the participants are inexperienced
robot operators. Each experiment took around 35 minutes.

The gesture control system has been tested with a Universal Robot UR5 robot.
The URS5 features a modern teach pendant with touch-screen and graphical
user interface (GUI). Each experiment starts with a five minutes brief about the
basic of industrial articulated robot with 6 dof which covers motion control
techniques. Before the test of each control interface, the participants were given
a five minutes training and practicing period. The actual testing time of each
system last approximately 10minutes, participants were given the option to take
a five minutes break after testing the first system before continuing to the
second test. Each participant was asked to fill out a system usability
questionnaire (SUS) (Brooke, 1996) immediately after each test. Participants
were asked to score the system against five criteria which include tiredness
from using the system, ease of use, intuitiveness, enjoyableness and the ability
to perform action as intended. These criteria are similar to those described by
Bhuiyan and Picking (2011), but the questionnaire used in this test was
simplified. Each criterion is assessed based on a seven point scoring system
where seven is positive and zero is negative. The purpose of the questionnaire
is to measure their experience of using the system. Each participant uses both
systems in the experiment which introduces the risk of a carryover effect. This is

prevented by having alternated testing orders for the two control interfaces.
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Three pipes are positioned in front of the robot on stands. The participants were
given the choices to attempt positioning the robot gripper onto the pipe in a
position to grab the pipe. The gripper was not activated and the manipulation
task was given simply to provide a goal for the participants to make use of the

control systems. The task was not part of the test.

4.6.11 Results

In the RULA test a higher score indicates an increased risk of musculoskeletal
injury after prolonged usage. In this particular assessment gesture control
scored three points and teach pendants scored four points. The score of the
teach pendant can further increases if the device weights over two kilograms. It
was identified that the wrist movement in Leap Motion Robot Control poses the
biggest problem in terms of posture, but the risk is relatively insignificant. The
analysis highlighted potential issue with the neck when using a teach pendant,
because its operating angle suggests a high load which could lead to
musculoskeletal discomfort when used for prolonged periods. Furthermore, the
lower arms have to be raised to a significant angle when using a teach pendant
which may cause tiredness after a long period of usage. It is also found that
prolonged usage of a teach pendant cause tiredness in the wrist of the hand
holding the teach pendant.

The usability experiment results are presented in figure 4-37. Two participants
verbally reported it was tiring to hold the robot teach pendant during the test
which lead them to leave the device on the worktop in majority of the test.
However, in the questionnaire they have provided a positive score for the level
of tiredness which were contradictory. Thus, their results were deemed as

inaccurate and discarded.

The results shows that participants generally find gesture control less tiring to
use compared to the conventional teach pendant, the mean score were
3.83(SD=0.75) and 3.33(SD=1.03) respectively. Gesture control has also
received higher score than teach pendant for intuitiveness 4.5(SD=0.84) and

4.33(SD=1.03). People also found the gesture control to be more enjoyable to
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use compare to the touch screen teach pendant, the mean score were 5.67
(SD=0.52) and 5.33(SD=0.52) respectively.

7.00

6.00

5.00

4.00

M Teach pandent
3.00

M Gesture control

2.00

1.00

0.00
Less tiringto  Ease of use Intuitiveness Enjoyable to Action as
use use intended

Figure 4-37 - mean ratings given to the two systems in five criterions, error bars
=SD

The teach pendant scored higher for ease of use and action as intended, the
reasons were reflected in the semi-structured interview. Most participants have
reported the visual feedback of the GUI and the touchscreen have made it
easier to use, which indicates the potential benefit of incorporating visual
feedback and tactile feedback into gesture control system. Several participants
have experienced confusion with the spatial orientation using gesture control,
particularly when moving in Cartesian space. The participants relate the robot
arm to their own body. For example, they believe moving their hand away from
the body would cause the robots TCP to move away from the base.
Participants have reported similar issues with the teach pendant although their

working position is correct with the robot’s orientation. Half of the participants
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reported that the teach pendant is heavy to hold. Some participants
experienced difficulty to find the thresholds in gesture control which led to a
delay in robot response. A GUI was presented in front of the participant to
indicate the tracking status and the robot movement actuated, but most
participants appear to be distracted by robot movements and fail to check the
visual status. This aligns with the findings of (Tenbrink et al, 2002; Moratz et al,
2001). 50 percent of the participants reported that the teach pendant is heavy to
hold. Some participants experienced difficulty to find the thresholds in gesture

control which led to a delay in robot response.
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4.7 Integration of gesture control with a heavy duty industrial
robot

4.7.1 Introduction

This thesis investigates the integration of gesture control with a traditional
industrial robot. These robots were designed for performing highly repetitive
manufacturing task with typical repeatability of better than +0.01mm and
payload capability of up to over 800kg. However, these heavy duty robots were
mainly designed to operate in isolation from human. Thus, extra care must be
taken in terms of work cell setup, control configuration and safety of human
operator. This chapter discusses the integration of a static pose recognition type
gesture command system with a Comau NM-45 industrial robot. The control of
the robot is being carried out using the original C4G controller, because this
setup enables the robot to retain all of its original functions. In this case, the
gesture control system is integrated as a secondary control device.

4.7.2 Robot setup and safety

An industrial robot system shall be integrated according to the 1SO 10218-
2:2011. For collaborative applications, the robot cell should be monitored using
safety monitoring systems and the human must be separated from the robot by
a safety distance during an automatic operation. The safety distance can be
calculated using the safety distance formula provided by the standard of safety
of machinery EN ISO 13855:2010 as described in chapter 2.9.

In this system, the Comau NM-45 robot has 45kg payload capability and
approximately 2m reach. For safety reason, the maximum speed of this setup
has been restricted to a teach mode speed of 500mm/s. Using this maximum
speed, a safety distance has been calculated to be approximately 2.5m. The
end-effector is a Robotiq intelligent gripper for grasping objects. The open and
close operations of the gripper are driven by the robot controller. The work cell
is monitored using safety light curtain and laser safety scanner as the

secondary device which means that it is a fail-safe system. The monitoring area
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is defined by the safety distance from the robot as illustrated in figure 4-38
highlighted by the dotted lines.

D____-———-=---= ------------ OHSafetylight

curtain
Collaborative

|
1
1
workspace |
)
1

Safety laser
scanner

Operator

/
3

Operating space

Robot controller

Figure 4-38 - industrial robot collaborative cell layout; EE=End-effector, TP=teach
pendant

The operator must be standing outside the robot operating area separated by a
safety distance. Thus, for demonstration purposes the gesture user interface is

positioned just outside the collaborative space.

The gesture user interface tracks the user’s hands using a Leap Motion sensor
which enables the user to make command through hand and wrist movements.
The principle of the gesture commands is similar to the system described in
chapter 4.6, but the functionality and system structure are different from the
Universal Robot URS5 integration which is due to the differences in the controller

programme structure as explained in the next chapter.
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4.7.3 System structure

As explained in chapter 3.8, many industrial robot controllers do not feature
multi-threading architecture and the Comau C4G controller is one of them.
However, processing gesture command is achievable in sequential
programming. In this case, the robot programme is structured into three
separated modules which are illustrated in figure 4-39. The main programme
operates as the central control in this architecture which activates other sub-
programme when required. The interface programme communicates with the
gesture command system which receives and decodes incoming variables. The
action programme runs pre-programmed movement routines when it receives
assignments from the main programme. The routine is selected depending on

the incoming command.

Action programme Main programme

Routine 1

Routine 2

Processing

Routine 3 algorithm

Figure 4-39 - robot programme structure

Using this method, the user can control the robot to perform a range of

manipulative movements using hand gestures.

4.7.4 Demonstration

A demonstration was created to validate the capability of the gesture control on
the Comau NM-45 robot. For simplicity, a pick-and-place task was selected for
this demonstration. The aim of the task is for the user to command a robot to
pick up a piece of plastic pipe which is rested on a set of holders, and then drop
off the pipe onto another set of holders. The gesture control is a single handed

system which is operated by the user tilting their hand to appropriate directions.
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The gripper can be operated by the closing palm motion of the user, closing
palm once will close the gripper and closing again will reopen it. The robot
working area is segregated into zones as illustrated in figure 4-40 and the robot
moves to different zones according to the user's gesture command. For
example, if the user wishes to move the robot from zone 1 to zone2, they would
tilt their hand downwards. However, the robot will only move according to a set
of rules designed of this task to avoid unexpected events. For instance, when
the robot is in zone 2 it will only accept the “up” command to move to zone 1. If

the user attempts to command the robot to move from zone 2 to 3 or 4, the

robot will ignore the command.

Figure 4-40 - gesture control movement zones
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The task begins with the robot in position 1, the operator should tilt their hand
downwards to move robot into position 2. Once reached position 2, the operator
can close their palm once to close the gripper which will hold the pipe. At this
point, the operator should tilt their hand upwards to indicate moving back to the
first position, which follows by tilting to the right for the robot to move to position
3. Finally, the operator can tilt their hand downwards to move to the final
position. The gripper will release the pipe when the operator performs the
closing palm motion. The four robot positions are shown in figure 4-41. This

demonstration has been carried out for 20 times with 100% success rate.

Figure 4-41 - gesture controlled Comau NM-45 industrial robot

4.7.5 Conclusion

This chapter has described the integration of a gesture control system with a
heavy duty industrial robot. A gesture controlled robot pick-and-place task was
successfully demonstrated with this system. The aim of this chapter is to
highlight some of the technical challenges when carrying out this type of
integration, but also to illustrate potential applications with gesture interface. It is
possible to apply this system on some real industry applications. One of the
potential applications is robot manipulation of large components. For example,
an operator can direct a robot manipulation of a heavy part using hand gestures
which allows the operator to conveniently enter the collaboration area to
perform manual task on the large component and readjust position when

required.
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5 Robot to human communication

A human-robot collaborative manufacturing system may require frequent
interventions by human operators. In this case, effective communication is
paramount for smooth operations. Traditional factory machines communicate
with human users through visual and audible signalling. Manufacturing plants
are complex environment with numerous background noises varying from
human voice to audible signals to collisions and abrasions of metals, which
minimises the effectiveness of audible indication. It is often required that human
workers are not wearing any additional devices, and therefore this has

prohibited the use of wearable notification devices.

Many human-machine interface developments are technology-focused where
subsystems were developed to perform each function with a display for each
system that informs the operator of its present status. A human-robot
collaborative system designed solely based on a technology-centred approach
can have a negative effect on the user performance, which can cause design-
induced errors (Boy, 2012). Due to the information processing bottlenecks of
humans, people can only pay attention to a limited amount of information at
once. As the display of data in these systems is designed based on the
technologies producing them, it is often arranged in a way that is not ideally
suited to support human tasks. Thus, extra mental capacity is needed to extract
useful information which ultimately leads to higher than necessary workload and
error. By applying the philosophy of user-centred design a more effective
collaborative system is achievable. User-centred design challenges designers
to build a human-robot interface around the capabilities of the potential users. A
user-centred design also improves user acceptance and satisfaction as a side
benefit (Endsley, 2011).

This chapter describes a number of approaches and experiments which are

summarised in table 5-1:
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Table 5-1- summary table of development in chapter 5

Communication | Name of | Description Experiment
type concept
Robot Robot This exploratory study An experiment was
communicative gesture investigates the feasibility | carried out to study the
gesture motion of using gesture motions | effect of robot gestures
performed by an on users’
industrial robot to understanding and
communicate with its trust
users
Signal lights Robot This thesis proposes the | An experiment was
light skin | concept of using a light- carried out to compare

emitting skin on a robot
for communication with

users during collaboration

the robot light skin
against a conventional
tower light in terms of
users’ reaction time,
workload and

awareness

5.1 Signal communication between machine and human

When designing a communication system for human-robot collaborative

working, it is important to consider how humans perceive signals in order to

develop an effective system.

In an industrial human-robot collaborating

scenario, an operator can be carrying out a manual task whilst monitoring one

or more robots. The robot in this case may signal to the operator for a request

of cooperation. In this instance, the signalling system needs to catch the

operator’s attention when they are focusing on a different task. Human react

involuntarily to salient events as well as paying attention to things which are

relevant to their current activity. Visual attention resulting from saliency effects

140




in terms of changes in contrast, size or colour are referred to as bottom up
(Northdurft, 1993; Taylor and Stein, 1999).

In conventional industrial settings, tower lights are commonly used for visual
signalling of factory production cells. Small assembly lines or cells are often
operating in parallel with one tower light placed above the last station along the
transportation aisle indicating the state of operation. The main benefit of tower
lights with red, yellow and green lights is a simple and effective communication
tool which allows managers and supervisors to be aware of the state of
production lines at a glance (Baudin, 2002). However, when applied on a
human-robot collaborative production system the visual signal becomes a
means of communication with the human operator to indicate any system error
or request for interaction. Tower lights are also known as Andon lights in the
context of visual management which supports Lean production system. Andon
lights are aspects of the Jidoka principle. Jidoka is a manufacturing term which
refers to principle of stopping work immediately when a problem occurs. An
Andon light can provide visual signals to indicate the present of wastes in a
factory, which are the main source of potential improvements in business
performance. An effective visual signalling system ensures that an appropriate
response to an event can be made on time, every time by everyone involved
(Subramaniam et al, 2009). This type of lighting system is also used in Visual
Management which is a lean tool based with the goal to create a status at a
glance in the workplace. This refers to a factory environment where anyone can
enter the workplace and see the current situation, see the work process, see

the progress and see when an abnormality occurs (Greif, 1991).

Tower lights are widely used not only in manufacturing environments, but also
in everyday life situation such as supermarket self-checkout. Each self-checkout
counter is equipped with one tower light which is usually positioned above the
machine to indication whether it is in normal working order or when attention is
needed. In the event of an error occur, the tower light change from green to red
to indicate human help is needed, and a contact staff will approach the machine

when they notice the signal. In this case, the response time of the contact staff
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is largely depended on the ease of noticing this visual signal (Anitsal, 2005;
Schatz, 2003; Orel and Kara, 2014).

In a human-robot collaborative production system, the robot can be operating
as an intelligent assistant which assists the human operator in some way while
the operator is carrying out a different task. Due to the variable nature of the
operating environment the robot system may detect an abnormality which
requires decision making by the human operator. In this case, visual signals can
be one of the forms of interface between the robot and human. However, the
problem of a traditional tower light is the restriction on placement which is
usually outside the robot’'s working envelop. If positioned inside a robot’'s
working zone or on the robot arm it may reduce the overall system flexibility due
to the physical properties of the tower light, and the signal can be hidden from
view by robot movement. The aim of this research is to develop an indication
system specifically designed for collaborative robots which enables the operator

to react promptly to a robot signal during a manufacturing operation.

Furthermore, the operator of a collaborative system can be working on a
demanding manual task while paying attention to robot action to ensure smooth
operation. In this case, it is logical to minimise the number of objects which
require visual attention. Humans in general have limited capacity in paying
attention to multiple events, people withdraw from some things in order to
process effectively with others (James, 1913). Thus, the developed system
should not distract the operator’s sight away from the robot. Industrial tower
lights are typically fixed at a location near the machine, and operators have to
draw their visual attention to the light unit to see a change of light. This is an
example of top-down spatial attention where the subject can assign their
attention to a small region of space within their field of view (Pinto et al, 2013).
However, research evidences have shown that top-down attention appears to
take longer to deploy than bottom-up attention (Cheal et al, 1991; Hein et
al, 2006; Ling and Carrasco, 2006; Liu et al, 2007; Muller and Rabbitt, 1989).

Thus, the developed system should be integrated on the robot to provide
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dynamic visual signals which can be captured by users using bottom-up

attention.

There are a number of studies on human-robot interaction through visual
signalling in the context of social and mobile robots, but little research can be
found in industrial human-robot collaborative system. Michaud and Vu (2001)
have studied human and robot interaction by visual signalling. They have shown
that encoded message can be exchanged through coloured flash lights and
visual signals can be useful to generate social behaviour between a small

mobile robot and a human.

It is also important to consider the benefits of reduced reaction time using an
alternative system. A number of studies have been carried out researching the
effect of visual signal on reaction time. Murray and Caldwell (1966) reported
significantly longer RTs as the number of displays to be monitored increased
and number of display figures increased, which supports the Hick’'s Law where
increasing the number of choice will increase the decision time (Dixon et al,
1996). There are evidences which show that reaction time to signals can also
be delayed as an effect of increases in RT as viewing angle increased (Simon
and Wolf, 1963), as well as background noise (Miles et al, 1984) and task
difficulty (Warner and Heimstra, 1973). Based on the limitation of viewing angle
and position of traditional stack lights, users may have to rely on their peripheral
vision to receive the light signal. However, several studies have shown that it
usually takes longer for people to notice abnormalities in their peripheral vision
(Soichiando and Oda, 2001; Uemura et al, 2012).

5.2 Exploratory study: Robot gesture

5.2.1 Introduction

In collaborative system, human and robots are working in proximity and often
one human operator can be managing multiple robots while carrying out other
tasks. In this case, an effective robot indication system is valuable in such
operation for providing safe and efficient interactions by catching the operator’s

attention when needed. Manufacturing plants are complex environment with
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numerous background noises which minimised the effectiveness of audible
indication. It has become obvious that the developed system should be a non-
contact system which will be visible to the human eye. However, during an
interaction the operator should pay attention to the robot most of the time, so
the developed system should not distract the operator’s sight away from the

robot.

When considering human-robot communication, a number of gesture control
systems have been developed in this research for human operators to
command robot assistants due to its intuitive characteristic. Thus, it is logical to
investigate the possibility for robots to communicate via gestures similar to
those used by people in their daily life. Robot gesture communication can allow
operator to observe robot status as well as monitoring robot activity
simultaneously. Understanding robotic gestures has been a major topic of
interest in human-robot interaction (HRI) (Nakagawa et al, 2009). However,
there has been little focus on investigating the implications of gesture in

industrial human-robots collaboration.

5.2.2 Understanding of robot gestures by the human partner

Industrial robots are available in a broad range of appearance and capability
with different features such as number of arms and articulation, degrees of
anthropomorphism, size and payload. These features can pose a significant
challenge when attempting to incorporate robot gestures for communicating to
the human partner during a collaborative task Gesture communication has been
investigated with humanoid robots (Riek et al, 2010) but as industrial robots are
typically less anthropomorphic interpretation of similar gestures can be a
significant challenge. Ende et al (2011) studied gestures in human-human
interaction and transferred a selection to a single arm robotic system
demonstrating that some are better recognised than others. Gleeson et al
(2013) investigated collaborative human gestural communication in assembly
task performance for the development of a lexicon for industrial human-robot
collaboration and demonstrated that successful cooperation relies on gestures

being understood by the human. Although industrial contexts can vary
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significantly, the aforementioned studies support the idea that human
understanding of robotic gestures could be one aspect of successful
cooperation in collaborative tasks. Recognising and understanding gestures is
likely to determine human operator trust. As Yagoda and Gillan have
suggested, Human trust in a robotic teammate “plays a critical role when
operating a robotic system in terms of both acceptance and usage” (Yagoda
and Gillan, 2012). It is a multi-faceted condition determined by the human’s
mental model of a robot’s capabilities and the given task context (Ososky et al,
2013). In a meta-analytic review of factors affecting trust in HRI, it was found
that robot performance-related factors (e.g. robot behaviour, predictability etc.)
had the highest influence on trust (Sanders et al, 2011). Also, non-predictable
robot motions have been found to be hard to understand and subsequently
have a negative impact on human well-being (Bortot et al, 2013). Trust has
been the topic of many recent studies in the domain of HRI, but little research
has been carried out on understanding the influence of industrial robotic

gestures on human trust.

Although research has started to place focus on industrial robotic gestural
communication, it is still at an infancy level in terms of developing a set of
gestures suitable for industrial human-robot collaborative tasks. To warrant
seamless human-robot interaction, it is important to investigate the effects of
industrial robot gestures on human understanding of the gestures and impact of

gestures on users’ trust in the robotic teammate.

5.2.3 Effects of industrial gesture motions on users’ understanding

A study was designed to test human understanding of robot gestures and the
effects of the gestures on their trust in the robot during a collaborative task. This
particular study was carried out with another PhD researcher (Charalambous,
2014, p.123) who focused on aspects of human trust. The experiment was
published in a conference paper “Effects of industrial robot gesture motions on

users' understanding and trust” (Tang et al, 2014).
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Sixteen students and staff of Cranfield University (12 male and 4 females, age:
M=28.6, SD=7.1) took part. Five participants were classified as having no prior
experience with robots/automation, six participants were classified as having
intermediate experience with robots/automation (took part in previous robot
experiments) and five participants classified as having high involvement with
robots/automation (involved in research projects/used automated machines,

such as computer numerically controlled machined).

The robot system used was a Universal Robot URS5 single arm collaborative
robot system incorporating a two-finger gripper. Four plastic drain pipes were

used approximately 15cm each.

5.2.4 Experiment design

A repeated measures design approach was followed. In the first part
participants observed three robot gestures and answered what they think each
of the gestures meant. In the second part participants took part in a human-
robot collaborative task where the robot utilised identical gestures. The gesture
order in the interaction task was randomised to reduce the possibility of order

effects.

To identify suitable robotic gestures, previous studies were reviewed (Ende et
al, 2011). For this study, three gestures were selected. Gesture selection was
based on two criteria: (i) gestures that received high recognition rate without
any contextual information provided to participants and (ii) gestures applicable
for the needs of the task to be performed in this study. The gestures selected
are shown in table 5-2 and figure 5-1.

Table 5-2: Experiments summary table

Robot gesture Gesture meaning
Robot gesture Nol “Come here”
Robot gesture No2 “Step back”
Robot gesture No3 “Stop”

146



Figure 5-1 - come here, step back (pointing to a floor area), stop gestures

5.2.5 Procedure

This study aims to investigate the effects of industrial robot gestures
(independent variable) on: (i) human understanding of the gestures (dependent
variable 1) and (ii) impact of gestures on users’ trust in the robotic teammate

(dependent variable 2).

Part A: Participants observed three robot gestures, one at a time, in a video
format on a computer screen. No task-related information was provided to
participants. A text box was provided underneath each of the videos for
participants to write what the intended message of each of the gestures was.
Each of the gestures was shown on a separate page and participants were
allowed to view each gesture three times. Upon completing this, participants
were taken to the robot work cell.
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Figure 5-2 - robot gestures experimental cell setup

Part B: Participants took part in a human-robot interaction task. The task
involved the robot positioning four small pipes, one at a time, in a pipe holder.
Two pipes had a pink sticker, one had a green sticker and one had a blue
sticker. A pink and green colour area was created next to the pipe holder as
illustrated in figure 5-2. Participants had to select only the pink and green pipes
and position them in the appropriate area. When the blue pipe was placed in the
holder, the robot utilised the “stop” gesture. When the pink and green pipes
were positioned the robot utilised the “come here” gesture followed by the “step
back” gesture. At the end of the interaction task, a short semi-structured
interview took place. The order of the pipes presented was random to reduce
the possibility of order effects. The interview started by asking participants to
give their thoughts regarding the interaction and what they think the gestures
meant. Then to identify the impact of gestures on users’ trust, participants were
asked how the gestures influenced their trust and if they could rely on the robot

gestures to complete the task.
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5.2.6 Analysis

Written responses from the first part of the study were grouped and interviews
from the second part were fully transcribed. A comprehension score for each
gesture was obtained from the written responses and the interviews for each

participant.

Comprehension score: Participant responses were initially categorised in two
categories: correct and incorrect. Correct responses received a weight of 1 and
incorrect a weight of 0. To assess whether a response was correct or incorrect
researchers generated a correct response for each of the gesture. The correct
meaning for each gesture is shown in table 5-1. Any positive answer not
considered 100 per cent correct was subjected to a different algorithm to
evaluate the comprehension score. The algorithm was based on a study
conducted by (Corbett et al, 2008) and includes three more categories: likely,
arguable and suspect, each of which carries a different weight. Once the
responses were tabulated, the comprehension score was calculated as shown
in table 5-3. Total comprehension score was obtained by summing the
individual scores of each category.

Table 5-3: Complete categorisation for comprehension score

Correctness Weight Frequency Comprehension Score
Correct 1 A [(A*Weight)/Total answers]*100
Likely 0.75 B [(B*Weight)/Total answers]*100
Arguable 0.5 C [(C*Weight)/Total answers]*100
Suspect 0.25 D [(D*Weight)/Total answers]*100
Incorrect 0 E [(E*Weight)/Total answers]*100

Impact of gestures on trust: Transcripts were analysed by coding volume of

text frequently discussed among participants into common themes. This

approach led to the development of a coding template. The template structure
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was revised iteratively to ensure it reflected the data in the most suitable

manner.

Inter-rater reliability: Analysis of inter-rater reliability was carried out to confirm
the level of consensus between raters and, therefore, the suitability of the

measures used to measure gesture understanding and trust.

For the comprehension scores, one of the two researchers categorised the
responses for parts A and B of this study and obtained a comprehension score.
A second researcher categorised the responses individually. Results were then
tabulated for calculation of the Cohen’s kappa statistic, for this data, chosen
because it shows the level of concordance between ratings corrected for the
probability of agreement by chance thus giving a more conservative result when
compared to simple agreement percentage. The Cohen’s kappa for part A was
0.72 and for part B was 0.63 indicating there was ‘substantial agreement’

among raters (Landis and Koch, 1977).

The coding template developed as described above was used by an
independent rater to code the interview transcripts. Results were then tabulated
for calculation of the Cohen’s kappa statistic. The Cohen’s kappa was 0.616

suggesting ‘substantial agreement’ among raters (Landis and Koch 1977).

5.2.7 Results

The aim of the user study was to investigate human understanding of robotic
gesture and their impact on users’ trust in the robot. Results indicated that
comprehension scores were lower in part A when compared to part B (Table 5-
4).

Table 5-4: Comprehension score table

Experiment Gesture 1 (Come Gesture 2 (Step Gesture 3
part here) back) (Stop)
Part A 51.6% 4.7% 3.1%
Part B 87.5% 29.7% 43.8%
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With the exception of gesture 1, gestures 2 and 3 received very low
comprehension scores for part A (4.7% and 3.1%). For part B on the other
hand, all gestures received higher comprehension scores (87.5%, 29.7% and
43.8%).

5.2.8 Impact of robot gestures on users’ trust

Impact of robotic gestures on user’s trust pointed four major themes (table 5-5).

Table 5-5: Major trust related themes

Trust related theme Frequency
Gesture understanding and intuitiveness 14
Robot gestures motion 12
Experience and familiarisation development 5
Robot programmer 5

The majority of participants felt that the impact of robot gestures on their trust
was mainly influenced by two factors: (i) gesture understanding and
intuitiveness and (ii) human-likeness of the robot gestures. Another common
aspect influencing trust in the robot was the development of familiarisation with
the gestures and the robot. Some participants reported that their trust in the
robotic assistant was due to trusting the person who developed the program

rather than the gestures.

5.2.9 Evaluation

In part A, with the exception of the “come here” gesture (51.7%), the “step back”
and “stop” gestures received very low comprehension scores (4.7% and 3.1%).
This is congruent with a previous study (Ende et al, 2011) where the “stop” and

“step back” gestures received a much higher identification rate (92% and 84%
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respectively). A possible explanation for the low comprehension score in our
study is that no context information was provided in the videos. This appears to
have had some influence since all gestures received a higher score (87.5%
gesture 1, 29.7% gesture 2 and 43.8% gesture 3) in part B. However, for part B
gesture 2 (“step back”) still appears to receive a low comprehension score
(29.7%) when compared to gesture 1 (“Come here”) and gesture 3 (“Stop”)
(87.5% and 43.8%). This indicates the lack of gesture 2 to convey the

appropriate message.

In relation to the impact of robotic gestures on users’ trust, it was found that if
they could not understand the gestures their trust decreased. In addition,
participants found trust in the robot increasing with human-like gestures. These
two themes appear to be interrelated. It was discussed that human-like gestures
are more easily understood and are considered more trustworthy. To this end,
most participants found gestures 1 (“Come here”) and 3 (“Stop”) human-like and
some participants described them as “universal gestures” in human-human non-
verbal communication. Gesture 2 on the other hand, was the hardest to
interpret and this had a negative impact on their trust. This is reflected in the
comprehension scores obtained for part B and can potentially explain why
gesture 2 received the lowest comprehensive score. This appears to be
consistent with the notion that human-like motion enhances social acceptance
and comprehensibility of the gestures (Gielniak et al, 2013).

Also, some participants suggested that developing familiarisation with the
gestures was important in order to trust the robot. Initially participants felt
unsure approaching the robot, particularly when the “Come here” gesture was
initiated. This was because they could not predict what the robot would do.
However, after familiarising themselves with the gestures, participants reported
having higher trust in the robot that enabled them to overcome the initial
surprise effect. This is consistent with the notion that experience and
familiarisation with robotic teammates foster trust in human-robot interaction
(Ososky et al, 2013).
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Some participants reported that their trust in the robot was due to trusting the
person who installed program rather than the gestures. Interestingly, these
participants were classified as having high exposure to robots. These
participants achieved a lower comprehension score when compared to
participants with intermediate or low experience. It appears that participants
with higher exposure to robots appear to already have formed certain

expectations towards robots.

5.2.10 Conclusion

In this study we investigated the implications of three gesture motions
performed by a small industrial robot on: (i) human understanding of the

gestures and (ii) user’s trust in the robotic teammate.

An important result is that human-like robot gestures, such as “come here” and
“stop” were found intuitive and can convey the intended message more
accurately. The “step back” gesture on the other hand was not well understood
which was reflected in the comprehension scores in both parts of the study.
Thus, when considering robot gestures for industrial applications, more
research is required to identify a selection of gestures that can be applied
across a variety of robots. The investigation on the impact of robot gestures on
users’ trust identified that being able to correctly comprehend the intended
message of robot gesture has a positive impact on trust. Subsequently, human-
like robot gestures appear to foster trust in the robot when humans are
collaborating with a robot to complete a task. Also, it was found that experience
and familiarisation with robotic gestures can foster trust in the robotic assistant.
At the same time, participants with higher exposure to robots were found to
place more trust in the robot programmer rather than the robotic gestures.

The study has shown that robot gesture communication requires additional
research to identify a set of gestures that can be applied across a variety of
robots. Therefore, some gestures which are not easily interpreted can
potentially be improved when coupled with other indication method such as

lamp signal or audio notification.
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5.3 The development of an advanced robot indication system

5.3.1 Introduction

In collaborative system, human and robots are working in proximity and often
one human operator can be managing multiple robots while carrying out other
tasks. In this case, an effective robot indication system is valuable in such
operations, providing safe and efficient interactions by catching the operator's
attention when needed. Tower lights are commonly used in production cells as
a means of indicating a machines’ status, but these devices were not designed
for industrial collaboration robots so their effectiveness can be significantly
reduced. For example, the positioning of tower light is restricted in a way that
should not hinder the movement of the robot. On the other hand, the distanced
light signals can divert operators’ attention away from the robot and their task.
The exploratory study described in chapter5.2 shows that industrial robot
generated gestures can be difficult to comprehend without the assistance of
other communication methods. Thus, an alternative indication system is
required. This chapter describes the development of an intuitive and effective
robot indication system. The aim of this research is to develop a signalling
device for industrial collaborative robot which can attract the operator’s attention
under multi-tasking situations as well as communicate the robot’s status to the

user effectively.

5.3.2 Indication system for industrial automation

The industrial stack light is based on a system that is used and seen in
everyday life: the traffic light system. The traffic light system is considered to be
intuitive because the concept of the three colours red, yellow and green is
taught to most people at a young age. The intention is to enable users to
perceive the robot’'s state without the requirement for significant cognitive
workload which will speed up the users’ response time to the signal as well as

reserving metal capacity to focus on other tasks.

Apart from traffic signals, the traffic light system is also used in other everyday

life situations. For example the Food Standards Agency has implemented the
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Traffic light system in food package labelling (Food Standards Agency, 2007). A
number of studies investigated the effect of the “Traffic Light” labelling system,
where red, yellow and green represent high, medium and low respectively in
nutritional content of the food. Research evidence suggests the time required to
comprehend the labelling has decreased, and some have stated a significant
decrease in time required to obtain information from the labels (Malcolm et al,
2008). It is also reported that it has a positive effect on the decision making of
consumers (Kelly et al, 2009; Sacks et al, 2009; Feunekes et al, 2008).
Research by the Food Standards Agency has shown that consumers prefer
traffic light labelling because it offers key information "at a glance" (Wise, 2013).

The traffic light system has also been the choice of signalling system for time
critical application such as Formula one racing. Team Ferrari has been using a
traffic-light system for signalling to the race driver during pit-stop to indicate that
it is safe to proceed back to the race track, the strategy was terminated after a
manual error in 2008, but it was tested again by Team Mercedes two years later
with the intention to reduce time for pit stops (motorsport.com, 2010; BBC
Sport, 2008). Research evidences indicate the “traffic light” colouring system is
an effective way to communication information to users. Thus, the developed
system uses the red, yellow and green colouring system to indicate different

machine status.

5.3.3 Design concept

The idea of the design concept is a visual indication system which constantly
communicates the robot status to human operator, and the operator should
notice a change in robot status at a glance. As illustrated in figure 5-3, the
indication system uses different colours to indicate the robot’s state in different
operating modes. The collaborative robot system can be operating in fully
automatic mode to carry out repetitive tasks at maximum speed, or collaborative
mode which requires some human input. For instance, the robot may encounter
uncertainties during the automatic mode due to variability. In this case, the robot
changes from a green to a red signal to alert the operator. In a different

scenario the robot operation requires cooperation with an operator, the robot
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can notify the operator by a flashing blue signal and acknowledge with a solid

blue signal once an operator becomes engaged in the task.

Robot

operation

Fully Collaborative

automatic

mode
mode

Normal Error - .
. . Waiting for
working recovery Collaboration . .
L . interaction
condition required
Solid green Solid red Solid blue Flashing blue

Figure 5-3 - indication system operating diagram for collaboration in proximity

For many industrial settings, a larger industrial robot will be used instead of a
safety rated collaborative robot similar to the one used in this research. These
industrial robots require safety monitoring of the robot working envelop, and the
human must be separated from the movement by a safety distance. In this
case, the signal architecture can vary slightly to the one designed for
collaboration in proximity. For example, red, yellow and green can be used to
display the proximity of the operator to the robot in terms of danger zone,
warning zone and safe zone respectively (as illustrated in figure 5-4). A flashing
blue signal is still applicable as a notification for a collaboration request and

solid blue for confirmation of interaction.
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Robot
operation

Fully
automatic
mode

Collaborative

mode

Within Outside
Safe zone Warning zone Danger zone interactive interactive
zone zone
Solid green Solid yellow Solid red Solid blue Flashing blue

Figure 5-4 - indication system application suggestion for larger industrial

collaborative robot

It is known that the users have to pay attention to the robot in operation so

ideally the robot should be the source of the signal. The idea is to integrate an

external light indication system onto the robot arm, thus, the robot becomes the

indication light source. As illustrated in figure 5-5, the robot can be equipped

with a layer of glowing light skin which emits appropriate light signals.
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Figure 5-5 - the glowing robot concept

A glowing robot light skin is achievable using organic light-emitting
diode (OLED) technology. OLED light sheet is available on the current market in
variety of size and intensity (figure 5-6). These light sheets are flexible and fully
programmable when controlled with suitable controller. Their latency is lower
than other display technologies such as liquid crystal display (LCD) (Rejhon,
2013). Thus, OLED light sheet can be used to develop device which cover the

exterior of an industrial robot to display robot signals with fast response.

Figure 5-6 - OLED light sheet, image courtesy: http://www.oled-info.com/epigem-

develop-flexible-anode-film-flex-o-fab-project
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However, the cost of OLED light sheet is relatively high when compare with
other viable lighting technologies such as fully programmable LED light strips.
The cost of this technology should eventually decrease from the current level
which enables it to be a feasible low cost solution. Nevertheless, the current
cost is still insignificant relative to the cost of an industrial robot. For the
development in this research, flexible LED light strip is used as a substitution

due to its low cost and availability.

5.3.4 Experiment for concept validation

An exploratory experiment was carried out to compare the effectiveness of a
tower light and the design concept in terms of participant’s reaction time,
awareness and acceptance. The purpose of the experiment is to investigate
more effective ways of visual signalling in industrial human-robot collaborative.
There are currently a number of visual signal technologies being used in
industrial robot systems, but each has their limitations. This experiment will be
setup to measure the effectiveness of current technologies and explore their
limitations when compares to the proposed concept. Each method will be tested
in isolation and their effectiveness will be measured by the participants’ points
of interests and reaction time using an Eye Tracker device and a timing system.
The Eye Tracker will be used to take videos of the participants’ view during the
experiment (Santner et al, 2013). The results of this experiment are used to

make suggestions for system refinement and future development.

5.3.5 Standards on indication system for industrial machinery

The experiment setup must represent a typical industrial setting. Thus, it is
important for both indication light systems to position according to standards.
The setup requirements of indication system for industrial machinery are
described in EN 60073:2002 and EN 61310-1:2008. EN 60073:2002 highlighted
the importance to assign specific meanings to specific colours and to ensure
that colours are easily identifiable and distinguishable from the background

colour and any other assigned colours (table 5-6).
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Table 5-6 - Meaning of colours - General principles EN 60073:2002

Colour Meaning
Safety of persons | Condition of | Sate of equipment
of environment process

Red Danger Emergency Faulty

Yellow Warning Abnormal Abnormal

Green Safe Normal Normal

Blue Mandatory significance

White No specific meaning assigned

Grey

Black

EN 61310-1:2008 suggests that a human-machine interface needs to convey

safety-related meaning for the safe use and monitoring of machinery for

exposed persons and operators, and specific signal codes should be used to

decrease the mental work-load of an operator and exposed persons. Active

signals such as tower lights should be provided to signal a hazard and to alert

operators to take a specific course of action.

The standard specifies that the position of light source in the vertical field of

vision should not exceed 25 degrees above horizontal eye level or less than 55

degrees below eye level as illustrated in figure 5-7. Recommended zone is

between zero degrees to 30 degrees below eye level. Natural line of sight is

around 15 degree below eye level.
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Zone A: recommeandad

Zone B: acceptable

Zone C: not suitable

Zone D: natural (median} line of sight

Figure 5-7 - zones of vertical field of vision

Position of the light source in the horizontal field of vision should be within 50
degrees of the natural line of sight or centre line from horizontal vision for both
left and right side of view. The recommended zone is within 25 degrees from
the centre line for both sides as shown in figure 5-6.
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Figure 5-8 - zones of horizontal field of vision

5.3.6 System comparison: integrated robot light versus tower light

This study aims to ascertain whether the ability of an operator to monitor and
effectively react to changes in the robot system state can be improved by the
developed robot indicating concept. Operators will be asked to carry out an
assembly task while monitoring and reacting to red and green lights on both the

moving robot and a standard light tower.

The experiment aims to ascertain whether the robot indicator design concept
compared to an industrial tower light increases awareness, reduces workload
and improves reaction times for the operator. The objectives are to evaluate the
performance of participants completing an assembly task in two different
orientations to the robot (forward and side on), measure the reaction times of
the participants to red and green lights on the robot body and a light tower while

the robot completes a pick and place task, and to measure the visual fixations
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and saccades of participants throughout the task which supports the
improvement phase of the design.

5.3.7 Method

Sixteen people from the general population of Cranfield University participated
in the experiment. 12 of them were males and four of them were female, and all
participants were right-handed. Their age ranged from 23 to 56 years with mean
of 30 (SD = 9.88). Each experiment took around 35 minutes. This experiment
utilised a counterbalanced repeated measures approach with random sampling
to assess the effectiveness of two different types of warning system; tower light,

and integrated robot light.

The experiment took place in a 3960mm x 3900mm laboratory area surrounded
by 4 sides of wall. The robot arm was positioned on top of a stand at a height of
1030mm. The robot has 850mm reach with a circular working envelop. A
1220mm x 800mm robot worktop with a height of 920mm was positioned next to
the robot base with a 200mm clearance. A manual workbench with surface area
of 630mm x 785mm was attached to the robot worktop at the same height. Both
worktops had a matt surface which minimised reflection of the indication lights.
Each participant had to operate in both a forward and side position in respect to
the robot worktop orientation. The industrial tower light was positioned at a
height of 1210mm in a location that was visible to participants in both test
positions without any obstruction from robot movements as shown in figure5-10.
Both the tower light and integrated robot light were within 10degrees of the
horizontal line of sight which is recommended by the standard. The robot
indication light was wrapped around the robot which covers the area between
the elbow and the wrist, the wrist and the base. A floor plan of the experimental

area is illustrated in figure 5-9.
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Figure 5-9 - Experiment area layout

The experiment area had no direct sun light and the lighting level was kept
constant at 400lux throughout the entire experiment. For simplicity, only the
green and red lights were used on both indicating devices. Both green and red
lights of the tower light emit 1300lux of lights while the LED light strip of the
concept design emits 600lux in green and 230lux in red due to the limitation of

the lighting system (figure 5-10).
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Figure 5-10 - viewing angle from the side position, both types of light were lit for

illustration

The participants’ eye moments were recorded using a mobile head-mounted
eye-tracker (SensoMotoric’'s BeGaze®© eye tracking system). The device is
portable which enables participants to wear and allows them to move their head
naturally without limitation during the task. It is shaped similarly to safety
glasses which simulate the physical restrictions in real working condition when
safety wears are worn. The reasons for using this equipment are to ascertain
common points of interest in different scenarios, and the effect of using the

developed signalling method. Thus, the hypothesis can be verified and the data
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can also support other findings. This eye tracking equipment consists of
glasses with in-built cameras that track human eye pupil activity while
simultaneously recording field of vision. All participants wore the equipment
throughout the experiment. The tracking data was analysed using Begaze
software utilising Area of Interest (AOI) semantic gaze mapping. The AOIs
mapped include the manual task work top, robot work top, robot (with and

without light on), and the tower light (on and off). An illustration of the

experiment condition is shown in figure 5-11.

Figure 5-11 - illustration of the robot indication systems comparison
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Participants completed an assembly (nut, bolt and washer) task, while a robot
completed a simple pick and place task nearby. The participant was asked to
react by pressing a button when they saw a green or a red light on the robot or
the tower light. They completed the task four times in two different positions
(straight on and side on) while being video recorded. The “Time to complete”
was benchmarked with each participant by measuring the time taken to perform
five sets of assembly prior to the test. The performance index is calculated from

test result using (1).

(1)

)
I
=

T is the time to complete a single assembly during the experiment sequence,

and b,, is the benchmark time to complete a single assembly.

The experiment segments must be carried out enough times to collect an
adequate amount of data as well as for counter-balancing results. However, due
to the repetitive nature of the task it was important to restrict the length of the
experiment and number of segment to minimise tediousness. As Walers et al
(2011) have demonstrated, a long-term Human—Robot Proxemics study with
repetitive experimental procedures can cause boredom which ultimately lead to
early exit of participants. This highlights restrictions of keeping experimental
controller conditions, and the necessity of planning realistic, engaging and
varied experimental scenarios. Four pilot studies were carried out prior to the
actual test to make refinements to the experimental process. No major changes

have been made apart from the wording of questionnaires.

A semi-structured interview was carried out to gather subjective responses to
the stimulus after each 3-minute segment. A final questionnaire was also used
to gauge relevant effects of different settings. Their task performance, visual
fixations, and their reaction times to the light signals were measured using
different means. These were compared against other data and were treated in

order to minimise order effect.

167



The experimental procedures are detailed sequentially as follows:

1. Participants had the trial explained to them and were asked to sign a
consent form. They were told what they would be expected to do, and
also given key information:

a. That they can leave at any time
b. That the trial will be recorded (via video and eye tracking glasses)
c. About data protection and anonymity
2. Participants were asked to fill out a questionnaire including questions on:
a. Physical attributes (age, height, vision)
b. Technology experience and attitudes
c. Work experience
d. Assembly / physical work experience
e. Alertness (subjective)

3. Participants were shown the work area and told what the robot would do.

4. They had the assembly task explained to them and allowed to have a try.

5. They were asked to complete 5 sets of assemblies as fast as they could,
four times. These were timed and used for matching purposes during
analysis. This was used to minimise learning effects during the trial.

6. Participants were fitted with the eye tracking glasses and they were
calibrated.

7. The trial began and the participants completed 4 trials lasting 3 minutes
each where they were told to complete as many assemblies as possible.
The light sequence was pre-programmed and showed 10 green lights
and 10 red lights (lights stayed lit for 3 seconds). There were 2 different
light sources and 1 light source was used in each sequence at a time.
There were 2 different light sequences and participants were randomly
assigned to positions, light sources and light sequences to minimise
order effects as illustrated in figure 5-12.

8. Participants completed two trials facing the robot, and two trials to the
side of the robot with a 90 second break in between each. At the end of
each trial they were asked if they thought there was an equal amount of

lights displayed for the robot and the light tower, as well as the ease of
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spotting the light, observation of robot movement and tiredness of
performing the task. The robot movements were the same for each trial
and participants were expected to press a button as soon as possible

when an indication light lit up.

Trial
Participant 1 2 3 4
Position Forward | Forward Side Side
Light sequence B A A B
1 Light source R T R T
Position Forward | Forward Side Side
Light sequence A B B A
2 Light source T R T R
Position Side Side Forward | Forward
Light sequence B A A B
3 Light source R T T R
Position Side Side Forward | Forward
Light sequence A B B A
4 Light source T R R T
Position Forward | Forward Side Side
Light sequence B A A B
5 Light source R T R T
Position Forward | Forward Side Side
Light sequence A B B A
6 Light source T R T R
Position Side Side Forward | Forward
Light sequence B A A B
7 Light source R T T R
Position Side Side Forward | Forward
Light sequence A B B A
8 Light source T R R T
Position Forward | Forward Side Side
Light sequence B A A B
Light source R T R T

Figure 5-12 - experiment sequences; R=Lights on robot, T=Tower light

9. Participants were removed from the area, the glasses removed, and
asked to complete a questionnaire with questions relating to:

a. Awareness
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b. Difficulty of task
c. Preference on indication light system
d. Experience of wearing the eye tracker
10. Participants were asked general questions relating to the task and the

visibility of the tower and the robot. Participants were then debriefed.

5.3.8 Evaluation

The participants were asked to react to different signal lights by pressing a
button in front of them. The button was connected to a National Instrument

logging system which recorded participants’ reaction time.

The results show that it takes longer for participants to react to light signals from
the tower light source as illustrated in figure 5-13. The difference is subtle but
overall it always takes longer for people to react to the tower light source than
the integrated robot light.
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Figure 5-13 - reaction time in forward position

Similarly in side position, participants generally have longer delays before
reacting to the tower light than the integrated robot light. The difference is

greater in the side position than the forward position as shown in figure 5-14.
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Figure 5-14 - reaction time in side position

Each signal light was on for three seconds and the participants were permitted
to react to the signal by pressing the button, if participants fail to react within
three seconds it will count as a miss even if the button is pressed. The
difference in number of misses between the two light sources is significant as
shown in figure 5-15. The integrated robot light has received a total number of
five misses in both the forward position and side position, whereas the tower

light has 21 misses in forward position and 32 misses in side position.
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Light source and participant position

0 5 10 15 20 25 30 35
Total numer of light signal misses

B TL forward position ~ ® TL side position ~ M RLL forward position M RLL side position

40

Figure 5-15 - total number of missed light signals of all scenarios

The task performance is measured by comparing the completed assembly
count at the end of each experiment segment to a benchmark as explained in
the method chapter. Photographic evidence were taken after each segment of
the experiment for counting purposes, figure 5-16 shows an example of a photo
after an experiment segment. A performance index is calculated for each
segment using formula (15). No direct correlation has been found between task
performance versus reaction time, and task performance versus number of
misses. As shown in figure 5-17, the overall task performance levels are similar
across different scenarios where the integrated robot in side position has

received the highest score.
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Figure 5-16 - photographic evidence of task performance

Light source and participant position

0 0.2 0.4 0.6 0.8
Average task performance

B TL forward position ~ m TL side position ~ B RLL forward position

M RLL side position

1.2

Figure 5-17 - average task performance in all scenarios
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After each experiment segment a semi-structured interview was carried out to
record the experience of participants. One of the questions was to score the
ease of monitoring the signal light. A 7-point scoring system was used, where 7
is the easiest and 1 is the most difficult. Participants found it easier to monitor
signal lights in the forward position than when standing in the side position. The
integrated robot light received a higher score in both cases as shown in figure
5-18.

Ease of monitoring signal lights
8.00

7.00 T

6.00

5.00

4.00

3.00

2.00

1.00

0.00

M Robot light and forward pos B Tower light and forward pos

1 Robot light and side pos B Tower light and side pos

Figure 5-18 - average ease of monitoring light signals of all scenarios

Participants wore a pair of eye tracking device throughout the experiment to
track their eye movement in different scenarios. Heat maps were constructed to
illustrate the average fixation time in various AOIs (figure 5-19 and 5-20). It is
shown that in scenarios where participants have to observe signal from the
tower light source a lot of time is spent looking at the tower light which reduce
time spent looking at the manual work top where the assembly task is being
carried out.
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Figure 5-19 — combined average fixation heat map (1000-2000ms)
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Figure 5-20 - combined average fixation heat map (1500-2000ms)
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The results in tables 5-7 & 5-8 show that the fixation time average and fixation
count average in the manual work top is higher in the two scenarios with the
integrated robot light source than those with the tower light source. In numbers,
the fixation time average (manual task bench) of the sideward facing robot light
setting is 12445.8ms more than the tower light setting while fixation count is
52.3 times more. In the forward facing scenarios, the robot light setting fixation
time average is 9572.1ms over the tower light setting while fixation count is 53.2
times more. It can be an indication of higher allowance of attention on manual

task under the integrated robot light condition.

Table 5-7 - fixation time average of four different scenarios

Scenario Fixation Time Average [ms]
Task Pipes Tower  Tower Arm Arm
Bench Bench Unlit Lit Unlit Lit

Side pos - Tower light 28133.4 11966.6 6064.8 694.2 15332.3 0

Forward pos-Tower 37367 261072 69754 5761 173506 O

light
Side pos - Robot light ~ 40579.2  16066.3  324.5 0  16567.9 1812
Forward“g;i “Robot 333088 291111  427.1 0  16739.4 21:7'

Table 5-8 - fixation count average of four different scenarios

Scenario Fixation Count Average
Task Pipes Tower Tower Arm Arm
Bench  Bench Unlit Lit Unlit Lit
Side pos - Tower light 150.5 65.5 28.5 49 75.7 0
Forward pos - Tower light 129.9 111.6 32.2 3.4 75.6 0
Side pos - Robot light 202.8 85.3 1.9 0 81.3 10.5
Forward pos - Robot light  183.1 141 1.3 0 78.1 12.2
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As well as the quantitative measurements were taken, semi-structured
interviews were carried out at the end of each experiment. The questions were
designed to extract information on user's preference as well as other
experimental design related question to enhance future work. One of the
question was “How did you find the signal lights? Which one do you prefer? And
why?”. 12 out of 16 participants preferred the integrated robot signal light where
most participants found it better in drawing their attention due to its size. One
particular participant found it easier to see the static light tower, but preferred
the robot light because it helped robot monitoring. Similarly three other
participants preferred the tower lighter, they found it easier because it was a
fixed target. However, only one out of these four participants has faster reaction

time in the tower light scenarios.

11 participants have some negative comments regarding the comfort level of
wearing Eye Tracker during the experiment. 13 out 16 participants have
reported that the Eye Tracker obstruct part of their peripheral view. This is
justifiable in this experiment, because it resembled a real industrial scenario

where operators are obliged to wear safety glasses for personal protection.

The results from the experiment generally show that the integrated robot
indication light has a positive effect on the reaction time of participant,
significantly less misses of light signals and allows more attention to a manual
task and robot arm. It also suggests that the effectiveness of signal light can be

affected by its size, position and dynamism.
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6 General discussion and conclusion

Industrial robots have been a valuable production tool in boosting factory
output, reducing production cost and improving quality. However, flexibility and
adaptability are still prime requirements in numerous applications where
variability exists. The changes in regulation such as the ISO 10218-2:2011 and
advances in robotics technology have enabled robot and human to coexist in
the same work space. Nevertheless, an effective interface between human and
the robot is key to seamless collaboration. The work presented within this thesis
aims to tackle this issue and knowledge gap by developing technical solutions

to these problems.

The aim of this research is to develop a human-robot interface for collaborative
working in proximity. It was identified that human-robot interface is a research
area that could be explored, and that interface should support two-way
communications, which is the research motivation that drives the decision to
develop a gesture control and an integrated robot indication system for
industrial robot. The development was carried out on a collaborative system
integrated using components from the current market. The system consists of
an industrial robot, control system and sensors for human body tracking. The
system architecture was created at the beginning of the project and the system
development was separated into two strands: gesture control for industrial
human-robot collaboration and advanced robot indication system. As explained
in chapter3, the system development is an iterative process which applies to
both strands of system development. The research adopted engineering
principles as well as user-centred design philosophy in the creation of systems
to ensure that human factor is considered. A number of experiments involving
human participants were carried out during this research to evaluate the

suitability of the developed systems for operating with people.

6.1 Gesture control development

The objectives of this subproject is to develop a gesture control system which

enables users to control and teleoperate an industrial articulated-arm robot
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using simple hand gestures. The system should be user-friendly and intuitive to
allow people to be able to command a robot with minimal training. As a result,
two gesture control methods have been investigated and developed into

different systems which are described as follows.

6.1.1 First iteration of development

At the beginning of the development, two types of gesture control method have
been identified to be suitable for communication with industrial robot, and these
are gesture recognition and hand following gesture control. Gesture recognition
enable user to pose a specific gesture to command the robot, while the hand
following gesture control enables the robot to mimic the user's hand and arm
movement. For early work, a static pose recognition system was developed for
controlling robot movement. A programme was created using C# programming
language to receive body tracking data from a Microsoft Kinect and interface
with the robot. The idea was a virtual directional control pad where the user
activate movement with a closed left palm while point at a specific direction with
their right hand. The system was used to carry out two demonstration tasks
which include “pick and place” and “peg-in-hole”. Both tasks were carried out
successfully but it was concluded the concept should be further developed to a
more sophisticated level to suit the target application.

In the next phase, a standardised set of industrial gestures was identified to be
in commission in construction industrial where ground worker uses to direct
crane operator. A set of ten gestures was designed based these industrial
gesture which provides functionality for directional and operational commands
for a robot. The Static Pose Recognition (SPR) programme was developed to
recognise these gestures using recognition algorithms to analyse Kinect data
stream. Some of the directional gestures were identified as impractical at early
stages of testing which leaves six gestures for operational command purposes.
These gestures were tested using six participants to verify their reliability, and
separately the system was tested to be functioning with a robot. The design and

evaluation of this system are described in chapter 4.3.6.
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On the other hand, Dynamic Hand Motion Tracking (DHMT) programme was
developed to study the characteristics of hand following type gesture control.
The intention was to develop these systems and make comparison and
suggestions for industrial applications. The DHMT tracks user’s hands using a
Kinect, the programme maps and feeds hand coordinates to the robot at 30Hz.
The accuracy of the system was tested in conjunction with a Leica laser tracker,
the laser tracker was used due to its relatively high accuracy and availability
during the development. The evaluation shows that the system suffers from
poor accuracy and noise in the input data stream. This problem can be rectified
by applying appropriate filters such as Kalman Filter to eliminate noise and
improve accuracy. However, works have been carried out in the literature
shortly after this development showing that errors remain substantial after
applying Kalman filter and scaling factor. Du et al (2014) have reported a 3-D
error of 3.1mm in their demonstrated task which is significantly higher than
typical manufacturing tolerance in high-value production. Furthermore, from a
human factor standpoint the issue with lack of human proprioception should be
considered. For example, when people carry out an assembly task a number of
the body’s sensory inputs are used. We use vision to identify the position of the
components and proprioception to position the hands in order to complete the
task (Dickinson, 1975; Foster, 2010; Winter et al, 2005). However, in
teleoperation of industrial robot the user often view the robot arm from an
unnatural viewing angle and the common floor mounted industrial robot arms
have different orientation to the human arm. The main perceived benefit of hand
following type hand gesture control is the intuitiveness due to control using
natural hand movement. As Norman has pointed out, “a poorly designed natural
use interface is not natural to use” (Norman, 2010). In an ideal world, this
particular type of gesture control can be an optimal solution to robot
teleoperation if the robot can be setup in the same orientation as the user’s arm
and the user can see the robot arm in a similar perspective as their own arm i.e.
through virtual reality glass, but it is not achievable in many manufacturing

environment.
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A comparison summary is shown in table 6-1, both systems share similar
characteristics in terms of usability. As explained above, the DHMT must be
setup correctly to have the effect of an intuitive interface. Also the accuracy of
the positioning is heavily dependent on the sensor which is a major limiting
factor of this type of system. In terms of control, the DHMT can offer control of
robot movement, but in order to achieve other commands such as start/stop
routine gesture recognition must be incorporate. SPR on the other hand offers
greater range of controls, the configuration of these control is also comparably
flexible. The accuracy of robot movement is dependent on the resolution of the
robot movement which is adjustable, so high positional accuracy can be
achieved as demonstrated in the early work. The only downside is the inability
to perform path control easily. However, it is possible to guide robot through a
path if it is used as a means of teaching robot e.g. to configure movement path

via a number of waypoints.

Table 6-1 - comparison summary for SPR and DHMT

SPR DHMT

Merits * Reliable « Can control robot path in

. real-time (depends on
* Intuitive to use

robot controller)

« Minimal training required
 Intuitive to use (depending

« Many potential on setup)

applications
« Minimal training required

« Broader range of controls
« Many potential

applications
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Demerits « Cannot perform path « Reliability and accuracy
control solely depends on the

sensor

« Restrictions must to
applied to robot speed,
movements and working

area

An integration has been carried out at the end of this design cycle to shown the
potential application of the developed system. The demo incorporated both SPR
and DHMT systems to illustrate the benefits of combining different control
method into a single system. Face recognition programme has also been
integrated into the system to represent a realistic solution. The result is a
manufacturing system which accepts multiple operators with different levels of
robot control through various gesture control methods. This work has been

published in the Industrial Robot journal (Tang et al, 2015).

6.1.2 Second iteration of development

The second iteration of the development continues with the SPR method. The
DHMT was abandoned in this case due to its limitations which hamper its
applicability in the target applications. This design cycle focuses not only on the
functionalities of the system but also the usability. The aim was to create an
intuitive and ergonomic gesture control system which can be used in human-
robot interaction. In order to achieve the aim, the design process has taken
human-centred design approach into consideration. The RULA assessment tool
was incorporated during the design of the work station setup. Using this tool,
the ideal operating posture and sensor position are calculated. The gestures are
also designed to restrict user’'s hand movement to minimal which enable people
to use the system for prolong period as well as reduce risk of long term work
related injury such as musculoskeletal injuries. The developed system enables
the user to control a collaborative robot through joint movement and linear

movement. The usability of the system was tested using an exploratory usability
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study by comparing against a state of the art human-robot interface. User
satisfactions are similar between the developed system and the touch screen
teach pendant. The developed interface performs better in workload,
intuitiveness and fulfilment. However, people generally find it harder to use due
to the lack of visual and tactile feedback which shows potentials of further
development. The developed system was demonstrated in a number of
academic and industrial events which include Manufacturing the Future
Conference 2014 and 2015, and The Processing & Packaging Machinery Trade
Association Show 2015.

Finally, a gesture command system was integrated with a Comau NM-45
industrial robot. The main technical challenges of integration with a heavy duty
industrial robot are the different in programming architecture when compare
with the development robot and the additional considerations of safety and work
cell setup. The system has demonstrated its capability in performing a pick-and-
place task fully instructed by the user’s gesture commands. This demonstration
has highlighted potential application of this type interface in real applications

which include manipulation of component in large scale manufacturing.

6.1.3 Limitations of process and technology

To develop a gesture control interface for human-robot collaboration, the project
begins with some preliminary work to develop a “Virtual Directional Pad’
controller which was integrated with an industrial collaborative robot. The initial
development has exposed a number of limitations with the solution which
include practicality of the control, the execution of the movement and speed of
execution. These knowledges were used to develop two different types of
gesture control system, Static Pose Recognition (SPR) and Dynamic Hand
Motion Tracking (DHMT). The SPR was designed to recognition a specific hand
gesture pose from a set of predefined gestures derived from industrial crane
hand signals. This solution can be used to execute robot commands which
include starting/stopping sub-routine and control of movement. The DHMT was
designed to control the robot’s motion within its own working envelop. The
development of this system was a significant technical challenge due to the
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nature of the control method. The main functionality is to align the user’s hand
position to the robot’s tool centre point (TCP) which requires high amount data
transfer between the sub-systems, significant processing power and reliable
data from the sensor. Both systems were evaluated and their pros and cons are
explained in chapter 6. The developed systems were integrated with a face
recognition system to demonstrate their potential applications using a polishing
task. For industrialisation of the system, directive gesture command is preferred
over gesture motion control for robot movement due to its robustness and

reliability.

In the second phase of development, a gesture control system was developed
based on the SPR, but this solution has heavier emphasis on human factor
consideration in its design process. The purpose of the developed system is not
to completely replace a traditional robot teach pendant, but to operate as a
complementary input device in an interactive environment. The system is
designed to be a secondary input device to reduce travel distance of operator to
location of robot teach pendant as well as to reduce risk of musculoskeletal
injury from frequent usage. The developed gesture control system was targeting
applications in system recovery and error correction in large scale
manufacturing environment. The system allows operators to control an
industrial robot by moving different joints as well as in linear motion, both
without the requirement of significant training. A user evaluation has been
carried out which shows that the developed gesture control system has
potential to use as an input device for industrial robot control in a human-robot
collaboration scene. However, addition features should be incorporated to
improve the ease of use and intuitiveness. It is concluded that the usability of
gesture control for robot can be significantly enhanced when complemented by
a graphical interface with conventional elements which provide user with visual
feedback.

Finally, the industrialisation of gesture control was demonstrated on a Comau
NM-45 industry robot which was discussed in chapter 4.7. The system has
demonstrated the capability of performing a gesture controlled pick-and-place
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task. This integration has highlighted some of the technical challenges which
include complex programme architecture and interface between systems.
Nevertheless, it has presented the potentials of gesture interface in industrial

applications.

6.2 Robot-Human communication

A human-robot collaborative manufacturing system may require frequent
attention from human operator. In this case, effective communication is
paramount for seamless operations. Manufacturing plants are complex
environment with diverse sound landscape and restriction on wearable device.
Thus, majority of factory machines communicate with human users through
visual signals. However, these signalling devices were not designed for human-
robot collaboration which may have reduced effect. This chapter set out to
create a robot status indication system which enable operate to observe robot
status at a glance. The aim of the system is to reduce mental workload and

improve efficiency of a collaborative task.

6.2.1 Robot gestures

An exploratory study has been conducted investigating the feasibility of using
robot generated gesture as a mean to communicate with users. It was logically
to consider using the robot arm itself as a signalling device, because it can
reduce the visual attention required for users to notice these signals since they
should assign some attention in monitoring the robot. An experiment has been
carried out with 16 participants to study the effect of these gestures on users’
understanding and trust on the robot. The evaluation shows that some
participants struggled to comprehend the robot gestures, and most participants
hesitate to react to these gestures. Furthermore, these gestures can be difficult
to achieve in a realistic industrial setting because the robot will be likely to carry
assembly component, which may cause hazard to perform a gesture. This study
shows that robot gesture is not the best solution to use as a mean of

communication for industrial collaborative robot.
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6.2.2 Integrated robot indication light

The second phase of the robot indication system aims to develop an integrated
robot indication light system to enable robot conveying messages to the user
effectively. The system should allow users to observe robot status at a glance.
The proposed concept is a “glowing robot light skin” which covers the exterior of
an industrial robot arm. The system was designed with the scope of
industrialisation in future development, so it is created targeting the full range of
industrial articulated-arm robots. The design process adopted a human-centred
design method and a concept validation experiment was designed and
conducted. The experiment was carried out with 16 participants. Human factor
experimental equipment and method was used to collect both quantitative and
qualitative data. The evaluation shows the proposed concept has positive
effects on all the measures, which proves this type of indication system has
significant potential to be future developed into industrial devices. This
experiment setup is designed as the baseline for future experiment. The design
concept was tested on a small industrial collaborative robot arm. The user and
the robot were positioned in proximity setting. The manual task was keep to the
lowest level of simplicity to suit this experiment. The results show that the
proposed concept has a number of advantages over traditional tower light and
these include faster reaction time, increase task focus, less signal misses and
improved ease of monitoring. Based on the experimental results, the benefits of
using the proposed system should become more apparent with higher task
difficulty, larger robot and greater separating distance between the participant

and the robot.

6.2.3 Conclusion

This research investigates the development of potential solution to improve
signalling using traditional factory tower light. An exploratory study has been
carried out to study users’ understanding of gestures performed by industrial
collaborative robot.  Participants found some gestures were easier to
comprehend than the others. It was concluded that the effectiveness of this

method is mainly limited by the physical properties of industrial robot arm and

187



its inherent kinematic differences to human arm. Subsequently, the robot
glowing light skin concept was designed and it effectiveness was tested in a
comparative experiment against a conventional tower light. Participants were
recruited to take part in this experiment where they had to perform a manual
task while observing robot movements and the activations of light signal.
Quantitative and qualitative data were recorded from the test for analysis
purposes. It is concluded that the proposed system has a number of advantage
over conventional signal light which suggests that robot manufacturers should

consider embedding signal lights on future collaborative robot.

6.3 Future work

A number of suggestions for future work and described as follows:

Gesture control for human-robot collaboration

e Improve accuracy of user tracking data by combining multiple sensors.
The integration can involve one or more type of sensors.

e The integration of multiple sensors to expand working envelop of the HRI
which eventually enable ubiquitous gesture input in a production
environment.

e Real-time calibration of user's body orientation to enable gesture input
from different direction and location.

e To improve robustness of gesture control by limiting gesture input
activation by designated user in specific locations and body orientations.

e Future system can include tactile feedback function to improve user
experience as well as to improve robustness of control. Contactless
tactile feedback can be provided by integrating ultrasonic force fields
devices around the control area.

e Provide visual feedback by integration with the state of the art in display
technology such as augmented reality or virtual reality device. The visual
feedback can provide real-time information and instructions to further

reduce training requirement.

Robot indication system — glowing light skin
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Perform comparison experiment on robots at large scales to study the
impact of integrated light signals on different scale of work cell.

Study the effect of signal light position in a collaborative system on users’
reaction time, workload, awareness and task performance.

Study the effect of task difficulty in relation to users’ performance on

monitoring of robot signal and robot motion.

189






REFERENCES

Admoni, H., Dragan, A., Srinivasa, S. S., & Scassellati, B. (2014, March).
Deliberate delays during robot-to-human handovers improve compliance with
gaze communication. In Proceedings of the 2014 ACM/IEEE international

conference on Human-robot interaction (pp. 49-56). ACM.

Agravante, D. J., Cherubini, A., Bussy, A., Gergondet, P., & Kheddar, A. (2014,
May). Collaborative human-humanoid carrying using vision and haptic sensing.
In 2014 IEEE International Conference on Robotics and Automation (ICRA) (pp.
607-612). IEEE.

Ahmad, F. S., lkeura, R., Hayakawa, S., & Sawai, H. (2011, May). Towards
realizing collaborative rigid object transfer by a human hand and a robot
manipulator. In 2011 4th International Conference On Mechatronics (ICOM) (pp.
1-6). IEEE.

Albu-Schaffer, A., Haddadin, S., Ott, C., Stemmer, A., Wimbock, T., & Hirzinger,
G. (2007). The DLR lightweight robot: design and control concepts for robots in

human environments. Industrial Robot: an international journal, 34(5), 376-385.

Anandan, T. (2013). The End of Separation: Man and Robot as Collaborative
Coworkers on the Factory Floor. [ONLINE] Available
at: http://www.robotics.org/content-detail.cfm/Industrial-Robotics-Industry-
Insights/The-End-of-Separation-Man-and-Robot-as-Collaborative-Coworkers-
on-the-Factory-Floor/content_id/4140. [Accessed 21 October 15].

Anitsal, I. (2005). Technology-based self-service: From customer productivity

toward customer value. University of Tennessee.

Aptina Imaging, SoftKinetic, TI, BDTI, Embedded Vision Alliance. (2013). Using
3D sensors to bring depth discernment to embedded vision apps. Embedded.
13 April 2013.

191



Arai, T., Kato, R., & Fujita, M. (2010). Assessment of operator stress induced by
robot collaboration in assembly. CIRP Annals-Manufacturing Technology,59(1),
5-8.

Argall, B. D., Chernova, S., Veloso, M., & Browning, B. (2009). A survey of
robot learning from demonstration. Robotics and autonomous systems, 57(5),
469-483

Arumbakkam, A. K., Yoshikawa, T., Dariush, B., & Fujimura, K. (2010,
December). A multi-modal architecture for human robot communication. In 2010
10th IEEE-RAS International Conference on Humanoid Robots (pp. 639-646).
IEEE.

Atmel. 2015. Human Machine Interface. [ONLINE] Available
at:http://www.atmel.com/applications/industrialautomation/human_machine_inte

rface/default.aspx. [Accessed 19 October 15].

Attamimi, M., Katakami, Y., Abe, K., Nagai, T., & Nakamura, T. (2016, March).
Modeling of Honest Signals for Human Robot Interaction. In The Eleventh
ACM/IEEE International Conference on Human Robot Interation (pp. 415-416).
IEEE Press.

Audi press release. 2015. New human-robot cooperation in Audi production
processes. URL: http://www.audiusa.com/newsroom/news/press-

releases/2015/02/new-human-robot-cooperation-in-audis-production-processes

Balan, L., & Bone, G. M. (2006, October). Real-time 3D collision avoidance
method for safe human and robot coexistence. In 2006 IEEE/RSJ International
Conference On Intelligent Robots and Systems (pp. 276-282). IEEE

Ballard, L. (2011). ROBOTICS'FOUNDING FATHER GEORGE C. DEVOL-
Serial Entrepreneur and Inventor. Robot-Congers, (31), 58.

Ballester, J., & Pheatt, C. (2013). Using the Xbox Kinect sensor for positional
data acquisition. American journal of Physics, 81(1), 71-77.

192



Baltrusaitis, T., Riek, L. D., & Robinson, P. (2010, October). Synthesizing
expressions using facial feature point tracking: How emotion is conveyed.
InProceedings of the 3rd international workshop on Affective interaction in

natural environments (pp. 27-32). ACM.

Barattini, P., Morand, C., & Robertson, N. M. (2012, September). A proposed
gesture set for the control of industrial collaborative robots. In RO-MAN, 2012
|IEEE (pp. 132-137). IEEE.

Bascetta, L., Magnani, G., Rocco, P., Migliorini, R., & Pelagatti, M. (2010, July).
Anti-collision systems for robotic applications based on laser time-of-flight
sensors. In 2010 IEEE/ASME International Conference on Advanced Intelligent
Mechatronics (AIM) (pp. 278-284). IEEE

Baudel, T., & Beaudouin-Lafon, M. (1993). Charade: remote control of objects

using free-hand gestures. Communications of the ACM, 36(7), 28-35.

Baudin, M. (2002). Lean assembly: the nuts and bolts of making assembly

operations flow. Productivity Press.

BBC Sport. 2008. Ferrari revert to old pit system. [ONLINE] Available
at:http://news.bbc.co.uk/sportl/hi/motorsport/formula_one/7656931.stm.
[Accessed 15 October 15].

Bechar, A., Edan, Y., & Meyer, J. (2006, October). Optimal collaboration in
human-robot target recognition systems. In 2006 IEEE International Conference
on Systems, Man and Cybernetics (SMC'06) (Vol. 5, pp. 4243-4248). IEEE.

Bernier, C. 2013. CASE STUDY: UNIVERSAL ROBOTS IN VOLKSWAGEN
FACILITIES. [ONLINE] Available at:http://blog.robotiq.com/bid/67739/Case-
Study-Universal-Robots-in-Volkswagen-Facilities. [Accessed 04 November 15].

Bhuiyan, M., & Picking, R. (2009, November). Gesture-controlled user
interfaces, what have we done and what’s next. In Proceedings of the Fifth
Collaborative Research Symposium on Security, E-Learning, Internet and
Networking (SEIN 2009), Darmstadt, Germany (pp. 25-29).

193



Bhuiyan, M., & Picking, R. (2011). A gesture controlled user interface for
inclusive design and evaluative study of its usability. Journal of software
engineering and applications, 4(09), 513.

Bhurane, A., & Talbar, S. N. (2011, April). Vision-based authenticated robotic
control using face and hand gesture recognition. In 2011 3rd International
Conference on Electronics Computer Technology (ICECT) (Vol. 1, pp. 64-68).
IEEE.

Billings, C. E. (1997). Aviation automation: The search for a human-centered

approach.

Bischoff, R., Kurth, J., Schreiber, G., Koeppe, R., Albu-Schéaffer, A., Beyer, A,
... & Hirzinger, G. (2010, June). The KUKA-DLR Lightweight Robot arm-a new
reference platform for robotics research and manufacturing. In Robotics (ISR),
2010 41st international symposium on and 2010 6th German conference on
robotics (ROBOTIK) (pp. 1-8). VDE

Bolt, R. A. (1980). “Put-that-there”: Voice and gesture at the graphics interface
(Vol. 14, No. 3, pp. 262-270). ACM.

Bortot, D., Born, M., & Bengler, K. (2013). Directly or detours? How should
industrial robots approach humans? International Conference on Human-Robot

Interaction. Tokyo: IEEE.

Boy, G. A. (1998). Cognitive function analysis (Vol. 2). Greenwood Publishing
Group.

Boy, G. A. (Ed.). (2012). The handbook of human-machine interaction: a

human-centered design approach. Ashgate Publishing, Ltd.

Bradshaw, J. M., Feltovich, P., Johnson, M., Breedy, M., Bunch, L., Eskridge,
T., ... & van Diggelen, J. (2009). From tools to teammates: Joint activity in
human-agent-robot teams. In Human Centered Design (pp. 935-944). Springer
Berlin Heidelberg.

194



Breazeal, C., Kidd, C. D., Thomaz, A. L., Hoffman, G., & Berlin, M. (2005,
August). Effects of nonverbal communication on efficiency and robustness in
human-robot teamwork. In 2005 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS 2005). (pp. 708-713). IEEE.

Brennan, S. E., Chen, X., Dickinson, C. A., Neider, M. B., & Zelinsky, G. J.
(2008). Coordinating cognition: The costs and benefits of shared gaze during
collaborative search. Cognition, 106(3), 1465-1477

British Standards Institution (2011) BS ISO 10218-2:2011: Robots and robotic
devices— Safety requirements for industrial robots Part 2: Robot systems and

integration

British Standards Institution, (1999). BS EN ISO 9241-:1999, Ergonomic
requirements for office work with visual display terminals (VDTs). Workstation

layout and postural requirements

British Standards Institution, (2010). BS EN ISO 13855:2010: Safety of
machinery - Positioning of safeguards with respect to the approach speeds of

parts of the human body

British Standards Institution, (2011). BS ISO 10218-1:2011: Robots and robotic

devices— Safety requirements for industrial robots Part 1: Robots

British Standards Institution, (2011). BS 1SO 10218-2:2011: Robots and robotic
devices— Safety requirements for industrial robots Part 2. Robot systems and

integration

British Standards Institution, (2012). BS ISO 16715: Cranes - Hand signals

used with cranes

British Standards Institution, (2015). BS ISO/IEC CD 30113-1:2015, Information

technology -- Gesture-based interfaces across devices and methods

Brooke, J. (1996). SUS-A quick and dirty usability scale. Usability evaluation in
industry, 189(194), 4-7.

195



Brooks, R. (1985, March). Visual map making for a mobile robot. In Robotics
and Automation. Proceedings. 1985 IEEE International Conference on (Vol. 2,
pp. 824-829). IEEE

Brooks, R. A. (1983). Solving the find-path problem by good representation of
free space. IEEE Transactions on Systems, Man, and Cybernetics, (2), 190-197

Bruemmer, D. J., Few, D., Boring, R. L., Marble, J. L., Walton, M. C., & Nielsen,
C. W. (2005). Shared understanding for collaborative control. Systems, Man
and Cybernetics, Part A: Systems and Humans, IEEE Transactions on,35(4),
494-504.

Burger, B., Ferrané, I., & Lerasle, F. (2008). Multimodal interaction abilities for a
robot companion. In Computer Vision Systems (pp. 549-558). Springer Berlin
Heidelberg

Burger, B., Ferrané, |., Lerasle, F., & Infantes, G. (2012). Two-handed gesture
recognition and fusion with speech to command a robot. Autonomous
Robots,32(2), 129-147.

Bussy, A., Gergondet, P., Kheddar, A., Keith, F., & Crosnier, A. (2012,
September). Proactive behavior of a humanoid robot in a haptic transportation
task with a human partner. In RO-MAN, 2012 IEEE (pp. 962-967). IEEE

Cai, Z. X., Yu, J. X., Zou, X. B., & Duan, Z. H. (2005). A 3-D perceptual method
based on laser scanner for mobile robot. In 2005 IEEE International Conference
on Robotics and Biomimetics (ROBIO) (pp. 658-663). IEEE.

Cakmak, M., Srinivasa, S. S., Lee, M. K., Kiesler, S., & Forlizzi, J. (2011,
March). Using spatial and temporal contrast for fluent robot-human hand-overs.
In Proceedings of the 6th international conference on Human-robot interaction
(pp. 489-496). ACM

Cassell, J., & Thorisson, K. R. (1999). The power of a nod and a glance:
Envelope vs. emotional feedback in animated conversational agents. Applied
Artificial Intelligence, 13(4-5), 519-538

196



Cerlinca, T. I., Pentiuc, S. G., & Vlad, V. (2012). Real-Time 3D Hand Gestures
Recognition  for  Manipulation of Industrial Robots. Elektronika ir
Elektrotechnika, 19(2), 3-8.

Charalambous, G. (2014). The development of a human factors tool for the
successful implementation of industrial human-robot collaboration. PhD,

Cranfield University

Charalambous, G., Fletcher, S., & Webb, P. (2015). The Development of a
Scale to Evaluate Trust in Industrial Human-robot Collaboration. International

Journal of Social Robotics, 1-17.

Cheal, M., Lyon, D. R., & Hubbard, D. C. (1991). Does attention have different
effects on line orientation and line arrangement discrimination?. The Quarterly

Journal of Experimental Psychology, 43(4), 825-857.

Chen, J. Y., Haas, E. C., & Barnes, M. J. (2007). Human performance issues
and user interface design for teleoperated robots. Systems, Man, and
Cybernetics, Part C: Applications and Reviews, IEEE Transactions on,37(6),
1231-1245.

Chow, E., & Pickles, K. (2015). Now THAT’S Living The High Life: Tower Crane
Operator At China’S Tallest Skyscraper Reveals What It'S Like To Go To The
Office At 2,000 Feet Above Ground. MailOnline. Web. 15 Oct. 2015.

Christoffersen, K., & Woods, D. D. (2002). How to make automated systems
team players. Advances in human performance and cognitive engineering

research, 2, 1-12.

Cialdini, R. B. (1980). Full-cycle social psychology. Applied social psychology

annual

Cipolla, R., & Hollinghurst, N. J. (1998). A human-robot interface using pointing
with uncalibrated stereo vision. Computer Vision for Human-Machine
Interaction, 97-110

197



Clair, A. S., & Matari¢, M. J. (2011, May). Task coordination and assistive
opportunity detection via social interaction in collaborative human-robot tasks.
In Collaboration Technologies and Systems (CTS), 2011 International
Conference on (pp. 168-172). IEEE.

Corbett, C. L., McLean, G. A. & Cosper, D. K. (2008). Effective presentation
media for passenger safety I: Comprehension of safecard pictorials and

pictograms. FAA.

Corke, P. I. (1999). Safety of advanced robots in human environments.

Discussion paper for IARP

Crandell, B., Passow, M., Pettinato, J., & Wohlwend, H. (2003). Breakthrough
factory productivity using e-manufacturing. Solid State Technology, 46(9), 42-
46.

Daimler. (2012). Human-robot cooperation: Innovative Cooperation between
Workers and Robots at Mercedes-Benz. URL:
http://media.daimler.com/dcmedia/0-921-658891-1-1556286-1-0-0-0-0-0-0-0-0-
1-0-0-0-0-0.html

De Santis, A., Siciliano, B., De Luca, A., & Bicchi, A. (2008). An atlas of physical
human-robot interaction. Mechanism and Machine Theory, 43(3), 253-270.

Derks, D., Bos, A. E.,, & Von Grumbkow, J. (2007). Emoticons and online
message interpretation. Social Science Computer Review Fall 2008 26: 379-
388, first published on December 10, 2007 doi: 0.1177/0894439307311611

Dickinson, J. (1975). Proprioceptive control of human movement. Lepus books.

Dixon, S. R., Wickens, C. D., & Chang, D. (2005). Mission control of multiple
unmanned aerial vehicles: A workload analysis. Human Factors: The Journal of

the Human Factors and Ergonomics Society, 47(3), 479-487.

Dominey, P. F., Metta, G., Nori, F., & Natale, L. (2008, December). Anticipation

and initiative in human-humanoid interaction. In Humanoid Robots, 2008.

198



Humanoids 2008. 8th IEEE-RAS International Conference on (pp. 693-699).
IEEE.

Drury, R., Tsourdos, A., & Cooke, A. (2010, March). Real-time trajectory
generation: Improving the optimality and speed of an inverse dynamics method.
In Aerospace Conference, 2010 IEEE (pp. 1-12). IEEE

Du, G. L., Zhang, P., Yang, L. Y., & Su, Y. B. (2010, November). Robot
teleoperation using a vision-based manipulation method. In 2010 International
Conference on Audio Language and Image Processing (ICALIP) (pp. 945-949).
IEEE.

Du, G., & Zhang, P. (2014). Markerless human-robot interface for dual robot
manipulators using Kinect sensor. Robotics and Computer-Integrated
Manufacturing, 30(2), 150-159.

Du, G., & Zhang, P. (2015). A Markerless Human—Robot Interface Using
Particle Filter and Kalman Filter for Dual Robots. IEEE Transactions on
Industrial Electronics, 62(4), 2257-2264.

Du, G., Zhang, P., & Li, D. (2014). Human—Manipulator Interface Based on
Multisensory Process via Kalman Filters. IEEE Transactions on Industrial
Electronics, 61(10), 5411-5418.

Electro-Matic. (2015). Stack Lights/Signal Columns. [ONLINE] Available
at: http://www.empspecialproducts.com/Products/Stack-Lights-Signal-Columns.
[Accessed 19 October 15].

Elgendi, M., Picon, F., & Magenant-Thalmann, N. (2012, May). Real-time speed
detection of hand gesture using, Kinect. In Proc. Workshop on Autonomous
Social Robots and Virtual Humans, The 25th Annual Conference on Computer
Animation and Social Agents (CASA 2012).

Ende, T., Haddadin, S., Parusel, S., Wuisthoff, T., Hassenzahl, M., & Albu-
Schaffer, A. (2011, September). A human-centered approach to robot gesture

based communication within collaborative working processes. In 2011

199



IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)
(pp. 3367-3374). IEEE.

Endsley, M. R. (2011). Designing for situation awareness: An approach to user-
centered design. CRC Press.

Endsley, M. R., & Kiris, E. O. (1995). The out-of-the-loop performance problem
and level of control in automation. Human Factors: The Journal of the Human
Factors and Ergonomics Society, 37(2), 381-394.

Esfahani, E. T., & Sundararajan, V. (2011). Using brain—computer interfaces to
detect human satisfaction in human-robot interaction. International Journal of
Humanoid Robotics, 8(01), 87-101

Ferketic, J., Goldblatt, L., Hodgson, E., Murray, S., Wichowski, R., Bradley, A.,
... & Steinfeld, A. (2006). Toward human-robot interface standards: Use of
standardization and intelligent subsystems for advancing human-robotic
competency in space exploration (No. 2006-01-2019). SAE Technical Paper

Feunekes, G. |., Gortemaker, I. A., Willems, A. A., Lion, R., & Van den Kommer,
M. (2008). Front-of-pack nutrition labelling: testing effectiveness of different
nutrition labelling formats front-of-pack in four European countries.
Appetite, 50(1), 57-70.

Few, D. A., Bruemmer, D. J.,, & Walton, M. C. (2006, March). Dynamic
leadership for human-robot teams. In Proceedings of the 1st ACM
SIGCHI/SIGART conference on Human-robot interaction (pp. 333-334). ACM

Fine, G. A., & Elsbach, K. D. (2000). Ethnography and experiment in social
psychological theory building: Tactics for integrating qualitative field data with

quantitative lab data. Journal of Experimental Social Psychology, 36(1), 51-76.

Flacco, F., Kroger, T., De Luca, A., & Khatib, O. (2012, May). A depth space
approach to human-robot collision avoidance. In 2012 IEEE International
Conference on Robotics and Automation (ICRA) (pp. 338-345). IEEE.

200



Food Standards Agency. (2007, November). Front-of-pack. Traffic light signpost
labelling. Technical Guidance. Vol 2. Retrieved 18 March 2010

Foster, M. E., By, T., Rickert, M., & Knoll, A. (2006, November). Human-robot
dialogue for joint construction tasks. In Proceedings of the 8th international

conference on Multimodal interfaces (pp. 68-71). ACM.

Foster, S. L. (2010). Choreographing empathy: Kinesthesia in performance.

Routledge.

Freedy, A., DeVisser, E., Weltman, G., & Coeyman, N. (2007, May).
Measurement of trust in human-robot collaboration. In CTS 2007. International

Symposium on Collaborative Technologies and Systems (pp. 106-114). IEEE.

Fritzsche, M., Saenz, J., & Penzlin, F. (2016, March). A Large Scale Tactile
Sensor for Safe Mobile Robot Manipulation. In The Eleventh ACM/IEEE
International Conference on Human Robot Interation (pp. 427-428). IEEE
Press.

Fryman, J., & Matthias, B. (2012, May). Safety of industrial robots: From
conventional to collaborative applications. Proceedings of ROBOTIK 2012; 7th

German Conference on Robotics (pp. 1-5). VDE.

Furuhashi, M., Nakamura, T., Kanoh, M., & Yamada, K. (2016, March). Haptic
communication robot for urgent notification of hearing-impaired people. In 2016
11th ACM/IEEE International Conference on Human-Robot Interaction (HRI)
(pp. 429-430). IEEE.

Fussell, S. R., Kraut, R. E., & Siegel, J. (2000, December). Coordination of
communication: Effects of shared visual context on collaborative work. In
Proceedings of the 2000 ACM conference on Computer supported cooperative
work (pp. 21-30). ACM

Gielniak, M. J., & Thomaz, A. L. (2011, July). Generating anticipation in robot
motion. In RO-MAN, 2011 IEEE (pp. 449-454). IEEE.

201



Gielniak, M. J., Liu, C. K. and Thomaz, A. L. (2013). Generating human-like
motions for robots. The International Journal of Robotics Research, 1275-1301.

Giuliani, M., & Knoll, A. (2011). Evaluating supportive and instructive robot roles
in human-robot interaction. In Social Robotics (pp. 193-203). Springer Berlin

Heidelberg

Gleeson, B., MacLean, K., Haddadi, A., Croft, E. and Alcazar, J. (2013).
Gestures for industry: Intuitive human-robot communication from human
observation. IEEE International Conference on Human-Robot Interaction (pp.
349-356). Tokyo, Japan: IEEE.

Goldin-Meadow, S. (1999). The role of gesture in communication and

thinking.Trends in cognitive sciences, 3(11), 419-429.

Goldin-Meadow, S., Nusbaum, H., Kelly, S. D., & Wagner, S. (2001). Explaining
math: Gesturing lightens the load. Psychological Science, 12(6), 516-522.

Gombolay, M. C., Huang, C., & Shah, J. A. (2015). Coordination of Human-
Robot Teaming with Human Task Preferences. AAAI Fall Symposium Series on
Al-HRI. 11/2015.

Goodrich, M. A., & Schultz, A. C. (2007). Human-robot interaction: a survey.
Foundations and trends in human-computer interaction, 1(3), 203-275

Goodrich, M. A., McLain, T. W., Anderson, J. D., Sun, J., & Crandall, J. W.
(2007, March). Managing autonomy in robot teams: observations from four
experiments. In Proceedings of the ACM/IEEE international conference on
Human-robot interaction (pp. 25-32). ACM

Gope, D. C. (2012). Hand Gesture Interaction with Human-Computer. Global

Journal of Computer Science and Technology, 11(23).

Green, S.A., Billinghurst, M., Chen, X., Chase, G.J. (2008) Human-Robot
Collaboration: A Literature Review and Augmented Reality Approach in Design.

International Journal of Advanced Robotic Systems, 5(1), pp. 1-18

202



Green, T. 2013. Universal Robots Strikes Again: Sells to BMW. [ONLINE]
Available
at:http://www.roboticsbusinessreview.com/article/universal_robots_strikes_agai
n_sells_to_ bmw/RB13. [Accessed 04 November 15].

Greif, M. (1991). The visual factory: building participation through shared

information. Productivity Press

Guizzo, E., & Ackerman, E. (2012). How rethink robotics built its new baxter

robot worker. IEEE Spectrum

Guna, J., Jakus, G., Pogacnik, M., Tomazi¢, S., & Sodnik, J. (2014). An
analysis of the precision and reliability of the leap motion sensor and its

suitability for static and dynamic tracking. Sensors, 14(2), 3702-3720.

Haddadin, S., Albu-Schéffer, A., & Hirzinger, G. (2007, June). Safety Evaluation
of Physical Human-Robot Interaction via Crash-Testing. In Robotics: Science
and Systems (Vol. 3, pp. 217-224).]

Hagele, M., Schaaf, W., & Helms, E. (2002, October). Robot assistants at
manual workplaces: Effective co-operation and safety aspects. In Proceedings
of the 33rd ISR (International Symposium on Robotics) (pp. 7-11).

Han, J., Shao, L., Xu, D., & Shotton, J. (2013). Enhanced computer vision with
microsoft kinect sensor: A review. IEEE Transactions on Cybernetics, 43(5),
1318-1334.

Han, M. J., Lin, C. H., & Song, K. T. (2013). Robotic emotional expression
generation based on mood transition and personality model. IEEE Transactions
on Cybernetics, 43(4), 1290-1303

Hanai, R., Oya, R., Izawa, T., & Inaba, M. (2011, December). Motion generation
for human-robot collaborative pick and place based on non-obstructing strategy.
In 2011 IEEE International Conference on Robotics and Biomimetics (ROBIO)
(pp. 20-25). IEEE.

203



Hasanuzzaman, M., Zhang, T., Ampornaramveth, V., Gotoda, H., Shirai, Y., &
Ueno, H. (2007). Adaptive visual gesture recognition for human-robot
interaction using a knowledge-based software platform. Robotics and
Autonomous Systems, 55(8), 643-657.

Hedelind, M., & Kock, S. (2011, May). Requirements on flexible robot systems
for small parts assembly: A case study. In 2011 IEEE International Symposium
on Assembly and Manufacturing (ISAM) (pp. 1-7). IEEE.

Hein, E., Rolke, B., & Ulrich, R. (2006). Visual attention and temporal
discrimination: Differential effects of automatic and voluntary cueing. Visual
Cognition, 13(1), 29-50.

Helms, E., Schraft, R. D., & Hagele, M. (2002). rob@ work: Robot assistant in
industrial environments. In Proceedings of 11th IEEE International Workshop

on Robot and Human Interactive Communication (pp. 399-404). IEEE.

Heyer, C. (2010, October). Human-robot interaction and future industrial
robotics applications. In 2010 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS) (pp. 4749-4754). IEEE.

High Level Group. (2006). Manufacturing: Strategic Research Agenda. High

Level Group. Luxembourg

Hinds, P. J., Roberts, T. L., & Jones, H. (2004). Whose job is it anyway? A
study of human-robot interaction in a collaborative task. Human-Computer
Interaction, 19(1), 151-181.

Hsiao, K. A., & Hsieh, P. L. (2014). Age Difference in Recognition of Emoticons.
In Human Interface and the Management of Information. Information and
Knowledge in Applications and Services (pp. 394-403). Springer International
Publishing.

Hu, G. (2009, July). Neural Networks Based on Information Fusion Using for
Avoiding Obstacle Robot. In WASE International Conference on Information
Engineering (ICIE'09) (Vol. 1, pp. 565-568). IEEE

204



Husain, Z. (2013). Effective communication brings successful organizational
change. The Business & Management Review, 3(2), 43.

Hvilshgj, M., Baggh, S., Skov Nielsen, O., & Madsen, O. (2012). Autonomous
industrial mobile manipulation (AIMM): past, present and future. Industrial
Robot: An International Journal, 39(2), 120-135

Iba, S., Weghe, J. M. V., Paredis, C. J., & Khosla, P. K. (1999). An architecture
for gesture-based control of mobile robots. In  proceedings of 1999 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS'99) (Vol. 2,
pp. 851-857). IEEE.

Inman, J., Carbrey, B., Calawa, R., Hartmann, J., Hempstead, B., & Assadi, M.
(1996). A flexible development system for automated aircraft assembly (No.
961878). SAE Technical Paper.

International Federation of Robotics (2014) World Robotics Industrial Robots.
Frankfurt, Germany: IFR Statistical Department

International Federation of Robotics. (2012). The End of Separation: Man and
Robot as Collaborative Coworkers on the Factory Floor. History of Industrial
Robots. [ONLINE] Available at: http://www.ifr.org/history/. [Accessed 21 October
15].

International Standards Organisation. (2011). Robots and robotic devices -
Safety requirements for industrial robots - Part 2: Robot systems and

integration. 1SO.

Iverson, J. M., & Goldin-Meadow, S. (1998). Why people gesture when they
speak. Nature, 396(6708), 228-228

James, W. (1913). The principles of psychology, Vol Il

Jayaweera, N., & Webb, P. (2007). Automated assembly of fuselage skin
panels. Assembly Automation, 27(4), 343-355.

205



Jeong, S., Kanno, S., & Kashihara, S. (2016). Safety-monitoring-type wide-
range detectable contact sensor system using ultrasonic waves and viscoelastic
tubing. Advanced Robotics, 30(14), 938-947.

Jick, T. D. (1979). Mixing qualitative and quantitative methods: Triangulation in

action. Administrative science quarterly, 602-611

Jovane, F., Koren, Y., & Boer, C. R. (2003). Present and future of flexible
automation: towards new paradigms. CIRP  Annals-Manufacturing
Technology,52(2), 543-560.

Karlsson, N., Karlsson, B., & Wide, P. (1998, May). A glove equipped with finger
flexion sensors as a command generator used in a fuzzy control system.
In Instrumentation and Measurement Technology Conference, 1998. IMTC/98.
Conference Proceedings. IEEE (Vol. 1, pp. 441-445). IEEE.

Kee, D., & Karwowski, W. (2007). A comparison of three observational
techniques for assessing postural loads in industry. International Journal of
Occupational Safety and Ergonomics, 13(1), 3-14.

Kelly, B., Hughes, C., Chapman, K., Louie, J. C. Y., Dixon, H., Crawford, J., ... &
Slevin, T. (2009). Consumer testing of the acceptability and effectiveness of
front-of-pack food labelling systems for the Australian grocery market. Health
promotion international, 24(2), 120-129.

Kendon, A. (1967). Some functions of gaze-direction in social interaction. Acta

psychologica, 26, 22-63

Khatib, O. (1986). Real-time obstacle avoidance for manipulators and mobile

robots. The international journal of robotics research, 5(1), 90-98.

Khatib, O., Burdick, J., & Armstrong, B. (1985). Robotics in three acts-Part Il
(Film).

Khoshelham, K. and Oude Elberink, S.J. (2012) Accuracy and resolution of

Kinect depth data for indoor mapping applications. In Sensors: journal on the

206



science and technology of sensors and biosensors: open access, 12 (2012)2
pp. 1437-1454.

Kidd, P. T. (1992). Design of human-centred robotic systems. In Human Robot
Interaction (pp. 225-241). London, UK: Taylor & Francis.

Kipling, R. (1920). Rudyard Kipling's verse. Doubleday, page

Klein, G., Feltovich, P. J., Bradshaw, J. M., & Woods, D. D. (2005). Common
ground and coordination in joint activity. Organizational simulation, 53.

Knight, W. (2013). Smart Robots Can Now Work Right Next to Auto Workers,
MIT Technology Review

Knight, W. (2014). Increasingly, Robots of All Sizes Are Human Workmates.
[ONLINE] Available
at:http://www.technologyreview.com/news/526691/increasingly-robots-of-all-

sizes-are-human-workmates/. [Accessed 04 November 15].

Kock, S., Vittor, T., Matthias, B., Jerregard, H., Kéllman, M., Lundberg, I., ... &
Hedelind, M. (2011, May). Robot concept for scalable, flexible assembly
automation: A technology study on a harmless dual-armed robot. In 2011 IEEE
International Symposium on Assembly and Manufacturing (ISAM) (pp. 1-5).
IEEE

Kofman, J., Wu, X., Luu, T. and Verma, S. (2005) Teleoperation of a Robot
Manipulator Using a Vision-Based Human-Robot Interface. IEEE Transactions
on Industrial Electronics, 52(5), 1206-1219.

Kornuta, T., & Zielinski, C. (2011, June). Behavior-based control system of a
robot actively recognizing hand postures. In 2011 15th International Conference
on Advanced Robotics (ICAR) (pp. 265-270). IEEE.

Kroger, T. (2011, May). Opening the door to new sensor-based robot
applications—The Reflexxes Motion Libraries. In 2011 IEEE International
Conference on Robotics and Automation (ICRA) (pp. 1-4). IEEE

207



Kroger, T., & Wahl, F. M. (2010). Online trajectory generation: Basic concepts
for instantaneous reactions to unforeseen events. |IEEE Transactions on
Robotics, 26(1), 94-111

Kruger, J., Lien, T. K., & Verl, A. (2009). Cooperation of human and machines in

assembly lines. CIRP Annals-Manufacturing Technology, 58(2), 628-646

Kruger, V., Herzog, D. L., Baby, S., Ude, A., & Kragic, D. (2010). Learning
actions from observations. Robotics & Automation Magazine, IEEE, 17(2), 30-
43.

Kruijff, G. J. M., Janicek, M., & Lison, P. (2010, September). Continual
processing of situated dialogue in human-robot collaborative activities. In RO-
MAN, 2010 IEEE (pp. 594-599). IEEE.

Kruse, D., Wen, J. T., & Radke, R. J. (2015). A Sensor-Based Dual-Arm Tele-
Robotic System. IEEE  Transactions on Automation Science and
Engineering,12(1), 4-18.

Kuchar, J. K., & Yang, L. C. (2000). A review of conflict detection and resolution
modeling methods. IEEE  Transactions on Intelligent Transportation
Systems, 1(4), 179-189.

Kuklinski, K., Fischer, K., Marhenke, I., Kirstein, F., Solvason, D., Kruger, N., &
Savarimuthu, T. R. (2014, October). Teleoperation for learning by
demonstration: Data glove versus object manipulation for intuitive robot control.
In 2014 6th International Congress on Ultra-Modern Telecommunications and
Control Systems and Workshops (ICUMT) (pp. 346-351). IEEE.

Kulic, D., & Croft, E. (2005, August). Anxiety detection during human-robot
interaction. In 2005 IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS) (pp. 616-621). IEEE

Kuli¢, D., & Croft, E. (2007). Pre-collision safety strategies for human-robot
interaction. Autonomous Robots, 22(2), 149-164

208



Kuli¢, D., & Croft, E. A. (2005). Safe planning for human-robot interaction.
Journal of Robotic Systems, 22(7), 383-396.

Kuli¢, D., & Croft, E. A. (2006). Real-time safety for human-robot interaction.
Robotics and Autonomous Systems, 54(1), 1-12

Kunz, T., Kingston, P., Stilman, M., & Egerstedt, M. (2011, May). Dynamic
chess: Strategic planning for robot motion. In 2011 IEEE International
Conference on Robotics and Automation (ICRA) (pp. 3796-3803). IEEE.

Lai, C. K., Lone, M., Thomas, P., Whidborne, J., & Cooke, A. (2011, March).
On-board trajectory generation for collision avoidance in unmanned aerial
vehicles. In Aerospace Conference, 2011 IEEE (pp. 1-14). IEEE.

Landis, J. R., & Koch, G. G. (1977). The measurement of observer agreement
for categorical data. biometrics, 159-174.

Lee, J. D., & Seppelt, B. D. (2009). Human factors in automation design. In
Springer handbook of automation (pp. 417-436). Springer Berlin Heidelberg.

Lee, Y. C,, Lee, Z. L., Chiang, H. H., & Lee, T. T. (2011, August). Fuzzy-rule-
based behavior control for collaborative human/robot navigation in unknown
environments. In Advanced Mechatronic Systems (ICAMechS), 2011

International Conference on (pp. 546-551). IEEE

Lidoris, G., Rohrmdller, F., Wollherr, D., & Buss, M. (2009, May). The
Autonomous City Explorer (ACE) project—mobile robot navigation in highly
populated urban environments. In IEEE International Conference on Robotics
and Automation (ICRA'09) (pp. 1416-1422). IEEE

Ling, S., & Carrasco, M. (2006). Sustained and transient covert attention
enhance the signal via different contrast response functions. Vision
research,46(8), 1210-1220.

Liu, H., Deng, X., & Zha, H. (2005, August). A planning method for safe

interaction between human arms and robot manipulators. In 2005 IEEE/RSJ

209



International Conference on Intelligent Robots and Systems (IROS) (pp. 2724-
2730). IEEE.

Liu, T., Stevens, S. T., & Carrasco, M. (2007). Comparing the time course and
efficacy of spatial and feature-based attention. Vision research, 47(1), 108-113.

Loper, M. M., Koenig, N. P., Chernova, S. H., Jones, C. V., & Jenkins, O. C.
(2009, March). Mobile human-robot teaming with environmental tolerance.
InProceedings of the 4th ACM/IEEE international conference on Human robot
interaction (pp. 157-164). ACM

Lopez, D. A., Frank, J. A., & Kapila, V. (2014, July). Comparing interface
elements on a tablet for intuitive teleoperation of a mobile manipulator. INnASME
2014 12th Biennial Conference on Engineering Systems Design and Analysis
(pp. VOO3T15A005-VO03T15A005). American Society of Mechanical Engineers

Luongo, S., Corraro, F., Ciniglio, U., Di Vito, V., & Moccia, A. (2010, March). A
novel 3D analytical algorithm for autonomous collision avoidance considering
cylindrical safety bubble. In Aerospace Conference, 2010 IEEE (pp. 1-13). IEEE

Mackley, T. C., Deane, J. R., & John, P. (2010, June). Addressing the time
dimension and agility in the provision of capability. In 2010 5th International

Conference on System of Systems Engineering (SoSE) (pp. 1-8). IEEE.

Madey, D. L. (1982). Some benefits of integrating qualitative and quantitative
methods in program evaluation, with illustrations. Educational evaluation and

policy analysis, 223-236

Maeda, Y., Hara, T., & Arai, T. (2001). Human-robot cooperative manipulation
with motion estimation. In proceedings of 2001 IEEE/RSJ International
Conference on Intelligent Robots and Systems (Vol. 4, pp. 2240-2245). IEEE

Malcolm, K., Murray, D., & Mackay, L. (2008). How has awareness,
comprehension and usage of GDA labelling evolved?. Millward Brown. 18th
September 2008

Mankins, J. C. (1995). Technology readiness levels. White Paper, April, 6

210



Mashimo, R., Umetani, T., Kitamura, T., & Nadamoto, A. (2016, March).
Human-Robots Implicit Communication based on Dialogue between Robots
using Automatic Generation of Funny Scenarios from Web. In The Eleventh
ACM/IEEE International Conference on Human Robot Interation (pp. 327-334).
IEEE Press.

Matthias, B., Kock, S., Jerregard, H., Kallman, M., Lundberg, I., & Mellander, R.
(2011, May). Safety of collaborative industrial robots: Certification possibilities
for a collaborative assembly robot concept. In Assembly and Manufacturing
(ISAM), 2011 IEEE International Symposium on (pp. 1-6). IEEE.

Mavridis, N., & Roy, D. (2006, October). Grounded situation models for robots:
Where words and percepts meet. In 2006 IEEE/RSJ International Conference
on Intelligent Robots and Systems (pp. 4690-4697). IEEE

McAtamney, L., & Corlett, E. N. (1993). RULA: a survey method for the
investigation of work-related upper limb disorders. Applied ergonomics, 24(2),
91-99.

McNeill, D. (1992). Hand and mind: What gestures reveal about thought.

University of Chicago Press

Md. Hasanuzzaman, Zhang, T., Ampornaramveth, V., & Ueno, H. (2006).
Gesture-based human-robot interaction using a knowledge-based software

platform. Industrial Robot: An International Journal, 33(1), 37-49.

Meisner, E., Sabanovi¢, S., Isler, V., Caporael, L. R., & Trinkle, J. (2009,
March). ShadowPlay: a generative model for nonverbal human-robot
interaction. In Human-Robot Interaction (HRI), 2009 4th ACM/IEEE International
Conference on (pp. 117-124). IEEE

Michaud, F., & Vu, M. T. (2001). Light signaling for social interaction with mobile
robots. In proceedings of 2001 IEEE International Symposium

on Computational Intelligence in Robotics and Automation (pp. 137-142). IEEE.

211



Microsoft. (2013). Kinect for Windows Sensor Components and Specifications.
Microsoft, [Online]. Available: http://msdn.microsoft.com/en-
us/library/jj131033.aspx. [Accessed 01 July 2013].

Midgley, G. (1992). The sacred and profane in critical systems thinking.
Systems Practice, 5(1), 5-16

Miles, C., Auburn, T. C., & Jones, D. M. (1984). Effects of loud noise and signal
probability on visual vigilance. Ergonomics, 27(8), 855-862.

Mittendorfer, P., & Cheng, G. (2011). Humanoid multimodal tactile-sensing
modules. IEEE Transactions on Robotics, 27(3), 401-410

Molina-Tanco, L., Bandera, J. P., Marfil, R., & Sandoval, F. (2005, August).
Real-time human motion analysis for human-robot interaction. In 2005
IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)
(pp. 1402-1407). IEEE

Moon, A., Panton, B., Van der Loos, H. F. M., & Croft, E. A. (2010). Using
hesitation gestures for safe and ethical human-robot interaction. In Proceedings
of the ICRA (pp. 11-13).

Moon, A., Parker, C. A., Croft, E., & Van der Loos, H. M. (2011, September).
Did you see it hesitate? - Empirically grounded design of hesitation trajectories
for collaborative robots. In 2011 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS) (pp. 1994-1999). IEEE.Moon, A.,
Troniak, D. M., Gleeson, B., Pan, M. K., Zheng, M., Blumer, B. A,, ... & Croft, E.
A. (2014, March). Meet me where i'm gazing: how shared attention gaze affects
human-robot handover timing. In Proceedings of the 2014 ACM/IEEE

international conference on Human-robot interaction (pp. 334-341). ACM

Moratz, R., Fischer, K., & Tenbrink, T. (2001). Cognitive modeling of spatial
reference for human-robot interaction. International Journal on Artificial
Intelligence Tools, 10(04), 589-611

212



motorsport.com. (2010). Mercedes tests Ferrari-like traffic light system.
[ONLINE] Available at:http://www.motorsport.com/f1/news/mercedes-tests-

ferrari-like-traffic-light-system/. [Accessed 15 October 15].

Muller H. J. Rabbitt P. M. A. (1989). Reflexive and voluntary orienting of visual
attention: Time course of activation and resistance to interruption. Journal of

Experimental Psychology: Human Perception & Performance, 15 (2), 315-330.

Murray, S. A., & Caldwell B. S. (1996). Human performance and control of
multiple systems. Human Factors, 38, 323-329.

Nakagawa, K., Shinozawa, K., Ishiguro, H., Akimoto, T. and Hagita, N. (2009).
Motion modification method to control affective nuances for robots. In
Proceedings of the 2009 International Conference on Intelligent Robots and
Systems (pp. 3727-3734). IEEE.

Nakata, S., Kobayashi, H., Yasuda, T., Kumata, M., Suzuki, S., & Igarashi, H.
(2011, July). Relation between skill acquisition and task specific human speech
in collaborative work. In RO-MAN, 2011 IEEE (pp. 337-342). IEEE.

NASA. 2004. The vision for space exploration.NP-2004-01-334-HQ
NASA. 2005. The New Age of Exploration. NP-2005-01-397-HQ

Nehaniv, C. L., & Dautenhahn, K. (Eds.). (2007). Imitation and social learning in
robots, humans and animals: behavioural, social and communicative

dimensions. Cambridge University Press

Neto, P., Norberto Pires, J., & Paulo Moreira, A. (2010). High-level
programming and control for industrial robotics: using a hand-held
accelerometer-based input device for gesture and posture recognition. Industrial
Robot: An International Journal, 37(2), 137-147.

Nguyen, K. C., & Perdereau, V. (2011, September). Arm-hand movement:
Imitation of human natural gestures with tenodesis effect. In 2011 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS) (pp. 1459-
1464). IEEE.

213



Nielsen, M., Storring, M., Moeslund, T. B., & Granum, E. (2003, March). A
procedure for developing intuitive and ergonomic gesture interfaces for man-
machine interaction. In Proceedings of the 5th International Gesture
Workshop(pp. 1-12).

Norman, D. A. (1993). Turn signals are the facial expressions of automobiles.

Basic Books.

Norman, D. A. (2010). Natural user interfaces are not natural. interactions,17(3),
6-10

Nothdurft, H. (1993), "Saliency effects across dimensions in visual search",

Vision research, vol. 33, no. 5, pp. 839-844.

Obdrzalek, S.; Kurillo, G.; Ofli, F.; Bajcsy, R.; Seto, E.; Jimison, H.; Pavel, M.,
"Accuracy and robustness of Kinect pose estimation in the context of coaching
of elderly population,” Engineering in Medicine and Biology Society (EMBC),
2012 Annual International Conference of the IEEE, vol., no., pp.1188,1193,
Aug. 28 2012-Sept. 1 2012

O'Cathain, A., & Thomas, K. (2006). Combining qualitative and quantitative
methods. Qualitative Research in Health Care, Third Edition, 102-111

Orel, F. D., & Kara, A. (2014). Supermarket self-checkout service quality,
customer satisfaction, and loyalty: Empirical evidence from an emerging market.

Journal of Retailing and Consumer Services, 21(2), 118-129.

Ososky, S., Schuster, D., Phillips, E. and Jentsch, F. (2013). Building
appropriate trust in human-robot teams. AAAI Spring Symposia Series. Stanford
University: AAAL.

@stergaard, E. H., Kassow, K., Beck, R., & Lund, H. H. (2006). Design of the
ATRON lattice-based self-reconfigurable robot. Autonomous Robots, 21(2),
165-183

214



Parasuraman, R., Sheridan, T. B., & Wickens, C. D. (2000). A model for types
and levels of human interaction with automation. Systems, IEEE Transactions
on Man and Cybernetics, Part A: Systems and Humans, 30(3), 286-297.

Paredes-Madrid, L., & de Santos, P. G. (2013). Dataglove-based interface for
impedance control of manipulators in cooperative human-robot environments.

Measurement Science and Technology, 24(2), 025005.

Park, C., Kyung, J. H., Choi, T. Y., Do, H. M., Kim, B. I., & Lee, S. H. (2012,
November). Design of an industrial dual arm robot manipulator for a Human-
Robot hybrid manufacturing. In 2012 9th International Conference on
Ubiquitous Robots and Ambient Intelligence (URAI)(pp. 616-618). IEEE

Parkale, Y. V. (2012, January). Gesture based operating system control. In
2012 Second International Conference on Advanced Computing &
Communication Technologies (ACCT) (pp. 318-323). IEEE.

Parusel, S., Haddadin, S., & Albu-Schaffer, A. (2011, May). Modular state-
based behavior control for safe human-robot interaction: A lightweight control
architecture for a lightweight robot. In 2011 IEEE International Conference on
Robotics and Automation (ICRA) (pp. 4298-4305). IEEE.

Pearce, J. (2011). George C. Devol, inventor of robot arm, dies at 99. The New

York Times.

Pedrocchi, N., Vicentini, F., Matteo, M., & Tosatti, L. M. (2013). Safe Human-
Robot Cooperation in an Industrial Environment. Int J Adv Robotic Sy, 10(27).

Pinto, Y., van der Leij, A. R., Sligte, I. G., Lamme, V. A., & Scholte, H. S.
(2013). Bottom-up and top-down attention are independent. Journal of
vision,13(3), 16.

Potter, K. D. (2009, July). Understanding the origins of defects and variability in
composites manufacture. In International Conference on Composite Materials
(ICCM)-17, Edinburgh, UK.

215



Prasad, B. (1996). Concurrent engineering fundamentals (Vol. 1). Englewood
Cliffs, NJ: Prentice Hall

Pritchett, A. R. (2009). Aviation automation: General perspectives and specific
guidance for the design of modes and alerts. Reviews of human factors and
ergonomics, 5(1), 82-113.

Rani, P., Sarkar, N., Smith, C. A., & Kirby, L. D. (2004). Anxiety detecting
robotic system—towards implicit human-robot collaboration. Robotica, 22(01),
85-95.

Rejhon, M. (2013). Why Do Some OLEDs Have Motion Blur?. [ONLINE]
Available at: http://www.blurbusters.com/fag/oled-motion-blur/. [Accessed 28
October 15].

Rethink Robotics. (2015). SAWYER WITH INTERA 3. [ONLINE] Available
at: http://www.rethinkrobotics.com/sawyer-intera-3/. [Accessed 19 October 15].

Riek, L. D., Rabinowitchy, T. C., Bremnerz, P., Pipez, A. G., Fraserz, M. and
Robinson, P. (2010). Cooperative gestures: Effective signalling for humanoid
robots. 5th International Conference on Human-Robot Interaction (pp. 61-68).
Osaka: IEEE.

Roh, S. G., Park, J. H., Lee, Y. H.,, & Choi, H. R. (2005, June). Object
recognition of robot using 3d rfid system. In Proceedings of ICCAS (Vol. 5).

Roth, W. M. (2001). Gestures: Their role in teaching and learning. Review of
Educational Research, 71(3), 365-392

Rustici, C., (2015). Who cares about robot? The rise of Cobotics. Direct Industry
e-magazine. URL: http://www.directindustry.com/emag/hannover-messe-

2015/robots-who-cares-about-cobotics-9031.html

Sacks, G., Rayner, M., & Swinburn, B. (2009). Impact of front-of-pack ‘traffic-
light’nutrition labelling on consumer food purchases in the UK. Health promotion
international, 24(4), 344-352.

216



Sadrfaridpour, B., Saeidi, H., Wang, Y., & Burke, J. (2014, March). Modeling
and Control of Trust in Human and Robot Collaborative Manufacturing. In 2014

AAAI Spring Symposium Series.

Salter, T., Dautenhahn, K., & te Boekhorst, R. (2006). Learning about natural
human-robot interaction styles. Robotics and Autonomous Systems, 54(2),
127-134

Sanders, T., Oleson, K. E., Billings, D. R., Chen, J. Y. and Hancock, P. A.
(2011). A model of human-robot trust: Theoretical model development.
Proceedings of the Human Factors and Ergonomics Society Annual Meeting
(pp. 1432-1436). SAGE.

Sansoni, G., Trebeschi, M., & Docchio, F. (2009). State-of-the-art and
applications of 3D imaging sensors in industry, cultural heritage, medicine, and

criminal investigation. Sensors, 9(1), 568-601.

Santner, K., Fritz, G., Paletta, L., & Mayer, H. (2013, May). Visual recovery of
saliency maps from human attention in 3D environments. In 2013 IEEE
International Conference on Robotics and Automation (ICRA) (pp. 4297-4303).
IEEE

Sarter, N. (2008). Investigating mode errors on automated flight decks:
lllustrating the problem-driven, cumulative, and interdisciplinary nature of
human factors research. Human Factors: The Journal of the Human Factors
and Ergonomics Society, 50(3), 506-510.

Sato, Y., Sugano, Y., Sugimoto, A., Kuno, Y., & Koike, H. (2016). Sensing and
Controlling Human Gaze in Daily Living Space for Human-Harmonized
Information Environments. In Human-Harmonized Information Technology,

Volume 1 (pp. 199-237). Springer Japan.

Schatz, E. (2003). Scan-it-yourself checkout lines. Wall Street Journal (March 4)
D, 2.

217



Schlémer, T., Poppinga, B., Henze, N., & Boll, S. (2008, February). Gesture
recognition with a Wii controller. In Proceedings of the 2nd international

conference on Tangible and embedded interaction (pp. 11-14). ACM.

Scholtz, J. (2003, January). Theory and evaluation of human robot interactions.
In proceedings of the 36th Annual Hawaii International Conference on System

Sciences (pp. 10-pp). IEEE.

Sharma, V., Dittrich, F., Yildirim-Yayilgan, S., & Van Gool, L. (2015). Efficient
Real-Time Pixelwise Object Class Labeling for Safe Human-Robot
Collaboration in Industrial Domain. In Proceedings of The 4th Workshop on
Machine Learning for Interactive Systems (pp. 6-14).

Shim, D. H., & Sastry, S. (2007, July). An evasive maneuvering algorithm for
UAVs in see-and-avoid situations. In American Control Conference, 2007.
ACC'07 (pp. 3886-3891). IEEE

Silva, A. J., Ramirez, O., Vega, V. P., & Oliver, J. P. O. (2009, September).
Phantom omni haptic device: Kinematic and manipulability. In Electronics,
Robotics and Automotive Mechanics Conference, 2009. CERMA'09. (pp. 193-
198). IEEE

SIMON, J. R., & WOLF, J. D. (1963). Choice reaction time as a function of

angular stimulus-response correspondence and age. Ergonomics, 6(1), 99-105

Smith, A. (1996). Upper Limb Disorders—Time to relax?. Physiotherapy, 82(1),
31-38.

SOICHIANDO, & ODA, S. (2001). Central and peripheral visual reaction time of
soccer players and nonathletes. Perceptual and Motor Skills, 92(3), 786-794.

Sorkin, R. D. (1988). FORUM: Why are people turning off our alarms?. The
Journal of the Acoustical Society of America, 84(3), 1107-1108.

Sowa, J. F., & Zachman, J. A. (1992). Extending and formalizing the framework

for information systems architecture. IBM systems journal, 31(3), 590-616

218



Stanton, C., Bogdanovych, A., & Ratanasena, E. (2012, December).
Teleoperation of a humanoid robot using full-body motion capture, example
movements, and machine learning. In Proceedings of Australasian Conference
on Robotics and Automation (pp. 3-5). Victoria University of Wellington New

Zealand.

Steckler, A., McLeroy, K. R., Goodman, R. M., Bird, S. T., & McCormick, L.
(1992). Toward integrating qualitative and quantitative methods: an
introduction.Health education quarterly, 19(1), 1-8

Stopp, A., Horstmann, S., Kristensen, S., & Lohnert, F. (2001). Towards
interactive learning for manufacturing assistants. Inproceedings of the 10th
IEEE International Workshop on Robot and Human Interactive Communication
(pp. 338-342). IEEE.

Strabala, K. W., Lee, M. K., Dragan, A. D., Forlizzi, J. L., Srinivasa, S., Cakmak,
M., & Micelli, V. (2013). Towards seamless human-robot handovers. Journal of
Human-Robot Interaction, 2(1), 112-132

Subramaniam, S. K., Husin, S. H., Singh, R., & Hamidon, A. (2009). Production
monitoring system for monitoring the industrial shop floor performance.
International journal of systems applications, engineering & development, 3(1),
28-35.

Tadema, J., & Theunissen, E. (2008, October). A concept for UAV operator
involvement in airborne conflict detection and resolution. In Digital Avionics
Systems Conference, 2008. DASC 2008. IEEE/AIAA 27th (pp. 4-C). IEEE

Takanaka, H. (1991). Critical success factors in factory automation. Long
Range Planning, 24(4), 29-35.

Tan, N., Mohan, R. E., & Watanabe, A. (2016). Toward a framework for robot-

inclusive environments. Automation in Construction, 69, 68-78.

Tang, G., Asif, S., & Webb, P. (2015). The integration of contactless static pose

recognition and dynamic hand motion tracking control system for industrial

219



human and robot collaboration. Industrial Robot: An International Journal, 42(5),
416-428.

Tang, G., Charalambous, G., Webb, P., & Fletcher, S. R. (Apr 2014). Users’
understanding of industrial robot gesture motions and effects on trust.

Contemporary Ergonomics and Human Factors 2014 (pp. 116 -123).

Taylor, K., & Stein, J. (1999). Attention, intention and salience in the posterior

parietal cortex. Neurocomputing, 26, 901-910.

Tenbrink, T., Fischer, K., & Moratz, R. (2002). Spatial strategies in Human-
Robot communication. Kl, 16(4), 19-23

Thorisson, K. R. (1996). Communicative humanoids: a computational model of
psychosocial dialogue skills (Doctoral dissertation, Massachusetts Institute of

Technology)

Thrun, S. (2004). Toward a framework for human-robot interaction. Human—
Computer Interaction, 19(1-2), 9-24

Turk, M., & Pentland, A. (1991). Eigenfaces for recognition. Journal of cognitive

neuroscience, 3(1), 71-86.

Uemura, K., Yamada, M., Nagai, K., Mori, S., & Ichihashi, N. (2012). Reaction
time for peripheral visual field increases during stepping task in older adults.

Aging clinical and experimental research, 24(4), 365-369

van Beurden, M. H., ljsselsteijn, W., & Hopf, K. (2011, May). User centered
design of gesture-based interaction technology. In 3DTV Conference: The True
Vision-Capture, Transmission and Display of 3D Video (3DTV-CON), 2011 (pp.
1-4). IEEE.

van der Zant, T., & Wisspeintner, T. (2007). Robocup@ home: Creating and
benchmarking tomorrows service robot applications. INTECH Open Access
Publisher

220



Vannoy, J., & Xiao, J. (2008). Real-time adaptive motion planning (RAMP) of
mobile manipulators in dynamic environments with unforeseen changes.
Robotics, IEEE Transactions on, 24(5), 1199-1212.

Verma, H. V., Aggarwal, E., & Chandra, S. (2013, December). Gesture
recognition using kinect for sign language translation. In 2013 IEEE Second
International Conference on Image Information Processing (ICIIP) (pp. 96-100).
IEEE.

Vittor, T., Staab, H., Breisch, S., Soetebier, S., Stahl, T., Hackbarth, A., & Kock,
S. (2011, May). A flexible robotic gripper for automation of assembly tasks: A
technology study on a gripper for operation in shared human environments. In
2011 IEEE International Symposium on Assembly and Manufacturing (ISAM)
(pp. 1-6). IEEE

Vogel, C., Fritzsche, M., & Elkmann, N. (2016, March). Safe Human-Robot
Cooperation with High-Payload Robots in Industrial Applications. In The
Eleventh ACM/IEEE International Conference on Human Robot Interation (pp.
529-530). IEEE Press.

Vu, M. H., & Na, U. J. (2011). A new 6-DOF haptic device for teleoperation of 6-
DOF serial robots. IEEE Transactions on Instrumentation and Measurement,
60(11), 3510-3523

Waldherr, S., Romero, R., & Thrun, S. (2000). A gesture based interface for
human-robot interaction. Autonomous Robots, 9(2), 151-173.

Walters, M. L., Oskoei, M., Syrdal, D. S., & Dautenhahn, K. (2011, July). A long-
term human-robot proxemic study. In RO-MAN, 2011 IEEE (pp. 137-142). IEEE.

Walther, J. B., & D’Addario, K. P. (2001). The impacts of emoticons on
message interpretation in computer-mediated communication. Social science
computer review, 19(3), 324-347.

Walton, M., Webb, P., & Poad, M. (2011). Applying a Concept for Robot-Human
Cooperation to Aerospace Equipping Processes (No. 2011-01-2655). SAE

Technical Paper.

221



Wan, T., Wang, Y., & Li, J. (2012, April). Hand gesture recognition system using
depth data. In 2012 2nd International Conference on Consumer Electronics,
Communications and Networks (CECNet) (pp. 1063-1066). IEEE.

Warner, H. D., & Heimstra, N. W. (1973). Target-detection performance as a
function of noise intensity and task difficulty. Perceptual and motor skills, 36(2),
439-442.

Warren, C. W. (1989, May). Global path planning using artificial potential fields.
In proceedings of the 1989 IEEE International Conference on Robotics and
Automation (pp. 316-321). IEEE.

Webb, P. Automated Aerospace Manufacture and Assembly. Encyclopedia of

Aerospace Engineering.

Weichert, F., Bachmann, D., Rudak, B., & Fisseler, D. (2013). Analysis of the
accuracy and robustness of the leap motion controller. Sensors, 13(5), 6380-
6393.

Weick, K. E. (1979). The social psychology of organizing (Topics in social
psychology series)

Wiener, E. L., & Curry, R. E. (1980). Flight-deck automation: Promises and
problems. Ergonomics, 23(10), 995-1011.

Wigdor, D., & Wixon, D. (2011). Chapterl9 - Properties of a Gesture Language.
in Brave NUI world: designing natural user interfaces for touch and gesture.
Elsevier. 137-144.

Winter, J. A., Allen, T. J., & Proske, U. (2005). Muscle spindle signals combine
with the sense of effort to indicate limb position. The Journal of physiology,
568(3), 1035-1046.

Wise, J. (2013). Consistent food labelling system is rolled out across
UK. BMJ,346.

222



Wrede, S., Emmerich, C., Grinberg, R., Nordmann, A., Swadzba, A., & Steil, J.
(2013). A user study on kinesthetic teaching of redundant robots in task and

configuration space. Journal of Human-Robot Interaction, 2(1), 56-81

Wu, T., Butko, N. J., Ruvulo, P., Bartlett, M. S., & Movellan, J. R. (2009, June).
Learning to make facial expressions. In IEEE 8th International Conference on
Development and Learning (ICDL)(pp. 1-6). IEEE

Yagoda, R. E. & Gillan, D. J. (2012). You want me to trust a ROBOT? The
development of a human-robot trust scale. International Journal of Social
Robots, 235-248.

Yanik, P. M., Manganelli, J., Merino, J., Threatt, A. L., Brooks, J. O., Green, K.
E., & Walker, 1. D. (2012, May). Use of kinect depth data and growing neural
gas for gesture based robot control. In 2012 6th International Conference
on Pervasive Computing Technologies for Healthcare (PervasiveHealth) (pp.
283-290). IEEE.

Yepes, J. C., Yepes, J. J., Martinez, J., & Perez, V. Z. (2013, April).
Implementation of an Android based teleoperation application for controlling a
KUKA-KRG6 robot by using sensor fusion. In Health Care Exchanges (PAHCE),
2013 Pan American (pp. 1-5). IEEE

Zanchettin, A. M., Ceriani, N. M., Rocco, P., Ding, H., & Matthias, B. (2016).
Safety in human-robot collaborative manufacturing environments: metrics and
control. IEEE Transactions on Automation Science and Engineering, 13(2), 882-
893.

Zhu, B., & Kaber, D. (2012). Effects of etiquette strategy on human-robot
interaction in a simulated medicine delivery task. Intelligent Service
Robotics,5(3), 199-210.

Zoghbi, S., Croft, E., Kuli¢, D., & Van der Loos, M. (2009, October). Evaluation
of affective state estimations using an on-line reporting device during human-
robot interactions. In 2009 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS) (pp. 3742-3749). IEEE

223






APPENDICES

Appendix A — Literature review

A.1 Effect of digital facial expression

As described in chapter2.5, the Baxter Robot has a robot face to communicate
its status with its user as illustrated in figure_apx1l (Rethink Robotics, 2015).
Graphic representations of facial expressions which have been broadly used in
digital interaction such as e-mail messages and mobile messaging known as
Emoticons. These symbols are widely known and commonly recognised among
computer-mediated communication (CMC) users, and they are described by
most observers as substituting for the nonverbal cues that are missing from
CMC in comparison to face-to-face communication (Walther and D’Addario,
2001).

A ROBOT’S EMOTIONS 2 o a
Brooks didn't set out to
build a humanoid robot
' e, ——— — ——
but he found that giving b L
Baxter a face was the @ @ / ./ @ @

most intuitive way to
communicate information.

NEUTRAL ASLEEP CONCENTRATING
Ready for training On standby Learning a task
o ) a2 =] (=}
FOCUSED SURPRISED CONFUSED SAD

Working away without a problem A human has approached Having trouble finding an object Given up trying to complete
or otherwise completing a task a task; there's a problem

Figure_Apx 1 - Robot's Emotions used in Baxter Robot

The effectiveness of emoticons has been examined in the field of Social
Science and Social Psychology (Daantje Derks et al, 2008; Walther and
D’Addario, 2001). To (2008) has investigated how emoticons influenced
participants’ interpretation of instant message statements. He has specifically
explored of how different types of emoticons influenced participants’ ability to
accurately interpret the emotion conveyed by instant message statements and

participants’ level of certainty about their message interpretations, across “clear”
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or “unclear” conditions of emotional valence clarity. Experiments have been
conducted which involve 121 participants from Canada and the United States.
He has concluded the presence of an emoticon led to more accurate
performance scores in message interpretation regardless of the emotional
valence clarity, compared to the absence of emoticons. On a separate study, it
was found that older adults have more positive response toward perceived
emoticons than younger adults, and the result also shows older adults can

analogise between real faces and emoticons (Hsiao and Hsieh, 2014).

A.2 Equipment for robot safety

There are a number of robotic products on the market which enable human and
robot to collaborate in close proximity in a safe manner. Most of these products
can be classified as “post collision systems”, typically small robots designed for
small scale assembly, requiring smaller loads and levels of accuracy. Good
examples of these robots include the Universal Robots UR range and Baxter
Robot (Rethink Robotics, 2015; Anandan, 2013). These robots are excellent
solutions for small scale handling task, but they are not the ideal solution for
large scale manufacturing due to their lack of payload capability and
repeatability.

Although the current capability of safety-rated robots may not be applicable to
large scale manufacturing, there are a number of other options that can be used
to enable human and robot collaboration. Sensitive protective equipment can
provide adequate protection for the human operator in collaborative tasks as
long as they comply with all the relevant standards as well as being setup
correctly according to ISO 10218-2. Below is a list of current safety monitoring
devices for industrial automation.

e Safety Camera
e Safety Laser Scanner
e Safety Light Curtain
e Safety Floor Mat
The safety devices mentioned above operate by electronically interacting with a

safety controller through safety relay and module. The state of the art safety
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control systems are capable of handling safety activities among multiple work
cells, change of configurations can be completed on a single computer with
configurator software, through a graphical interface. Some of the latest safety
controllers can be integrated as part of an internal network to coexist with other
Industrial Ethernet protocols. That means once devices are physically
connected to a safety relay and a network, the organisation of safety device
signals can be arranged in a drag and drop manner using a PC based editor

program.
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Appendix B - Methodology

This chapter describes how this research was carried out and the research
method used in conducting this research. This research project follows the
scientific methodology detailed in figure_Apx 2. The first phase of this research
focuses on identifying the current problem. It begins with a preliminary literature
review, which enables the project scope and title to be refined. Once the project
scope has been defined, an on-going literature review is performed to identify
the ‘state of the art’. The literature review covers of a number of focussed
subject areas which include industrial collaborative robot, human and robot
cooperation, human-robot interface, industrial robot safety, human recognition
in robotics, robotic sensing technology, object recognition, and collision

avoidance.

The second phase of the project is to identify system requirements and to carry
out system architecture development to these requirements. Subsequently, any
hardware and software required should be selected and procured (phase 3)
with the support of research of the state of the art. After hardware integration
(phase 4), subsystem developments begin with the development of
programmes and software which are crucial in enabling the system to function
in the designed manner (phase 5). Each subsystem is tested and evaluated
before the final integration. This is due to some developments being
experimental where the feasibility and usability of the system are to be studied

prior to further development.

The penultimate phase of the project is to perform rigorous system testing with
the fully integrated system to ensure the system operates in the correct manner.
This includes a level of human factors testing and evaluation to measure the
usability and functionality of the system. The results of such testing will feed
back into the system development and evaluation cycle. Finally, the project will
be completed by writing a comprehensive thesis to document the entire
research project.
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Design of system

. Procurement
architecture

A 4

Hardware
integration

Final integration, Subsystem

testing and developments
evaluation and testing

Figure_Apx 2 - different phases of the research

B.1 Literature review

The literature review is divided into three stages. In the first stage, the history of
industrial robots and the general concept of human-robot collaborative systems
are reviewed. This help identified the current challenges and knowledge gaps in
the main research area. The second stage aims to explore knowledge gaps in
human-robot collaboration and increase the depth of the literature by
investigating into different elements of human-robot collaboration. The final
stage of literature review investigates existing techniques and methodologies
used in literature which can be applied in the system development and

evaluation phases.

B.2 System designh methodology

The adopted system development approach was divided in four stages which
include investigate, plan, create and evaluate (as shown in figure_Apx 3). The
developed system in this context is a human-centred robotic system. The
design methodology combines various approaches. There were slight variations

in design methods for different sub-system depending on the requirements and
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the type of system. Nonetheless, these methods were based on the typical
system design method which involves the application of human factors criteria

in the design process to ensure a good level of usability (figure_Apx 3).

' e Identify the problem
* Develop the design brief
based on Engineering and
Human Factor knowledge
* Formulate a design
specification

 Design a solution
* Plan a solution

Investigate

Evaluate

* Evaluate the solution in

terms of performance, * Use appropriate techniques

functionality and robustness

 Evaluate the solution with
Human Factor testing

and equipment
¢ Follow the plan
 Create the solution

* Evaluate the use of the
design cycle

Figure_Apx 3 - system development cycle

The adopted method begins with the “Investigate” phase and then process to
“Plan”, “Create” and finally “Evaluate”. However, this process is highly iterative
and evolutionary. For instance, the result from the “Evaluate” phase contributes
to the “Create” stage to improve the system design, or evaluation result can be
used in the “Investigate” phase to begin a new system design of the similar
nature. The design of human-centred systems requires that human, financial,
and technical issues be considered simultaneously when shaping the
technology. This requires a broad range of skills and knowledge of both the
technical and human factors. Human factors are considered during initialisation
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of design proposals, and the design process focuses attention on issues which
lie at the intersection of the technology and the human (Kidd, 1992).

Phase 1: preliminary development,
identify feasible solutions and
evaluate these solutions

Phase 2: first system evolution,
further system development based
on findings from phase 1

Phase 3: Second system evolution,
system refinement based on
knowledge gained in phase 2

Phase 4: third system evolution, the
iterative process continue until the
end of system development cycle

Figure_Apx 4 - an iterative system development cycle

The system development cycle is an iterative process which begins with
feasibility study to find potential solutions for further development (figure Apx
4). At phasel, more than one option can be identified and these options are
tested through the preliminary cycle which leads to a comparison study to find
the outstanding candidate. At this stage, both technical and human factors
suggestions are gathered from literature to establish the plan for system
solution. Test results from phasel are subsequently used in phase2 for further
development. The system evolves as knowledge and detail of system design
accumulate in previous phase. The cycle continues until the maturity of the

system satisfies project requirements. This framework can be applied on most
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system developments or fitted into existing project management framework

such as Technology Readiness Level (TRL) (Mankins, 1995).

The main system consists of two main subsystems which are being developed
individually. The development of each subsystem is carried out with the design
methodology described above. Some of the sub-projects described in this thesis
involve working with other researchers. The reasons for teamwork are to share
knowledge and utilise individuals’ skills which maximise the output of these
projects. The author has been the project lead for these projects and managed

the teams.

These projects have adopted the concurrent engineering method (Prasad,
1996) in which a number of tasks were carried out at the same time to minimise
system development timescales. Subsystems were designed simultaneously by
various team members, and the project lead integrated these subsystems once
they were developed to a functional level and compliant to other parts of the
system. For example, the development of the Gesture Recognition programme
was in line with the development of the communication module, when both
modules were developed to a usable state they were integrated into a functional

subsystem.

As Mackley et al (2010) explained, System Engineering has to resolve complex
problem and it is simply about providing capability to satisfy a need over time,
but it is important to define the system requirement, capability and variability
over time. Sowa and ZachMan (1992) adopts Rudyard Kipling’'s 5Ws and H
(what, when, where, who, why and how) to address the three areas of System
Engineering as illustrated in figure_Apx 5 (Kipling, 1920). The requirement,
capability and variability over time can be addressed by the why, how and when
respectively. The what, where, and who questions can relate to both the
requirement and the capability. Providing the right questions is asked (Mackley
et al, 2010). This method was applied in the system development which is
described in chapter 3.
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Requirement Why?

What?

Who?
Where?

Capability How?
Time When?

Figure_Apx 5 - Mapping of Zachman Framework architectural aspects to areas of
System Engineering

B.3 System testing and evaluation

The project consists of a number of system developments. These systems were
tested and evaluated using different methods to verify their capability. Most
system evaluations in this research have combined qualitative and quantitative
methods to develop and improve the system design in the iterative process. The
benefits of combining qualitative and quantitative methods have been illustrated
in numerous contexts (Cialdini, 1980; Fine and Elsbach, 2000; O'Cathain and
Thomas, 2006; Jick, 1979; Weick, 1979; Madey, 1982). Quantitative methods
can generate reliable and generalizable data while qualitative methods help
understanding the interrelationships of different variables (Steckler et al, 1992).

B.3.1 Data collection

Due to the multi-disciplinary nature of this research, the evaluation involves
system testing and human factor testing. Research ethics approvals were
obtained from the Cranfield Science & Engineering Research Ethics Committee
prior to data collection that involves human subjects. A number of experiments
conducted in this research require data collection from semi-structured interview
as well as quantitative data from recording devices with test participants. None

of the participants involved were rewarded in any way, thus it was necessary to
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request low risk approvals. Prior to data collection, participants were request to
read and sign a participant consent form to ensure they understand the nature
of the test and that they agree to be recorded under certain conditions. The
author agreed to ensure that the information collected remain strictly
confidential through this form, and therefore participant names and personal
information are not presented in the data analysis. Only cumulative results are

presented in this thesis.
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