Middlesex
University
London

Middlesex University Research Repository:

an open access repository of

Middlesex University research

http://eprints.mdx.ac.uk

Sial, Sara Baber, 2013. Communicating simulated emotional states of
robots by expressive movements. Available from Middlesex University’s
Research Repository.

Copyright:
Middlesex University Research Repository makes the University’'s research available electronically.

Copyright and moral rights to this thesis/research project are retained by the author and/or
other copyright owners. The work is supplied on the understanding that any use for
commercial gain is strictly forbidden. A copy may be downloaded for personal, non-
commercial, research or study without prior permission and without charge. Any use of the
thesis/research project for private study or research must be properly acknowledged with
reference to the work’s full bibliographic details.

This thesis/research project may not be reproduced in any format or medium, or extensive
quotations taken from it, or its content changed in any way, without first obtaining permission
in writing from the copyright holder(s).

If you believe that any material held in the repository infringes copyright law, please contact
the Repository Team at Middlesex University via the following email address:

eprints@mdx.ac.uk

The item will be removed from the repository while any claim is being investigated.



Communicating Simulated Emotional States
of Robots by Expressive Movements

A thesis submitted to Middlesex University in partial fulfilment of the
requirements for the degree of Master of Science (by Research)

Sara Baber Sial (Masters by Research)

School of Science and Technology

Middlesex University

September 2013



©S.8B.Sial, 2013

This work is dedicated to
Mr Muhammad Baber Sial- my husband



©S.8B.Sial, 2013

Abstract:

This research focuses on the non-verbal emotional communication of a non-android
robotic arm used for Human Robot Interaction (HRI). It investigates whether
products, by moving in a life-like way, can communicate their emotions and
intentions to humans or not. The research focuses mainly on the mechanoid robot
(IGUS Rabolink) whether it is able to communicate its emotions to the user or not. It
further inspects about the motion parameters that are important to change the

behaviour of mechanoid robot used.

In this study, a relationship is developed between the motion of the robot and the
perceived emotion. The validity of the perceived emotion by the user is later
checked using three different emotional models: Russell’s circumplex model of
affect, Tellegen-Watson-Clark model and PAD scale. The motion characteristics
such as velocity and acceleration are changed systematically to observe the change
in the perception of affect caused by the robotic motion. The perceived affect is then

marked by the user on all three emotional behaviour models.

The novelty of the research lies in two facts: Firstly the robotic embodiment used
does not have any anthropomorphic or zoomorphic features. Secondly the
embodiment is programmed to adopt the smooth human motion profile unlike

traditional trapezoidal motion used in industrial robots.

From the results produced it can be concluded that the selected motion parameters of
velocity and acceleration are linked with the changed of perceived emotions. The
emotions at low values of motion parameters are perceived as sad and unhappy. As
the values for motion parameters are increased the perceived emotion changes from
sad to happy and then to excited. Moreover the validity of perceived emotions is
proved as the emotion marked by the user is same on all the three scales, also
confirming the reliability of all the three emotional scale models. Another major
finding of this research is that mechanoid robots are also able to communicate their
emotions to the user successfully. These findings for Human-Robot interaction on
user’s perception of emotions are important if robots are to co-exist with humans in
various environments, such as co-workers in industry or care-workers in domestic

settings.
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CHAPTER 1

Introduction

Currently, most robots in industry work independently of humans, due to safety

concerns. Robots typically operate in work cells with safety fences surrounding
them which shut down the robot if a person enters.

Researchers are now trying to develop effective interaction of robots with humans
for different purposes such as entertainment, medical diagnosis, exchange of
information and much more. As the robots can move anywhere around offices,
hospitals and homes, they need to interact safely with humans rather than being an
obstruction or a danger.

In a situation where a robot can choose one of multiple options to achieve its goal,
the next movement of that robot might not be clear to a human. For this reason it
may cause an accident or it might not be safe to work with robots if a human is not
aware of its intentions for the next move. For this reason human-robot interaction
IS important as one can infer the intention of the robot if the motion is interactive.
The central focus of this thesis is to develop safe human-robot interaction in social
environments. This thesis also discusses various emotional models that are
relevant for HRI. A design algorithm is proposed for interaction of IGUS robot
and guidelines to improve this algorithm for interaction. Several results are
presented based upon the experimentation keeping in view the various factors that
affect HRI.

1.1 Definition of HRI
M. A. Goodrich and A. C. Schultz (2007) define Human-robot interaction as “A

field of study dedicated to understanding, designing, and evaluating robotic systems
for use by or with humans”.

This human-machine interaction is usually non-verbal communication. As by
definition “Non-verbal communication serves as a rich source of information in inter
human communication” (Saerbeck and Bartneck, 2010). As the motion in itself
contains a lot of information, one can easily predict the physical state intention from

the robot’s motion. One can relate this non-verbal human-robot interaction with
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human-animal interaction. Although animals cannot speak human language, or
cannot interact with them verbally, but from their gestures and motion they can tell
humans their different states of emotions that include happiness, anger, sadness,
boredom, hunger and many more.

The “Success of a robotic platform depends upon more than mere task
performance.” (Saerbeck and Bartneck, 2010). For example, if the robot is
programmed for speedy cleaning with fast performance, humans might perceive it as
angry or aggressive. So in order for successful and complete interaction with robots,
it is necessary to understand how humans perceive their motion and behaviour. The
research described in this dissertation focuses on designing an algorithm in
LabVIEW that helps the robot to develop and produce expressive and interactive

movements to communicate with humans.

Robots now in the market are introduced as co-workers such as KUKA Roboter
GmbH (Haddadin et al., 2011) and Baxter (Anandan, 2013) etc. The rapid growing
market of HRI give rise to different types of robots. Some developers and
researchers believe that humanoid robots are important for natural and effective
interaction. As defined by (Bartneck et al., 2006) that “Designing androids with
anthropomorphized appearance for more natural communication encourages a
fantasy that interaction with robots is thoroughly human like and promotes

emotional or sentimental attachments”.

Anthropomorphism is a term that is widely used in the robotics world.
“Anthropomorphism refers to the attribution of a human form, human
characteristics, or human behaviour to non-human things such as robots, computers
and animals”, (Bartneck et al., 2009). Research has shown that if the interface is
humanoid the expectations of humans increases tremendously such that the robot
might not be able to fulfil them, while for the machine interface, the level of
expectations from robots is lowered (Bartneck et al., 2006). The possible
explanation for this situation could be that people look with different aspects
towards human and robots. According to the Mori’s Uncanny valley theory (Mori,

2005) the degree of empathy increases as the robot becomes more human-like.
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1.2 Types of robots

e Android

e Machine robots
These are two main kinds of robots used in the industry and for research. The robots
that look like a machine without any anthropomorphic or zoomorphic features are
called as machine robots. Robots, especially androids, are being developed as a
helpers and co-workers as well for commercial purpose where they are used as toys
and for other household purposes. These robots look like humans or animals. They
are further divided in the categories of anthropomorphic and zoomorphic robots that
are explained below:
Anthropomorphic robots have human like appearance like facial expressions,
humanoid head mounted on a neck with eyes and ears, skin etc. These are also
known as humanoid robots. Some popular anthropomorphic robots are: PKD, Tron-
X, TOPIO ("TOSY Ping Pong Playing Robot") and many more. These robots are
shown in Fig. 1.1

Figurel. 1 : PKD, Tron-X, TOPIO android robots (dick, 2013)
Fig. 1.1(a) shows a PKD robots sitting and staring, Fig. 1.1(b) shows Tron-X interacting with
environment and Fig. 1.1(c) shows TOPIO playing table tennis

Another type of android robot are one that looks like animals (Boris, 2003).
Zoomorphism refers to the shape of something in form of animals. These robots
raise the level of expectations because of their appearance as compared with
machine interface robots. Some of the famous zoomorphic robots are: Sony AIBO,
Lamprey etc. These can be seen below in Fig. 1.2.

Research and questionnaires have shown that people look differently towards

anthropomorphic and zoomorphic robots. Bartneck et al., (2006) have carried out
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research in which they have concluded that “Because ABIO is a zoomorphic robot,
not a humanoid, we believe that people did not expect it to demonstrate a very good

performance on task”.

s .

( \’(7' S
M (o T - ?ﬁ 7

& W ®
@ (b)

Figurel. 2: Famous zoomorphic robots (Gizmag, 2002)
Fig.1.2 (a) represents AIBO that resembles a dog and Fig.1.2 (b) represents a zoomorphic
robot that resembles a snake

1.3 Socially evocative robots

Traditionally the term ‘social robots’ was used for multiple robots working together.
There are a lot of challenges that are faced in the research of Human-Robot
interaction in terms of nature of interaction and social behaviour (Dautenhahn,
2007). In today’s research world this term is usually used to differentiate between
human-interactive anthropomorphic robots from other type of robots (Breazeal,
2003). Recent commercial and industrial applications are emerging where human
robot interaction is an important aspect of robotics.

There are several subclasses of social robots such as anthropomorphic, zoomorphic,
caricatured and functional (Fong et al, 2003). Entertainment robots like AIBO,
Furby etc. are well-known. Similarly Lego Mind-storm Kits are popular but are
aimed more at the educational market.

The interactive capabilities of these robots are limited, but this is quite motivational
for carrying out further research in this area. These are socially evocative, socially
communicative, socially responsive, and sociable as described by Breazeal in her

paper (Breazeal, 2003).
1.4 Natural movements in human versus industrial robots

Most industrial robots focus only at the high precision of the end effector reaching

the target position and typically, use a trapezoidal velocity profile (see Fig. 1.3).
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Figurel. 3: Typical motion of industrial robot (Sandin, 2003)

Fig. 1.3 shows that the robot motion profile is quite sharp. So if the robots have to
work as co-workers with humans in industry, the motion is quite unpredictable,
because it appears jerky and “un-natural” (Flanagan et al., 1990). It is proposed that
if a robotic system adopted a human profile for its motion, it would appear to move
more ‘“naturally”, which might make it safer to work together with humans
(Gaertner et al., 2010). The velocity motion profile of human limb movement is a
bell shaped-smooth curve without the sharp edges seen in the profile of industrial
robots. Natural human movements for position, velocity and acceleration profile are
shown in Fig. 1.4(Gaveau and Papaxanthis, 2011).

The process of trajectory formation in human arm movements is more complex than
simply alerting between the equilibrium positions. For example it is proved that if
the arm is displaced from its normal trajectory during movements, it will not return
to initial or final equilibrium positions but will move to points intermediate between
them (Bizzi et al., 1984).

Slow o Natural Fast

0.8 0 0.6s 0 04s

Movement Duration (s)

Figurel. 4: Natural human movements (Gaveau and Papaxanthis, 2011)
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The aim of this research is to program a low-level control system for the given
robotic platform in order to develop a motion profile that resembles human’s motion

asin Fig. 1.4.
1.5 Commercial applications of robots

Commercial robotic applications are now widely using robot-robot and human-robot
interaction technologies (Koeppe et al., 2003). Although the capability of android
robots is restricted in terms of interaction with humans, it is a rapidly growing field
of research. These robots are not only used for entertainment purposes but also have
several other applications in industry. Some of the popular interactive robots are as
shown in Fig. 1.5to 1.8.

1.5.1 MINERVA museum tour-guide robot

This is a popular interactive tour-guide robot used in the Smithsonian museum.
During the interaction of two weeks, it met thousands of different people traversing
more than 44 km at speeds of up to 163 cm/sec (Thrun et al., 1999). The purpose of

robot was to describe the exhibits to visitors.

Figurel. 5: MINERVA famous tour guide robot (Thrun et al., 1999)

1.5.2 Nursing robots

Robots are now increasingly used for nursing and caring applications. The tasks of
these robots include helping the elderly to move around in a room, taking them to
toilets, helping them to lay down etc. RIBA is one of the well-known examples of

nursing robots which resembles a friendly bear.
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Figurel. 6: RIBA- a famous nursing robot (Uno, 2009)

1.5.3 NASA humanoid robot

NASA developed a humanoid robot which acts as an assistant for astronauts. The
fame of these robots is not only because of their ability for carrying out their task but
also in the fact of how they interact and behave with people around them. Fig. 1.7

shows NASA humanoid robot.

Figurel. 7: NASA humanoid robot (NASA, 2013)

1.5.4 KISMET

Kismet (see Fig. 1.8) is a robot that is used for human-robot interaction. It has got
various input features for interacting with human beings. It can produce several
facial expressions, voices and other actions. To produce facial expressions it has got

eyebrows, lips, jaws and various other features.
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Figurel. 8: KISMET used for HRI research (Menzel, 2013)

1.6 Comparison of different robots

There are different kinds of robots available for various purposes. The usefulness of
the robot depends on how they interact and sense the environment and surroundings
around them (Jason, 2007).The design of robot influences the human-robot

interaction significantly (Forlizzi and DiSalvo, 2006). Table 1.1 shows different

kinds of robots that are used in industry, entertainment and in several other fields.

Robots Type of robot Use
KISMET Android Used for HRI, produce various facial expressions
NASA Humanoid Acts as an assistant for astronauts
Geminoid TMF Humanoid Mimics a person’s facial expressions
MOTOMAN Robotic arm Industrial robot used for painting
AIBO Zoomorphic Used for interaction and entertainment
SCARA Robotic arm Used for industrial purposes
Micro Flying Robot Mechanoid Used as a flying camera
MINERVA Mobile Used as a tour guide in museum
PUMA Robotic arm Used for industrial purposes
RIBA Zoomorphic Used for nursing purposes
Robocup Humanoid Used for playing football

Tablel. 1: Comparison of different robots
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1.7 Summary of the chapter

This chapter reviews the robots that are socially interactive and highlights the
importance of human-robot interaction in today’s world. There are several types of
robots discussed in this chapter. It discusses how a robot can have “natural”
movements that can be anticipated by the humans. It then compares various different
types of robots and there use in industry as well as domestic fields.

The next chapter discusses how these robots can be used for the effective

communication by their expressive movements.
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CHAPTER 2

AFFECTIVE EXPRESSIONS OF MACHINES

2.1 Expression of emotion

Recent research in human-robot interaction has shown that emotions play an
important role in designing any interface, as the machines are now perceived as
social actors (Nass, 1996). As explained by (Picard, 1997b), people are usually seen
expressing their frustration to computers when they are not working by shouting or
yelling at them.

However, the distinctness of the expression depends strongly on the type of
embodiment. So if the embodiment is a humanoid rather than machine interface
robot, it will express its emotions more prominently. Research in the field of HRI
shows that these emotional capabilities play a significant role in decision making
(Barnes, 1996) and problem solving (Fesit, 1994).

2.2 Types of communication

There are mainly two kinds of communication:

o Verbal communication

o Non-verbal communication

Communication that involves speech is called verbal communication and is a natural
way for humans to express their emotions. Thrun et al., (1999) states that “The most
influential parameters for emotional expression in speech is pitch (level, range and
variability)”. Humanoid robots are usually capable of verbal communication, but
what if the robots cannot express their emotion by speech? Body language and
gestures are considered to be an important aspect for expression of emotion (Thrun
etal., 1999).

The main emphasis of this thesis is on non-verbal and behavioural communication,
as the type of embodiment used for this project is a robotic arm without the
capability of verbal communication. Mime artists are good example of non-verbal

communication through their body gestures and facial expressions. Body gestures

10
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are an important aspect as the embodiment used in this research does not have any

anthropomorphic or zoomorphic features for expressing its emotions.

2.3 How machines express emotions

The main focus of this research is on designing expressive behaviours of robots that
have machine interface like IGUS robotic arm shown in Fig. 2.1. The reason for
choosing this specific platform of mechanoid robot rather than some industrial
embodiment is because one can get into the low level programming of this kind of
robot and make it move in a way that is natural and closely resembles with human
movements. The robots are now widely used to express their emotions by movement
(Matsumaru, 2009). Physical movements hold great importance for the emotional

interaction between humans and products (Qassem at el., 2010).

Figure2. 1: IGUS robotic arm (Fontys, 2013)
The feature of being interactive for this robotic arm actually means that it should
exhibit some expressive movements based on various parameters, as expressive
movements are the main content for non-verbal communication. People usually
interpret motion pattern based on emotions (Heider and Simmel, 1944). The motion
pattern and movement trajectory of the robot plays a substantial role in how a user
perceives its emotions. This movement of the robot is actually interpreted as an

emotional behaviour. There are several motion features that are the cause of

11



©S.8B.Sial, 2013

expressing emotions (Saerbeck and Van Breemen, 2007). According to the
hypothesis if we change these motion parameters, the perceived emotions for the

particular embodiment is also changed.

2.4 User Perception of emotions

User perceptions of the emotions of robots depend on several factors. Research in
the field of HRI has introduced several models that are used for perception of
emotions. An evolutionary model suggests that the ability to correctly judge the
emotions and to perceive intentions correctly is important in order to integrate robots
effectively in everyday life (Saerbeck and Bartneck, 2010). For example one can
easily tell the emotions of a mountain lion by observing it and say whether it is
angry, hungry for prey, relaxed, mating or wandering (Blythe et al., 1999).
According to another model, social reasoning also contributes a lot towards the
emotional behaviour (Wondolowski and Davis, 1991).

However, anthropomorphism also contributes towards the perception of emotions. If
the robot has high anthropomorphism (i.e. very close resemblance to humans), the
expectations of the user are high for this robot as compared to zoomorphic. However
comparing a zoomorphic and machine like robot, the expectations are further
lowered with a robot that looks like a machine. This behaviour of user perception for
emotions is explained by the Uncanny Valley theory (Mori, 2005). The factors used
in this research to animate various emotions are mainly velocity, acceleration and
spline motion of the joints of the robot. These features and the scales used for them

will be discussed in later chapters.

2.5 Summary of the chapter

This chapter discusses how a robot can use it’s movements to express the emotions
and describes the reason for choosing a mechanoid platform rather than an industrial
robot. Effect of motion parameters on the perceived behaviour is discussed in this
chapter. It highlights the fact that how a user will perceive the emotions in machines
according to Uncanny Valley theory and how the level of expectation is linked with
the type of embodiment.

The next chapter will focus in detail on the hardware and software platform that is

used for expressing the emotional behaviour of machines for this research.

12
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CHAPTER 3

HARDWARE AND SOFTWARE PLATFORM
FOR RESEARCH

3.1 Introduction of hardware “IGUS-Robolink”

IGUS is a German company specializing in plastic bearings and cable management
systems etc. One of their products is the Robolink system, which is a range of
configurable joints and links that allows customers to specify the number of joints,
lengths of links, etc. The joints are actuated by flexible cables which are routed
through the hollow links (IGUS, 2012a). They produce four different types of
joints. Optionally, incremental encoders may be specified that are used for tracking
the position of joint. The system is not supplied with end effectors, but different
types of end effectors can be fitted at the end of the last plastic link, like cameras,
grippers, light actuators etc. The articulated arm is designed in a way that the cables
for these actuators can be routed through the body of robot.

The Robolink system is basically a toolbox of mechanical components that can be
put together to make a robotic arm. This product was launched three years ago and
the first mechanical component of this toolbox was a plastic link with tendon drive
(IGUS, 2009).

The main parts of this robotic arm are: stepper drives, drive units for these motors, a
cable system to deliver motion in the articulated arm, incremental encoders, plastic
joints and rigid links. The features and working of each of these will be discussed in
detail.

The particular articulated arm that was used for this project had 5DOFs, with three
rotational and two pivot joints. It had three link rods and also had incremental

encoders. Fig. 3.1 represents the different parts of the IGUS articulated robotic arm.

13
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Figure3. 1: IGUS articulated arm with labelling of different parts (IGUS, 2013)
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3.2 Features of IGUS-Robolink used for HRI

There are several features of the Robolink system that makes them suitable for the
reasearch described in this dissertation.

The joints in these articulated arms are made of polymers. The reason for using
plastic is that it is light in weight (only 350 grams), the joints do not need any kind
of lubrication, they are low in price and have longer life.

These arms are compact because each joint unit has 2 DOF, one pivoting and one

rotational. Also the link length is configurable because the links are simple tubes.

14
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The tendon drive system for these robotic arms makes it easy for the designer to
choose the drive and control elements freely. For position accuracy and precision,
angular positioning indicators can also be ordered with these arms that have a
precision of 0.07 degrees.

Another feature of this robotic arm is that the drive system is freely selectable. The
joints are driven by a flexible sinews (rope) system. The tightness of these ropes
drive is adjustable. Moreover alternate drive or control systems are very easy to
introduce in these articulated arms. Stepper motors were used in the system used for
this research. The detail on mechanical parts and joint types of the IGUS-Robolink

are attached in appendix M.

3.3 Specification of robotic arm used

The weight of the arm is 350g including the plastic joints, connecting tubes and
ropes. The joint is made up of fine polyamide 2200 (IGUS, 2013.). The specific arm
used in this research has a part number of RL-50-DOF5-28-WS. The component
number for this robotic arm is TL-002-001. 001 and 002 represents the joint
versions. RI-50-002 WS is the one with angle sensors and rotation allowed by this is
+130/-50°. Whereas for RI-50-001 the rotation allowed is +/-90°. WS in the product
code indicates that the joints are equipped with angle sensors. DOF5 represents that
it has 5 degrees of freedom, with the base joint as a rotational. Of the remaining
joints, two are pivot and two are rotational joints. There are three 0.4m links. The
specifications of particular arm that is used for research is stated below.

The arm that is used in the research of this project has 5 DOFs. Fig. 3.2 represents

the DOF for specific arm that is being used:

| I
I |
I |
/P\ DOF2 O?F'; DOF4
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DOF5_; ‘

Fixed basisplatform [ — ]

Figure3. 2: Research platform used (Fontys, 2013)

15



©S.8B.Sial, 2013

3.4 Kinematics of robot

Denavit-Hartenberg method was used for calculating the kinematics of the IGUS
robot that is used in the research. This method is widely used to determine the direct
kinematics of robot by specifying some of the parameters. According to DH
conventions the coordinate frame of link i+1 with respect to the coordinate frame of

link i can be represented by following matrix (NI, 2013).

u:-:usﬂ}. —sinﬂ}.u:u:usa’. sinﬂ}.sina}. a}.-:u:usﬂll.

i-1 sinﬂ}. u:u:usﬂ}. cosd, —cnsﬂ}.sina}. a}.sinﬂ}.
i 1] sin i, CoS o, c."}.
] ] ] 1

DH parameters calculated for IGUS robot are shown in Table 3.1 below:

Link Number (Ir;ferlg:g]) T(V::;jtiggg)le Off?ﬁ:etz ;t:;nce
1 0.4 0 0
2 0 -1.5 0
3 0.4 0 0
4 0 1.5 0
5 0.4 0 0

Table3. 1: DH parameters of IGUS robot 5DOF

3.5 Introduction to LabVIEW

LabVIEW stands for Laboratory Instrument Engineering Workbench. This system
was developed when National instruments started to look for some way by which
they could reduce the time that is required to program instrumentation systems
(Travis and Kring, 2013).This graphical programming language is used in academic,
research, industry and many more fields.

It is multi-purpose software that can be used for testing and measurement,
monitoring, simulation and for process control and automation. Its popularity is due
to unparalleled connectivity to instruments, powerful data acquisition capabilities,
natural dataflow based graphical programming interface, scalability, and overall
function completeness (NI, 2011a).

LabVIEW has the capability of running on multiple devices. The coding is done by
the user in an environment provided by LabVIEW software and then it is deployed
on the target. Some of the commonly used targets in LabVIEW are CompactRIO

which are basically programmable automation controllers, programmable device
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arrays (PDA’s), real time operating system (PXI), microcontrollers, or field
programmable gate arrays (FPGAs)(Folea,2011).

There are many built-in libraries, examples, software drivers for data acquisition that
are available in LabVIEW. LabVIEW has toolkits used for signal processing, data
analysis, mathematics, real-time programming, simulation, robotics and many more.
The popularity and expansion of LabVIEW in market, academics, research and other

fields for engineering, design, simulation, and testing etc. can be seen in Fig. 3.3.
g T S S T -
Micros oft- Wisual B asio =13
Micros oft - Wisual C++ =10%
The Mathily orks - MATLAB =4

Hational Instrument - LUWCWI ;4
19

0% % 10% 15% 20% 25% 30% 35%

Figure3. 3: Usage popularity of LabVIEW compared with other software (NI, 2013b)
According to the research by the producers of LabVIEW (NI, 2009) “In 2004,

National Instruments measurement hardware provided customers with more than
6,000,000 virtual instrumentation measurement channels. From low cost USB data
acquisition, to process control vision systems and image acquisition, to RF
measurement at 2.7GHz, to GIPB bus communication, National Instruments has
shown more than 25,000 companies that it offers the measurement hardware and

scalable hardware platform required to complete virtual instruments”

3.5.1 Reasons for using LabVIEW

Some of the reasons why this software is chosen over others for research purposes
are: (Ertugrul, 1999):

o It allows the user to develop his/her own virtual environment for
programming and provides a user-friendly interface that is economical and
adaptable
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o It has some multimedia ability which makes it even more friendly (e.g.
adding voices, warnings etc.)
o It generates a report file at the end in notepad format that is easy to

understand by the user

o Its capable of printing a specific part of the program that user wants

o Capability of placing access limitations for others on different parts of the
code

o Can link to other popular software like Pro-E etc.

o Provides many examples, tutorials and test programs

Beside all these, it provides the user with the option of thousands of modules and

toolkits of robotics, instrument and measurement, kinematics etc.

3.6 Selection of NI hardware platform

There are many hardware platforms available from National Instruments that can be
used for the purpose of research for connecting with IGUS-Robolink. The one
selected is CompactRIO 9074, which is a high performance programmable

automation controller (PAC).
3.6.1 CompactRIO

“CompactRIO is a reconfigurable embedded control and acquisition system” (NI,
2013a). The hardware platform of CompactRIO contains slots for various
input/output modules, a reconfigurable FPGA chassis, with an embedded controller.
It can be used with LabVIEW for a variety of different applications like

measurement and testing, robotics, embedded control etc.

Figure3. 4: CompactRIO platform (NI, 2013a)
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The specific CompactRIO used for this research is cRIO 9074 see Fig. 3.5, with the
following features (NI, 2012a) as stated below. The datasheet is attached in the

appendix H:

Figure3. 5: CompactRIO 9074 (NI, 2012c)

This is an integrated system that combines a real time processor and a
reconfigurable Field Programmable Gate Array (FPGA) within the same chassis.
The real time processor is 400MHz with 2M gate FPGA. There are eight slots
available in the chassis for different input output modules. The DRAM provided by
the system is 128MB for embedded operations and 256MB of non-volatile memory
for data logging. For network programming, communication it is provided by two
10/100 Mb/s Ethernet ports. Properties of the CompactRIO used in this research are

in appendix J.

3.6.2 Stepper drivers 9501

NI 9501 is a C-series stepper driver that can be used with cRIO 9074 to operate
stepper motors used in the IGUS Robolink. The datasheet for this module is in

appendix G.

Figure3. 6: Stepper driver 9501(NI, 2012c)
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This driver is equipped with all of the features to control and power the stepper
motor. It is capable of interfacing with the FPGA in the chassis, and then controlling
the stepper motors by step and direction in programming. Fig. 3.7 shows the

complete architecture of NI 9501 with CompactRIO.

LabVIEW Real-Time W LabVIEW FPGA \

User Interface Interpolation Control Loops
Posiion  Velacity CPLD
$-100kHz 18-100 kHz microstepping
N

NI SoftMotion
; e} H-Bridges

Step/Direction signals PWM generation
| em———— Current Control

Compact RIO Controller Compact RIO Backplane Stepper Drive Module(s Stepper Motor(s
\omp Bl o PP (s) PP (s)

Figure3. 7: Complete architecture with NI 9501 (NI, 2011b)
The user will be sending command from the LabVIEW software and the code will

be deployed on FPGA controller. This will send signals to the stepper modules
inserted in the backplane of cRIO 9074 that in return sends the direction and step
signals to the motors attached with IGUS-Robolink. This allows the motors to move

independently to their respective positions.

3.7 Connecting cRI10 9074 and IGUS-Robolink

For setting up and configuring the cRIO 9074 for this research project, specific
hardware and software were installed. The process for wiring the chassis and
connecting to cRIO is in appendix L. The hardware and software setup required for

this is listed below:
3.7.1 Hardware required

The following hardware was required to be installed:
o Power supply for the controller
o Ethernet connection cable or cross over cable
o C Series stepper drives modules. Datasheet is attached in the appendix G
o 8 Channel, 5V/TTL high speed bidirectional digital input/output module.

Datasheet is attached in the appendix |
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o Power supplies for the connection of robotic arm and drivers

3.7.2 Software required

The following software was required:

o NI LabVIEW 12.0 (or any version 8.6 or later)

o NI LabVIEW Real time module 12.0 (or any version 8.6 or later)

o NI LabVIEW FPGA module 12.0 (or any version form 8.6 or later)
o NI-RIO 12.0 (or any version 8.6 or later)

3.7.3Hardware connection

Once the controller is configured successfully by installing the specific hardware
and software as mentioned above, IGUS-Robolink was connected with NI hardware
then. There were a total of 8 slots available on the chassis, of which 5 were used by
NI 9501 stepper motor drivers, one for each joint of the robotic arm. The pin
configuration for connecting the motors with the drive modules is in appendix K.

All the joints of the robotic arm used in this research were provided with
incremental encoders as discussed earlier, in order to keep track of the position of
the joints. The module used for the connecting this incremental encoder to the
CompactRIO was NI 9401 shown in Fig. 3.8. The datasheet of this module is
attached in the appendix I. This is an 8 channels, 5V/TTL high-speed bidirectional
digital input/output module connected with the encoder wires of IGUS-Robolink.
The whole hardware i.e. NI hardware and IGUS-Robolink is then interfaced with
LabVIEW software in order to develop an algorithm that would be able to move the

robot in a natural manner to express various emotions to the user.

Figure3. 8: NI module 9401 (NI, 2012d)
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3.8 Summary of the chapter

This chapter discusses in detail about the hardware and the software platform that is
used for this research. The NI hardware used is cRIO 9074, stepper driver modules
9501 and an encoder module 9401. The reason for choosing this hardware and
connecting this with IGUS-Robolink is described in detail. Method of how to
interface the whole hardware with the software of LabVIEW is also mentioned. It
also highlights the DH parameters used for this specific robot.

The next chapter will discuss the modules and methods used for designing of the

algorithm for this specific platform.
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CHAPTER 4

DESGIN OF ALGORITHM USING LABVIEW

4.1 Introduction to design of algorithm

There are basically two main code files that are programmed. One is called the
FPGA VI, which is deployed on the hardware of the cRIO by compiling the code
and generating results. The other VI is the Real Time (RT) VI. This VI serves an
interactive panel for the user to operate the platform.
There are several main modules used for programming of both of these VIs as
named below:

e NI LabVIEW FPGA Module

e NI LabVIEW Real Time Module

e NI LabVIEW SoftMotion Module

e NI LabVIEW Robotics Module

These modules will be discussed in detail one by one in this chapter.

4.2 NI LabVIEW FPGA module

The main purpose of using FPGA is to achieve the parallelism in dataflow. NI offers
the FPGA based reconfigurable input/output hardware cRIO to achieve this concept
of parallelism using graphical programming.

The same graphical interface is used for programming real-time as well as FPGA
targets. For this purpose LabVIEW takes its graphical code diagram to different
compilers to create an executable file suitable for specific type of hardware.
LabVIEW offers FPGAs with millions of gates for complex programming with
inherent capacity of parallel programming. The software module used is shown in
Fig. 4.1.
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Figured. 1: FPGA programming palette

algorithm design, whereas the hardware takes cares of things
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Figured. 2: FPGA based hardware offered by NI (Kuhlman, 2013)
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Communication of this FPGA VI with the real time host VI is another important
aspect of FPGA programming. For this LabVIEW provides different host interfaces.
NI offers PC, PXIls, PCls, and Ethernet enabled hardware that takes care of all the
functions and does not require any custom work by the user. The user can focus on
like data
communications, direct memory access, registers, bus communication, analog and
digital outputs, clocks, interrupts etc.

The current targets for LabVIEW FPGA include the following hardware shown in

Fig. 4.2. The rugged platform of cRIO is perfect for standalone and network
applications.
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Some of the common applications of LabVIEW FPGA systems are as follow
(Kuhlman, 2013.):

o High speed control

o Smart Data acquisition system DAQ

o Digital communication protocols

o Sensor simulation

o On board processing and data reduction

o Co-processing

The block diagram in Fig. 4.3 explains the deployment and creation of bitmap file
for FPGA code:

LabView a Xilinx

User generated VHDL FPGA target

c Auto generated D

Figure4. 3: Process of code deployment on FPGA

4.3 NI LabVIEW Real-Time module

The operating system is mainly responsible for managing hardware and hosting
applications on the computer. The real time operating system does these tasks with
high reliability and very precise timings.

NI Real-Time modules give the user the ability to develop a complete and reliable
embedded system that is run by the graphical programming platform of LabVIEW
(NI, 2013c). The real time hardware systems introduced by LabVIEW are NI
CompactRIO, NI Single-Board RIO, PXI, PC and various others.

There are several reasons for using real time system for this project:

o The graphical interface of LabVIEW allows the user to program their tasks
more quickly and easily. The same graphical programming platform is used with
LabVIEW real-time module to create stand-alone systems.

o The common LabVIEW programming system uses the windows operating

system which is not optimized to handle tasks for critical timings over an extended
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period of time. This module provides the real time operating system for high
reliability and precise timings for the tasks.

o With this module the user can take advantage of various LabVIEW libraries
(e.g. PID, FFT)

4.3.1 Basic Real-Time architecture

Fig. 4.4 shows the basic architecture for real-time module of LabVIEW. The host
program develops the network communication with the target program and then

executes it on the basis of priority given to the loops by user.

Figured. 4: Basic architecture (NI, 2013a)
4.3.2 Basic Real-Time toolkits

There are several built-in libraries and toolkits available for real-time programming
of LabVIEW that allows the user to concentrate on its logic and make programming
much easier. The Fig. 4.5 shows the toolkit used for real-time programming.

¥ Real-Time

I ¢ 5. =T b >
; ) %
RT FIFO RT Timing RT Utilities  Function Blo...

Figure4. 5: RT toolkit

4.3.3 Steps for the development of the Real-time system
The three main steps for developing of the real-time system include (NI, 2013a):
o Development of the application on the host computer i.e. graphical coding for
the system

o Downloading of the code to the real-time hardware target
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o Execution of the code
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Figure4. 6: Summary of development process (N1, 2013e)

4.4 NI LabVIEW SoftMotion Module

NI has introduced another module called SoftMotion that is compatible with the RT

module and FPGA module. This module helps build custom motion control

applications by providing functions such as path planning, trajectory generation,

position velocity control for various different kinds of steppers as well as servo

motors.

The C-Series driver discussed in the chapters above is used for the motion control of

stepper motors in this research. This module provides various interactive tools for

high level motion functions for simplified development (NI, 2012e).

In this research the main reason for using this module is to create the spline motion

for the stepper motors using the 9501driver. The programming palette for soft

motion module is shown in Fig. 4.7.
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Figured. 7: SoftMotion palette for programming
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In order to control the motion of the stepper motors there is a sub-palette called
stepper available inside the motor control. From there the spline motion generation
function is used for the motion control of stepper motors. Fig. 4.8 shows the specific
palette that is used:

Meoter Control IP Primitives 2
1 1 QSearch | £, Customize™ |
Feedback
BEA’ o ooty
r o Stepper Control
Servo Stepper
C i e <
[LEpEER x3
o | S S
Motion I/O Filters Spline Rate Limiter
— —
Ir Ir
B o

Position 5SFM  Velocity SFM

Figure4. 8: Spline generation function
The spline function is used to smooth the motion of the motor. This takes data from

spline function and return the step and direction for the operation of motor. Various
types of interpolations are available to generate splines like linear interpolation,
cubic B spline, and Catmull-Rom spline. Cubic B spline interpolation was used in

this research.

Fig. 4.9 shows the stepwise execution of this module. The spline engine and
trajectory generation processes are done on the FPGA side whereas the supervisory

control is done on the RT side.

N\
USER SUPERVISORY TRAJECTORY
COMMAND CONTROL GENERATION

J

CONTROL
LOOP

Figure4. 9: Spline generation loop
The user gives commands to the supervisory control loop that is actually the main
loop for motion control. This loop monitors inputs/outputs and faults. This part of
the code is executed on the RT side. This sends commands to the trajectory
generation loop that is actually the path planner. It creates the set points that are used
to calculate the interpolated position by the spline engine which results in smooth

motion. The control loop then creates a command signal based on the set points
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generated by the trajectory generation as shown in Fig. 4.10. The user specifies the
command from user interface that goes to RT side in supervisory control loop. This
sends the signal to FPGA side where trajectory generation process is done and
points are interpolated. This sends the command and direction signal to driver

modules of the stepper motors and operates the robot.
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Figure4. 10: Detailed process for Spline generation (NI, 2013f)

4.5 NI LabVIEW Robotics Module

Another important module used for the programming of this project is the Robotics
module. This module uses software tools to design autonomous and semi-

autonomous systems (NI, 2012f). It includes the following features as shown in Fig.
4.11.
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Figure4. 11: Robotics toolkit
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The main purpose of the robotics module in this research was to use the inverse
kinematics function to generate point-point motion of the robotic arm. The robot
moves automatically to the X, Y, and Z coordinates given by the user provided it is
reachable and within the joint limits of the robotic arm. Fig. 4.12 shows the function

of inverse kinematics in the robotics module.
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Figure4. 12: Function of inverse kinematics
Fig. 4.13 shows the front panel for setting the parameters for the inverse kinematics.
The parameters shown in the figure are for the specific robot that was used in this

project.

The joints types are set to be revolute as all five of the joints of the robot are
revolute. The twist angle between the first two and last two joints is -1.5radians or
90°. The length of the links for each of them is 4000mm or 0.4m. For a random

point using these parameters, Fig. 4.14 is generated by the inverse kinematics

module.
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Figure4. 13: Parameters for inverse kinematics of robot
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Figure4. 14: Serial arm with 5 revolute joints
This part of code is later integrated in main code that is attached in the appendix J.

Thus, using the inverse kinematics module of LabVIEW it allows the user to input
the spatial coordinates so that the robot moves to the position specified by the user

based on the constraints applied.

4.5.1 Stages involved in implementing inverse kinematics

The code development for the research initiated from building up the logic for
forward kinematics of the robot. The logic was developed so that user will be
entering 5 different angles for each of the motor. The motors will move to the
respective positions as entered by the user independently. However the motion
obtained out of this was a typical trapezoidal motion with sharp edges. The aim was
to smooth down the motion so that the robot moves in a natural way. For this reason
SoftMotion module of LabVIEW was used. However another approach of PID was
also considered before applying the SoftMotion module.

Later for getting on to the inverse kinematics of the robot, the model as shown in
Fig. 6.17 was developed in “Robot simulation model builder” in LabVIEW keeping
in regard the original parameters. However the problem of Direct Memory Access
(DMA) channels was encountered while developing logic for inverse kinematics. As
cRIO 9074 offers only 3 DMA channels for the transfer of data between RT to
FPGA side. To move 5 motors independently, either 5 DMA channels were required
or a logic should be developed that can send data from same DMA channel but

independently for different motors. Different methods that include interleaving and
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decimating of data, join-split function for data, 2D array approach and clusters etc.
were used. The first two methods failed as they were not moving motors
independently. As soon as the array data of one motors finishes the other motor
stops. However the methods mentioned later were not supported on FPGA side.
Therefore logic was developed so that the smaller array would be sending ‘0’ as its
data elements till the larger array is completely transferred to FPGA side. Thus
making the motors move independently to different positions.

Another major problem encountered was the space on FPGA controller after
developing the correct logic for inverse kinematics. This was resolved by optimizing
area on FPGA before compiling the code and changing the virtual RAM of

computer. Later the Robotics and SoftMotion were integrated in the main code.

4.6 Summary of the chapter

This chapter highlights the modules that were used for the logic development of this
research. It explains about the spline engine generation and the trajectory loop
process that is done on FPGA side. It discusses how the forward and inverse
kinematics for point-point motion was developed and the problems involved in
developing the logic for inverse kinematics. The code for the process is attached in
appendix O.

The next chapter will discuss in detail the core research methodologies that were
used for user’s perception of emotions for specific gestures of the robot. The reasons

for choosing those specific models are also discussed in next chapter.
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CHAPTER 5

CORE RESEARCH METHODOLOGY FOR
PERCEPTION OF ROBOT EMOTIONS

5.1 Core concept for research

There are various different emotional models that are introduced by psychologists
for verbal as well as non-verbal communication of machines e.g. Russell’s
circumplex model of affect, PANAS, PANAS-X, PAD scale, SAM scale,
Schimmack and Grob model etc. (Tuomas at el, 2011). Most of these models
interpret the emotions of the machines based on the subjective opinion of people
looking at them.

Affectionate robotic pets, household robots, nursing robots and many other are
creeping in our lives very fast. The future is crowded with emotive humanoid robot
companions (Dautenhahn at el., 2009). Because of this growing importance of
human interaction with robots and the idea of perceiving these robots as social
actors (Dautenhahn K., 1999)., it is important to define this human-robot interaction
in terms of robots working with humans. The focus of this research is how humans
perceive the emotions of robots which look like machines (as opposed to
anthropomorphic robots). It uses three different models to describe the emotional
state of the IGUS robotic platform. These three models will be discussed later in this
chapter. Participants were invited to observe three different gestures of the robot in
three states, and afterwards they had to fill in a questionnaire that would tell how
they have perceived the emotional state of robot for a particular gesture at that time.
The perception of emotions by the participants greatly depends on the type of
embodiment used in the research. According to Mori’s Uncanny Valley theory the
degree of expectation towards the robot increases as it becomes more human-
looking. However in his theory there is a point on the anthropomorphic scale where
the robot’s appearance becomes confusing and it is difficult to distinguish between
humans and robots (Mori, 2005). This was proved in the research carried by

Bartneck et al. in which all the robots were not treated as the same by the
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participants because of their anthropomorphic or zoomorphic appearance which
differed from each other (Bartneck et al., 2006).

In this particular research the robot is not from the anthropomorphic or zoomorphic
family of robots. It looks like a machine, so the expectations from the participants
are lowered because of the type of embodiment. Moreover as the robot cannot
exhibit as many moods as an anthropomorphic or zoomorphic robot can, the moods

are measured on wide zones on the standard scales used for this research.

5.2 Modelling machine emotions

Emotions in machines are very important in today’s world of research. People may
use an emotionless machine as a tool but not a reliable partner or companion to work
with them in industry and various other fields. So emotions are important aspect in
human-machine communication. Although even with high-level programming
techniques it will be difficult for the machines to express emotions like humans do.
According to research even simple machines can express or can display emotional
feelings (Braitenberg, 1984). The example of two vehicles controlled by sensors as

shown in Fig. 5.1 clearly explain the concept.
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Figure5. 1: Emotional vehicles responding to light (Nishida et al., 2010)
Both of these are connected with the sensors that respond to a light source. When

these vehicles are exposed to light, the one on right moves towards the light source
and the left away from the source. This difference is because of the way sensors are
connected to motors. The left cart will move away as its right sensor is receiving
stronger light then left, thus producing more torque on right wheel than left. This
motion can be translated in terms of emotional feeling that as the right vehicle does

not like the light source so it is moving away; whereas the other cart is attracted
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towards the light source (Nishida et al., 2010). The computational model for these

emotional vehicles is shown in Fig. 5.2
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Figure5. 2: Computational model for emotional vehicle (Nishida et al., 2010)

5.3 Emotional models for research

There are many different models for categorising the emotions of robot by the user.
Detailed study for mutual co-relation among different kinds of emotions is being
done. The research is carried out by using different statistical approaches, for
example, multidimensional scaling, and factor analysis of individual reports of
different emotional experiences. The research consistently resulted in 2-D models of
affective emotional experiences, with different attributes for the two dimensions
such as valence and arousal by Russell, dimensions of PANAS by Watson, tension
and energy by Thayer and various others (Posner et al., 2005). The ones that are
used in this research are:

o Russell’s circumplex Model

o Tellegen-Watson-Clark model

o PAD scale

The reason for selecting these models is because these are well-known and
renowned one’s that are used for research of HRI. The models will be discussed and

explained one by one.

5.3.1 Russell’s circumplex model of affect

There are two basic models used for measuring the emotional state of machines that
have found wide acceptance and support. These are Ekman’s and Russell’s model.

Russell’s model is used for this research as from the Ekman’s model “it is not clear
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which emotions make the basic set of which all other emotions can be constructed”
(Saerbeck and Bartneck, 2010).

Russell proposed the basic circumplex model of emotions (Russell, 1980). This
model described emotion in two axis space. The vertical axis represents the arousal
in the observed emotion and the horizontal axis represents valence. The center where
both axes meet was neutral emotions. This model was usually used for testing
stimuli of emotion words, emotional facial expressions and affective states
(Remington et al., 2000).

Most psychologists believe that emotions are independent from each other and have
their own dimensions such as distress, depression and anxiety etc. However Russell
proposed that all these affective emotional states are interlinked and dependent on
each other (Russell, 1980). He proposed a circular model in a two dimensional bi-
polar space of valence and arousal rather than as a mono-polar space that are
independent of each other. Later, the model was extended for 28 different feelings
that are interlinked and sometimes synonymous. The particular Russell’s model

used in this research is shown in Fig. 5.3:

©
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Figure5. 3: Russell’s circumplex model of emotions (Russell, 1980)
Because there are no distinct boundaries between emotions like “happiness” and

“being pleased”, “relaxed” and “clam”, “sad” and “gloomy” etc. emotions that
overlap each other are placed close together making a cluster in this scale (Russell,
1980). Fig. 7.3 shows 28 emotional states distributed in four different quadrants

following core concept of two main axes of valence and arousal. As defined by
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(Kensinger, 2004) “The dimension of valence ranges from highly positive to highly
negative whereas the dimension of arousal ranges from calming or soothing to
exciting and agitating.” The valence axis can be defined in terms of unpleasant-
pleasant axis and the arousal can be defined as deactivation-activation in the
emotions (Junghyun et al., 2010). Thus there can be various different events that can
be negative and agitating or positive, calming and soothing. In this scale the Table

5.1 represents the emotions with respect to degrees in this circular arrangement.

EMOTIONS | DEGREES
Pleasure 0°
Excitement 45°
Arousal 90°
Distress 135°
Misery 180°
Depression 225°
Sleepiness 270°
Contentment 315°

Tableb. 1: Location of emotion on circular graph (Russell, 1980)

All these emotions are placed on the circular pattern graph keeping in view the
relation of these with arousal and valence. For example “delighted” is placed at
24.9° indicating that it has both factors of arousal as well as pleasure (Russell et al.,
1989). Similarly, looking at the emotion of being “excited” at 48.6° involves higher
arousal. Furthermore, looking at the behaviour of being “astonished” we can see less
pleasure and more arousal (Russell et al., 1989). Words that are close to each other
on the graph describe similar emotions, whereas being apart on scale and further
from each other indicates the difference in emotional states. This scale with 28
different emotions in two bipolar spaces was used in the questionnaire for

interpreting the emotional state of the robotic platform.

There were two other more or less similar scales that were proposed by Russell, but
experimentation for quantitative comparison among the scales showed that these
produce equivalent results. All of the scales look almost the same and produce

similar results (Russell, 1980). The one used in this research is shown in Fig. 5.3
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The reason for not using the basic model is that it “accounts for the substantial
proportion, but not all, of the variance in self-reported affective state” (Russell,
1980).

5.3.1.1 Example of affective interaction

There is a SMS-service called eMOTO that sends text messages in addition to
different colourful and animated shapes in the background that express the emotions
of the person sending text. The expression is chosen on the basis of set of gestures
using stylus pen that comes with sensors that would know about the pressure and the
shakiness in movements. Thus the background would be representing the emotions
of person sending the text. It also allows the user to build their own gestures as they
are not limited to specific set of gestures only. Pressure and shaking movements is

the main constituent for expressing these emotions (H60k, 2013).
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Figure5. 4: Russell’s circumplex model for affective interaction (Hook, 2013)

Fig. 5.4 (a) shows various physical movements that have different pressure and
shakiness in them. These can be related with the affective experiences of Russell’s
circumplex model of affect shown in Fig. 5.4 (b). These emotions are then mapped

to colourful expressions in Fig. 5.4 (c).

5.3.2 Tellegen-Watson-Clark model

Another model used for the analysis of emotional moods by perceiving the motion

of the robot is Tellegen-Watson-Clark model. This model is shown in the Fig. 5.5:
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Figure5. 5: Tellegen-Watson-Clark model (Trohidis et al., 2011)

This model is another way of rating the emotions that eventually emerged as
prominent criteria. The two main dimensional ratings in this scale are PA and NA.
PA is an abbreviation for positive affect and is the degree of positive emotions that
are being felt like “being cheerful” and “enthusiastic” etc. Whereas the Negative
affect (NA), is the extent of experiencing negative moods like anger, rage, guilt etc.
(Coan and Allen, 2007).

The wide scope of these terms includes many emotions in them. PA includes all
those feelings that are pleasant like being enthusiastic, confident, interested, healthy
etc. High positive effects reflect the state of full energy and full concentration

whereas low PA is taken to be in the state of calmness and serenity.

On the other hand, NA includes all the negative feeling and emotions and moods of
being guilty, feeling angry, fearful, distressed etc. Low NA is to be sad and being in
a lethargic mood etc. However according to (Yang and Lee, 2004) NA is difficult to
distinguish from each other as they are very closely related unlike PA. An example
of anger and guilt is explained in his paper. Both of these are highly NA and are
placed together, however taking the emotions of sadness and guilt, they are
separated from each other, as sadness is also towards PA. Although PA and NA is
highly uncorrelated and it is easy to distinguish between these two emotions yet to

distinguish among the emotions in each category is difficult. “Happiness and
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sadness form a largely unidimensional bipolar structure, but PA and NA are

relatively independent” (Tellegen et al., 1999).

This model represents the emotional state with more clarity from another new
perspective of PA and NA as two independent emotional axes. Mainly two pairs of
dimensions are being mapped by this model. Firstly PA and NA and the other
dimension rotated to 45° showing the emotions of pleasantness VS unpleasantness.

Including this dimension, give rises to the circular shape of model.

There was a great deal of research addressing the question whether these PA and NA
are independent or not. But research has shown that these have emerged as two

independent and consistent scales for categorising emotions (Watson et al., 1988).

However this model was renamed to avoid the ambiguity of terminology later on.
PA and NA were later called Positive Activation and Negative Activation (Tellegen
et al., 1999). Watson et al. concludes on the basis of their research that PA and NA
are reliable and efficient ways of measuring two important dimensions of moods
(Watson et al., 1988).

5.3.3 PAD scale :

The third scale used for measuring the emotional state is PAD shown in Fig. 5.6.
This scale was developed by Albert Mehrabian to describe the different states of
emotions in terms of Pleasure, Arousal and Dominance as three independent
orthogonal features. It uses these three independent dimensions to describe all the
emotional states (Mehrabian, 1980). This scale is used for non-verbal
communication such as body language etc., in psychology (Mehrabian, 1977).
There are three main dimensions for this scale in terms of which emotions are
measured:

o The Pleasure-Displeasure scale: This particular dimension of the scale
measures how pleasant or unpleasant an emotion is. For example happy and
excited both comes under the category of pleasant emotions. However anger
comes under displeasure.

o The Arousal-Nonarousal scale: This is another independent dimension of

the PAD scale to measure the Arousal or Nonarousal aspect in the emotions.
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It basically measures the intensity of emotions. The emotions that fall in the
same category of either being pleasant or unpleasant can be further
categorized on the basis of their intensity. For example, talking about two
unpleasant emotions of anger and rage, the intensity for both of them is
different although both come under the feeling of unpleasantness. Anger has
less arousal than that of rage. Similarly, being happy and excited is another
example from the pleasant category of emotions. Though both fall under
same index but being happy contains less amount of arousal than that of
being excited.

o The Dominance-Submissiveness scale: The third dimension of the PAD
scale measures the factor of being dominant or submissive in its emotions.
For example taking two pleasant emotions of happy and excited. Excitement
contains more dominance. Similarly anger is more dominant than fear

although both are under the list of unpleasant feelings.

For this research these three independent parameters were used to evaluate the
emotions. A table was created and for each motion of the robotic arm, people were
asked to mark all of the three factors of Pleasure, Arousal and Dominance in terms
of being high, low or medium and then marking the overall affect they are getting
from the motion. Before start filling in the questionnaire, people were clearly

explained what these scales mean.

These three independent orthogonal dimensions of the PAD scale provide detailed
information about the emotional state. The foundations for this PAD scales involve
the differentiation between the emotions and temperament (Mehrabian, 1996).

According to this scale any point in the space of PAD scale represents the emotion.

Rather than measuring it in terms of values ranging between 0-1, this research
adopts another method of marking the emotional state in terms of High, Medium and
Low states of Pleasure, Arousal and Dominance. This is because there are only three
emotional states that are tested for three different gestures. Moreover it becomes
easy for the participant to mark it in this way. For the validity of this scale, it is

compared with the results of other two scales.
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Figure5. 6: PAD model
People were also asked to judge the overall effect for the perceived emotion. The

overall affect is categorised in three main groups of sad/tired---unpleasant,
happy/pleased---pleasant, and excited---aroused. The overall emotion is then

compared with the individual factors marked by the participants.

5.4 Selection of gestures

For all of the scales there were three different gestures. The emotions for all these
three gestures were measured on these scales by dividing the quadrants according to

the emotional state. The three gestures selected were:

o Point-Point motion
o Waving of the robotic arm
o Bowing down to welcome

5.4.1 Graphical illustration of gestures :

The point-point motion is the most basic and general kind of movement in the world
of robotics. Fig. 5.7 represents point-point motion of robot from home position to
three different points. This is done using the concept of inverse kinematics. The

robot moves in a smooth spline trajectory as explained in earlier chapters.
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Figureb. 7: Graphical representation of point-point motion

Fig. 5.8 represents the graphical illustration of waving of robot in a clockwise
pattern. This gesture was selected as it is a basic human gesture in the form of a

repetitive movement.

Figureb5. 8: Graphical representation of waving of robot
Fig. 5.9 represents the graphical illustration of bowing down of the robot form right
to left. The reason for choosing this gesture was as it is a universal cultural gesture
that people can recognize quickly and easily. The robot can be seen bowing from

straight position to almost 90 degrees for its last joint in Fig. 7.10.
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Figure5. 9: Graphical representation of bowing of robot

5.5 Motion characteristics

The motion characteristics that were used to change the emotional state of the robot
were velocity and acceleration. Because of the change of these two parameters the
robot changed its speed, trajectory, time consumed and curvatures (Saerbeck and
Bartneck, 2010). The changing values of the velocity and acceleration shows the
prominent change in emotional effect perceived by the user.

The effect can also be observed in the spline motion graph that is generated in the
LabVIEW code.

However there were physical constraints when choosing the values such as, if the
values were too high the wires could be pulled off the drive wheel. Similarly, if the
velocity and acceleration were too low slippage occurred and the motor did not
rotate properly.

Fig. 5.10 to 5.15 shows that as the motion parameters are changed spline shown on
the graph is also changed. The splines for Point-Point motion of robotic arm that is

for Gesturel for all three parameters are shown in Fig. 5.10 to 5.12.
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Figure5. 10: Spline curve for G1 at V=250

Gesture 1: At V=800, A=50
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Figure5. 11: Spline curve for G1 at V=800
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Figure5. 12: Spline curve for G1 at V=2000
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The spline curves for Gesture 2 that is waving of the robotic arm, considering all the

three set of parameters are shown in Fig. 5.13 to 5.15:

e Gesture 2: At V=100, A=15

Waveform Chart
100~

50-

Armplitude

1
2244
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Figure5. 13: Spline curve for G2 at A=15

e (Gesture 2: At V=100, A=5:

Waveform Chart
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100-} M, Yy I
1023
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Figure5. 14: Spline curve for G2 at A=5

e Gesture 2: At V=100, A=1.5:

Waveform Chart
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Figure5. 15: Spline curve for G2 at A=1.5
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5.6 Summary of the chapter

This chapter explains the emotional models and reasons for choosing the specific
models. It focuses on the fact of how three different emotional models i.e. Russell’s
circumplex model of affect, Tellegen-Watson-Clark model and PAD scale can be
used by the user to mark the perceived emotion of a mechanoid robot. The gestures
and motion parameters chosen to change these gestures are also explained in detail.

The next chapter discusses the experiments performed using these emotional models
and gestures and the results collected. The discussion on how these models give the
user flexibility of marking the perceived emotions for particular gestures in certain

set of range are covered in next chapter.
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CHAPTER 6

EXPERIMENTS AND RESULTS

6.1 Experiments for emotional communication

Several experiments were designed to investigate the emotional communication of
the robot. These experiments were based on the emotional scales discussed above.
The robot exhibited a variety of gestures, with changing motion characteristics and
the participants had to judge the emotional state by marking the questionnaire given
to them. The ethical approval and the consent form for this research is attached in

appendix N.
6.1.1 Experiment procedure

Fig. 8.1, 8.2 and 8.3 shows the participant sheet that they were given in the
experiment. The complete data was collected from 18 participants including males
and females that fall in the age group of 17-50 years. The experiment took

approximately 20 minutes.

Each session was started with a brief introduction of the project and an explanation
of how the participant would have to mark the perceived emotions on the given
scale. Participants were told what the individual terms mean. After this introductory
session, the participants were given the consent form to sign before they start

observing the robot.

In total 3 gestures, each with 3 different sets of velocity and acceleration were
shown to each of the participants. This setup resulted in 3x3 emotions marked
independently on each of the scales. So in total of 3x (3x3) emotion were marked by
each of the participants for all of the three scales i.e. three models each with three
different gestures, each with three different subsets of velocity and acceleration. For
Russell’s model, arousal and valence were the two independent axes. For the
Tellegen-Watson-Clark model PA and NA were the main independent parameters
and for the PAD scale Pleasure, Arousal and Dominance were used as a set of

independent parameters to measure the emotions reflected in the motion of robot.
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To have some reference for the comparison of different motions, the participants
were shown the specific gesture for all the three different values of velocity and
acceleration and then were asked to mark the perceived emotions for each set of
velocity and acceleration. If requested, the participants were shown the motion with

specific parameters again.

Participants marked a circle on the specific emotion that was perceived for that
motion on the model graph. Some of the participants marked more than one emotion
for the same motion. However they were in the same quadrant and closely

resembled each other. In other words they can be termed as overlapping emotions.
6.2 Questionnaires for measuring perception of emotions

There were three different questionnaires based on the different scales that each of
the participants had to fill in. The questionnaires for three different scales and

gestures presented to the participants are shown in Fig. 6.1 to 6.3.

Fig. 6.4 to 6.6 shows the sample of filled questionnaire by the same participant for
Russell’s model, Tellegen-Watson-Clark model and PAD scale respectively at

different velocities and accelerations for three different gestures.

The wunits used for velocity and acceleration are counts/revolutions and

counts/revolutions”2 respectively for all three gestures and scales.
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6.2.1Questionnaires for Russell’s model

Russell’s model of mood QUESTIONNAIRE

v/ GESTURE: 1 POINT -POINT MOTION:

VELOCITY ACCELARATION | REPRESENTATION
(Counts/rev) | (Counts/rev/2) ON GRAPH
250 10 1A
800 50 1B
2000 300 1Cc

(¢]

GESTURE: 3 BOWING TO WELCOME:

VELOCITY ACCELARATION | REPRESENTATI-
(Counts/rev) | (Counts/rev"2) | ON ON GRAPH
30 30 3A
50 50 3B
100 100 3C

v" GESTURE: 2 WAVING OF ROBOTIC ARM:

VELOCITY ACCELARATION | REPRESENTATION
(Counts/rev) | (Counts/rev/2) ON GRAPH
100 15 2A
100 5 2B
100 1.5 2C

Figure6. 1: Russell's model questionnaire
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6.2.2 Questionnaires for Tellegen-Watson-Clark model

Tellegen-Watson-Clark model of mood QUESTIONNAIRE

v/ GESTURE: 1 POINT —-POINT MOTION:

VELOCITY ACCELARATION REPRESENTATI-
(Counts/rev) | (Counts/rev”2) ON ON GRAPH
250 10 1A
800 50 1B
2000 300 1C
v GESTURE: 2 WAVING OF ROBOTIC ARM
VELOCITY | ACCELARATION | REPRESENTATI-
(Counts/rev) | (Counts/rev/2) ON ON GRAPH
100 15 2A
100 5 2B
100 1.5 2C
v GESTURE: 3 BOWING TO WELCOME
VELOCITY ACCELARATION | REPRESENTATI-
(Counts/rev) (Counts/rev”2) ON ON GRAPH
30 30 3A
50 50 3B
100 100 3C

Figure6. 2: Tellegen-Watson-Clark model questionnaire
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6.2.3 Questionnaires for PAD model

PAD QUESTIONNAIRE

Explanation of terms:

Pleasure-how pleasant an emotion 1s like happy unhappy.
Arousal- how intense an emotion is like rage has more arousal factor than anger though bothl

are unpleasant.
Dominance- measures submissiveness and dominant factor of expression.

v" GESTURE:1FPOINT _POINT MOTION:

VELOCITY | ACCELARATION VELOCITY | ACCELARATION VELOCITY | ACCELARATION
250 i0 B00 S0 2000 IO
HIGH MEDIUM | LOW HIGH MEDIUM | LOW HIGH MEDMUM | LOW
FLEASURE PLEASURE PLEASURE
AROUSAL AROUSAL AROQUSAL
DOMINANCE DOMINANCE DOMINANCE
Owerall | SadiTired- Happy Excited’ Owarall | SadiTied- Happy Excitedy [ Owerall | SadTired- Happyr Excited/
effect unplea=ant pleazad- aroused- effact unpleasant pleazsed- arous=d- | effect unpleasant Pleazed- arousad-
plegzant alart pleasant alert pleasant akert

GESTURE: 2 WAVING OF ROBOTIC ARM:

VELOCITY | ACCELARATION VELOCITY | ACCELARATION VELOCITY | ACCELARATION

100 1.5 100 5 100 15
HIGH | MEDIUM | LOW HIGH | MEDIUM | LOW HIGH | MEDIUM | LOW
PLEASURE PLEASURE PLEASURE
AROUSAL AROUSAL AROUSAL
DOMINANCE DOMINANCE DOMINANCE
Cverall | BadTired- Happy Exccited! Cwerall | BadTired- Happy’ Execited Cwerall | BadTired- Happy’ Execited
effzct unpleasant pleaz=d- aroussd- effzct unpleasant plaszad- arowssd- effzct unpleasant plaszad- arowssd-
pleazant slert pleszant slert pleszant slert
v GESTURE:3 BOWING TO WELCOME:
VELOCITY | ACCELARATION VELOCITY | ACCELARATION VELOCITY | ACCELARATION
a0 a0 30 50 100 100
HIGH | MEDIUM | LOW HIGH | MEDIUM | LOW HIGH | MEDIUM | LOW
FPLEASURE PFLEASURE PFLEASURE
AROUSAL AROUSAL AROUSAL
DOMINANCE DOMINANCE DOMINANCE
Owerall T SadTired- Excited Dvearall SadiTired- Happy Excitedl Thvarall T=A e SETT) Twoi=d
effect unplessant aroussd- effect unplessant plezs=d- aroussd- sffzct unpleasant pleased- sroused-
slert pleasant slart plaszant slert

Figure6. 3: PAD questionnaire
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6.2.4 Measurement of emotions by participants

Filled sample questionnaire for Russell’s circumplex model of affect
Russel’s model of mood QUESTIONNAIRE
< GESTURE: 1 POIRT -PFOINT MOTION: <«  GESTURE: 3 BOWING TGO WELCOME:
VELOZITY ADELARATION REFAESENTATIDN VELOCI Y | ACCELAHAIION | REFEESENIATION
ON GRAPH O GRAPH
250 10 n 30 T a4 |
EDD s0 18 54 540 H E— EL:]
2000 200 b1 100 100 3C
7" 50
ARG ABIRED
AT | VoD sseibad "¢ amonisi
AFRAID o o0 @ucmn ATEATD o, JENEE sis
roscdl ANHOHED
QTHENG S \C DSMESED 5 3()
FVSTEATED * o DEUOHTED FUSIKATED * 4 DELGHTED
. HN'N.
* © 0
e T u:o it LEASED
MISERABLE @ MIERAME, &w
GLOOMY e PRESSID * CONTENT
x \h E:ll ) 1 F
BOMED *
sont 0ty 8
1 CRDOFY ¢
5] - TR SLEESY
FIREC le S1EEPY 3 o
o

¢  GESTURE; 2 WAVING OF ROBOTIC ARBI-

VELOOTY | ACCELARATION | REPRESENTATON
D0 GRAPH
an I} 28
130 5 | 26
| | c
”-
A aE 8 B ASTOMNISHED
AIRMO &gy ;_(,@umsb
ANNCYED »
DOTRSSED »
FRASTRATED ¢ » DEUGHTED
o Hamt &
180’ hd
o PAAMD
tAISERABLE * GLAD

<AD
GIOGwY & &
DEP|
soren (s

DAQTHT o
TIRED ojs sLEEWY
)

SERENE

g

Figure6. 4: Russell's questionnaire filled by the participant
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Here is an example of the questionnaire filled by the same participant for the

Tellegen-Watson-Clark model at different velocities and accelerations for three

different gestures:

Tellepen-Watson-Clark model of mood

QUESTIONNAIRE

v GESTURE: 1 POINT -PDINT MOTION:

AighEin

High b4

LR

v" GESTURE: 2 BOWING TO WELCOME:

H.N.ll'm

g A
i
|}
E!ldl:]
smm

LaaPui

Fig1 Kty

VELDCITY | ACCELARATION | REFRESENTATION
ON GRAPH
250 10 14
200 0 1
2000 300 ic
WELOCITY | ACCELARATION | REPRESENTATION
ON GRAFH
100 15 2
140 5 2B
100 1.5 Fin
VELOCITY | ACCELARATION | REFRESENTATION
OMN GRAFH
an Eli] 2A
=0 20 3B
100 1040 3c

Figure6. 5: Tellegen-Watson-Clark questionnaire filled by the participant
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Here is an example of the questionnaire filled by the same participant for the PAD
model at different velocities and accelerations for three different gestures:

PAD QUESTIONNAIRE
Explanation of terms:
Pleasure-how pleasant an emotion is like happy unhappy.
Arvusal- how intense an emotion is like rage has more arousal factor than anger though both
are unpleasant.
Duminance- measures submissivencss and dominant factor of expression.
¥ GESTURE: 1 POINT —POINT MOTION:
VELOCITY | ACCELARATION VELOCITY | ACCELARATION vmLoaTy | AccEramaTion
FT) 1B 8O0 50 00D aca
& | |
HIGH | MEDDM | LOW | wiGH | MERE | LOW |_ HINMH | MEDDUM | LOW
| PLEASURE v | measume W v
AROUSAL V| | awovaas v amovsas | v
DOMIFANCE v | | pemmusce v DORIARCE | (T |
Traral | GadTugd- Farpyt Ewciod | Oweml | Sedmims Fa T Excins | Oveidl | cadmied- | Hoopy [
- &l [ B Pact | wnsiemsant gl -
||l | e [ | | g | | = e
JESTURE: 2 WAVING OF ROBOTIC ARM:
VELOCITY | ACCELARATION VELOCITY | ACCELARATION [ epe— p———
) 18 [T [ 160 i5
| migH | mEpmm | Low HIGH | MEDMM | Low HEGH | MEDMEM | Low
| FLEABURE st PLEASURE. T PLEASURE v
| ARoUBAL V| anovsa et amovsar, |V
DOMINANCE | | pommance e DOMINARCE | Lo
Tiwiwsll | GadTred- Haped' [ Dvargll | SediMoes | Happy Excibed’ Therall | Saciiies Higpprp! Escited!
efact | g 1 :::;i -:I:-im aftact | unpleazart ;;ﬂ a-?.-k!:d- il | unpizasant E::H:;ﬁ ‘:\2::— |
¥ GESTURE: 3 BOWING TO WELC
VELOCITY | ACCELARATION VELOCITY | ACCELARATION VELOCITY | ACCELARATION |
] an 50 50 | we T ipa
I WIGH | MEDDUS | LOw | | HIGH | MEDIMM | LOW HIGH | MEDIUM | LOW
| Prxasie v easmmr | W rmssme | L7
| .'fd- L,.Fr
ARGUSAL ARDUSAL | AROUBAL | 17
DOMINANCE v | pommance al DOMERANCE | v
[ | o | | | | oo e | o | [ | o] A )
. - AL ey u san LR
il a0 B | fgetm | awen e

Figure6. 6: PAD questionnaire filled by the participant
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6.3 Emotion recognition based on scales
The emotions for each of the gestures were marked by the participants based on the

perceived affect. The first two scales were divided into four different quadrants
based on the range of emotions. So, the participants marked the emotions quadrant-
wise for each of the gestures for both Russell’s and Tellegen-Watson-Clark models
of emotions.
Emotional ranges for each quadrant for both scales are given below:

v For Russell’s model
Q1: Excited---Aroused
Q2: Tense---Annoyed---Miserable
Q3: Tired---Sad---Miserable
Q4: Calm---Content---Pleased

v For Tellegen-Watson-Clark model
Q1: Alert/Delighted--- Amazed/Surprized
Q2: Pleasant---Happy/Joyful
Q3: Sleepy---Calm/Relaxed
Q4: Unpleasant---Sad/Tired
The third scale that is PAD is actually based on measuring the pleasure, arousal and
dominance in the emotions. Thus this scale cannot be divided into quadrants. So
another approach of measuring the overall effect was implemented. The participants
were asked to mark from the range of three different overall effects of the emotions
that they perceived from the motion of embodiment after marking the three
individual factors of pleasure, arousal and dominance. The overall emotional range
for this scale used is given below:

v For PAD model
1. Sad/Tired---Unpleasant
2. Happy/Pleased---Pleasant
3. Excited/Aroused---Alert

This overall result is then compared with the individual effects marked on the scale

that is shown in the results.
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6.4 Models results
6.4.1 Results for Russell’s model

Gesture:1 QL] Q2| Q3| Q4
V=250 & A=10 0 0 17
V=800 & A=50 4 6 1

V=2000 & A=300 | 12 | 5 0

Q1: Excited/Delighted ---- Aroused
Q2: Tense/Annoyed --- Miserable
Q3: Tired/Sleepy --- Sad/Miserable
Q4: Calm/Content --- Pleased

Table6. 1: Response of participants for Russell’s model G1

18 Gesture 1: point-point motion

12 mQl
10 mQ2

Q3
mQ4

ORNWRARUIOINOWLO

V=250 & A=10 V=800 & A=50 V=2000 & A=300

Figure6. 7: Russell’s model graph for 3 sets of parameters for G1

The graph in Fig. 6.7 shows that at low velocity and acceleration 17/18 people have
marked it in Q3 shown by green bar that says the perceived emotion is Tired/Sleepy
--- Sad/Miserable. For medium level of velocity and acceleration 7/18 participants
marked it in Q4 shown by purple bar saying that the robot is Calm/Content ---
Pleased and at high velocity and acceleration majority i.e. 12/18 people have marked
itin Q1 i.e. Excited/Delighted ---- Aroused.
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Gesture:2 QL[ Q2|Q3|0Q4
V=100 & A=15 0 2 15
V=100 & A=5 1 6 4

V=100& A=15| 13 | 5 0

Q1: Excited/Delighted ---- Aroused
Q2: Tense/Annoyed --- Miserable
Q3: Tired/Sleepy --- Sad/Miserable
Q4: Calm/Content --- Pleased

Table6. 2: Response of participants for Russell’s model G2

Gesture 2: Waving of robotic arm

mQ1l

mQ2

mQa3

mQ4

PRRPRRPRRRRREEREN
ORNWRUIOANOOORNWARUIOANOWOO

V=100 & A=15 V=100 & A=5 V=100 & A=1.5

Figure6. 8: Russell’s model graph for 3 sets of parameters for G2

The graph in Fig. 6.8 shows that 15/18 people have marked the gesture of waving in
category Q3 represented by green bar, falling under the emotions of Tired/Sleepy ---
Sad/Miserable. At medium level of velocity and acceleration 7/18 people marked it
as Calm/Content --- Pleased shown by purple bar. For highest values of velocity and
acceleration majority i.e. 13/18 perceived it as Excited/Delighted ---- Aroused

shown by blue bar.

58



©S.8B.Sial, 2013

Gesture:3 QL] Q2|Q3|0Q4
V=30 & A=30 0 1 15
V=50 & A=50 2 3 4

V=100 & A=100 | 11 | 2 0 5

Q1: Excited/Delighted ---- Aroused
Q2: Tense/Annoyed --- Miserable
Q3: Tired/Sleepy --- Sad/Miserable
Q4: Calm/Content --- Pleased

Table6. 3: Response of participants for Russell’s model G3

Gesture 3: Bowing down of robot

mQ1l

mQ2

mQ3

mQ4

PRREPRRRRERREEN
ORNWRUIONOOVORNWARUIOAN0WLO

V=30 & A=30 V=50 & A=50 V=100 & A=100

Figure6. 9: Russell’s model graph for 3 sets of parameters for G3

The graph in Fig. 6.9 shows that 15/18 people have marked the gesture of waving in
category Q3 represented by green bar, falling under the emotions of Tired/Sleepy ---
Sad/Miserable. At medium level of velocity and acceleration 9/18 people marked it
as Calm/Content --- Pleased shown by purple bar. For highest values of velocity and
acceleration majority i.e. 11/18 perceived it as Excited/Delighted ---- Aroused

shown by blue bar.
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6.4.2 Results for Tellegen-Watson-Clark model

Gesture:1 Ql | Q2| Q3| Q4
V=250 & A=10 0 1 2 |15
V=800 & A=50 2 |11 1 4

V=2000 & A=300 | 9 116 |2

Q1: Alert/Delighted---- Amazed/Surprized
Q2: Pleasant --- happy/Joyful
Q3: Sleepy --- Calm/Relaxed
Q4: Unpleasant --- Sad/Tired

Table6. 4: Response of participants for Tellegen-Watson-Clark model G1

mQl

mQ2
Q3
mQ4

RPRRPRRRRRREREN
ORNWARUIOANOWOORNWRUIOINOWLO

V=250 & A=10 V=800 & A=50 V=2000 & A=300

Figure6. 10: Tellegen-Watson-Clark model graph for 3 sets of parameters for G1

The graph in Fig. 6.10 shows that for point-point motion of robot according to
Tellegen-Watson-Clark model 15/18 people have marked the gesture of waving in
category Q4 represented by purple bar, falling under the emotions of Unpleasant ---
Sad/Tired. At medium level of velocity and acceleration 11/18 people marked it as
Pleasant --- happy/Joyful shown by red bar. For highest values of velocity and
acceleration majority i.e. 9/18 perceived it as Alert/Delighted----Amazed/Surprized

shown by blue bar.
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Gesture:2 Ql|Q2|Q3| Q4
V=100 & A=15 0| 2|15
V=100 & A=5 511112 |0
V=100&A=15|12 | 6 | 0 | O

Q1: Alert/Delighted---- Amazed/Surprized
Q2: Pleasant --- happy/Joyful
Q3: Sleepy --- Calm/Relaxed
Q4: Unpleasant --- Sad/Tired

Table6. 5: Response of participants for Tellegen-Watson-Clark model G2

19 Gesture 2: Waving of the robot

OFRLNWRAUIOINO WO

V=100 & A=15

V=100 & A=5

V=100 & A=1.5

mQ1l
mQ2
mQa3
mQ4

Figure6. 11: Tellegen-Watson-Clark model graph for 3 sets of parameters for G2

The graph in Fig. 6.11 shows that for waving of robot according to Tellegen-

Watson-Clark model 15/18 people have marked the gesture of waving in category

Q4 represented by purple bar, falling under the emotions of Unpleasant ---

Sad/Tired. At medium level of velocity and acceleration 11/18 people marked it as

Pleasant --- happy/Joyful shown by red bar. For highest values of velocity and

acceleration majority i.e. 12/18 perceived it as Alert/Delighted----Amazed/Surprized

shown by blue bar.

61



©S.8B.Sial, 2013

Gesture:3 Ql Q2 | Q3 | Q4
V=30 & A=30 1 2 2 13
V=50 & A=50 2 14 1 1

V=100 & A=100 | 11 | 7 0 0

QL1: Alert/Delighted---- Amazed/Surprized
Q2: Pleasant --- happy/Joyful
Q3: Sleepy --- Calm/Relaxed
Q4: Unpleasant --- Sad/Tired

Table6. 6: Response of participants for Tellegen-Watson-Clark model G3

19 Gesture 3: Bowing down of robot

mQl

mQ2
Q3
mQ4

ORNWRARUIOINOO

V=30 & A=30 V=50 & A=50 V=100 & A=100

Figure6. 12: Tellegen-Watson-Clark model graph for 3 sets of parameters for G3

The graph in Fig. 6.12 shows that for bowing down of robot according to Tellegen-
Watson-Clark model 13/18 people have marked the gesture of bowing in category
Q4 represented by purple bar, falling under the emotions of Unpleasant ---Sad/Tired.
At medium level of velocity and acceleration 14/18 people marked it as Pleasant ---
happy/Joyful shown by red bar. For highest values of velocity and acceleration
majority i.e. 11/18 perceived it as Alert/Delighted----Amazed/Surprized shown by
blue bar.
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6.4.3 Results for PAD model

Ges.ture: P?mt- Pleasure | Arousal | Dominance
point motion
V=250 & A=10 LOW 17 17 14
MED 1 0 4
HIGH 0 1 0
overall
Range 1: R1 sad/tired-unpleasant 18
Range 2: R2 happy/pleased-pleasant 0
Range 3:R3 excited-aroused 0
V=800 & A=50 LOW 4 3 2
MED 13 14 15
HIGH 1 1 1
Overall
Range 1: R1 sad/tired-unpleasant 3
Range 2: R2 happy/pleased-pleasant 11
Range 3: R3 excited-aroused 4
V=2000 & A=300 LOW 4 3 2
MED 4 5 3
HIGH 10 10 13
overall
Range 1: R1 sad/tired-unpleasant 1
Range 2: R2 happy/pleased-pleasant 12
Range 3: R3 excited-aroused 5

Table6. 7: Response of participants for PAD model G1

N

5 - Point-oi :

|p

@A

D

overall

ORNWAUIIN0WOWORNWAUIOINWLO

=& =28 282
os?®
- I
V=250 & A=10 V=800 & A=50

LOW
MED
HIGH

AN M
o x oo

V=2000 & A=300

Figure6. 13: PAD model graph for 3 sets of parameters for G1
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The graph in Fig. 6.13 shows that for point-point motion of robot according to PAD
scale 18/18 people have marked the gesture in category R1 represented by purple
bar, falling under the emotions of sad/tired-unpleasant. At medium level of velocity
and acceleration 11/18 people marked it in R2 as Pleasant --- happy/Joyful shown by
purple bar. For highest values of velocity and acceleration majority i.e. 12/18

perceived it as Pleasant --- happy/Joyful shown by purple bar.

Gesture2: Waving of robot Pleasure | Arousal | Dominance
V=100 & A=15 LOW 17 15 15
MED 1 1 3
HIGH 0 2 0
overall
Range 1: R1 sad/tired-unpleasant 17
Range 2: R2 happy/pleased-pleasant 1
Range3 :R3 excited-aroused 0
V=100 & A=5 LOW 2 3 4
MED 16 14 12
HIGH 0 1 2
overall
Range 1: R1 sad/tired-unpleasant 3
Range 2: R2 happy/pleased-pleasant 14
Range3 :R3 excited-aroused 1
V=100 & A=1.5 LOW 3 2 0
MED 5 6 5
HIGH 10 10 13
overall
Range 1: R1 sad/tired-unpleasant 0
Range 2: R2 happy/pleased-pleasant 4
Range3 :R3 excited-aroused 14

Table6. 8: Response of participants for PAD model G2
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V=100 & A=15 V=100 & A=5 V=100 & A=1.5

Figure6. 14: PAD model graph for 3 sets of parameters for G2
The graph in Fig. 6.14 shows that for waving of robot according to PAD scale 17/18
people have marked the gesture in category R1 represented by red bar, falling under
the emotions of sad/tired-unpleasant. At medium level of velocity and acceleration
14/18 people marked it in R2 as Pleasant --- happy/Joyful shown by red bar. For
highest values of velocity and acceleration majority i.e. 14/18 perceived it as

excited-aroused shown by red bar.
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Gesture3: Bowing down Pleasure | Arousal | Dominance
of robot
V=30 & A=30 LOW 16 16 16
MED 2 2 2
HIGH 0 0 0
overall
Range 1: R1 sad/tired-unpleasant 18
Range 2: R2 | happy/pleased-pleasant | O
Range3 :R3 excited-aroused 0
V=50 & A=50 LOW 2 14 2
MED 4 14 0
HIGH 7 11 0
overall
Range 1: R1 sad/tired-unpleasant 3
Range 2: R2 | happy/pleased-pleasant | 15
Range3 :R3 excited-aroused 0
V=100 &
A=100 LOW 1 1 2
MED 8 3 5
HIGH 10 14 11
overall
Range 1: R1 sad/tired-unpleasant 1
Range 2: R2 happy/pleased-pleasant | 6
Range3 :R3 excited-aroused 11
Table6. 9: Response of participants for PAD model G3
20
19— Gesture-3: Bowing-down-of robot——
18
17
16
15
14
13
11
18 @r
§ @A
6 - @D
5 -
4 B #overall
3 — -
2 - -
1 - —
0
gﬂ@ SIS gﬂ@ SIS 2
s T a2 T
V=30 & A=30 V=50 & A=50 =100|

Figure6. 15: PAD model graph for 3 sets of parameters for G3
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The graph in Fig. 6.15 shows that for bowing of robot according to PAD scale 18/18
people have marked the gesture in category R1 represented by orange bar, falling
under the emotions of sad/tired-unpleasant. At medium level of velocity and
acceleration 15/18 people marked it in R2 as Pleasant --- happy/Joyful shown by
orange bar. For highest values of velocity and acceleration majority i.e. 11/18

perceived it as excited-aroused shown by orange bar.

6.5 Discussion of results

The statistical results concluded are shown below for all the gestures at all set of
velocities and acceleration for the three models. The percentage represents the
number of people that have marked particular emotion in that specific set of
quadrant.

e Gesturel: Point-point motion at V=250 and A=10:

Russell’s model Tellegen-Watson-Clark model  PAD model
Q1 | 0% Q1 | 0% R1 | 100%
Q2 | 0% Q2 | 5% 0 T oo
Q3 | 95% Q3 | 11% R3 0%
Q4 5% Q4 | 83%

e For Gesturel: Point-point motion at V=800 and A=50:

Russell’s model Tellegen-Watson-Clark model  PAD model
Ql | 22% Q1 | 11% RL | 17%
Q2 | 33% Q2 | 61% R2 | 61%
Q3 6% Q3 5% R3 | 220
Q4 | 39% Q4 | 22%

e For Gesturel: Point-point motion at V=2000 and A=300:

Russell’s model Tellegen-Watson-Clark model  PAD model
QL | 67% QL | 50% RL | 5%
Q2 | 27% Q2 | 5% R2 | 67%
Q3 | 0% Q3 | 33% R3 | 28%
Q4 | 6% Q4 | 11%
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Considering the first parameter for gesturel of all the three models that is at V=250
and A=10, the result shows that this particular motion of the robot in terms of
emotions perceived by majority of the participants comes under the following
categories for all the models. The percentage shown represents the highest number

of participants that marked in the particular quadrant.
Gesturel: Point-point motion at V=250 and A=10

v Russell’s model : Q3-95%: Tired/Sleepy --- Sad/Miserable
v’ Tellegen-Watson-Clark model: Q4-83%b: Unpleasant --- Sad/Tired
v" PAD model: Range1-100%: Sad/Tired-Unpleasant

The results from all the three models come under the same category of being
unpleasant, sad, tired etc. For the PAD model, most of the people marked pleasure,
arousal and dominance as “low” for this set of parameters. This also makes sense
that if the emotions shown by the embodiment are sad and unpleasant then all of the
three factors will fall in low category. The percentage of people that marked in the
categories is shown. The remaining percentage of the people is divided among the
rest of categories for the gesture. Now considering the second set of parameters for
all the three models of gesturel that is point-point motion at V=800 and A=50, the

following results are obtained:
Gesturel: Point-point motion at V=800 and A=50

v Russell’s model : Q4-39%: Calm/Content --- Pleased
v' Tellegen-Watson-Clark model: Q2-61%: Pleasant --- Happy/Joyful
v" PAD model: Range2-61%: Happy/Pleased-Pleasant

The percentage shown represents the highest number of participants that have
marked in the particular quadrant. So it is quite clear that all the three models
categorise the second set of parameters as happy, pleasant and joyful. For the PAD
model, most of the people marked pleasure, arousal and dominance as “medium” for
this set of parameters. Now considering the third set of parameters that is at A=1000

and V=300 for gesturel of all three models, the results are:
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Gesturel: Point-point motion at V=2000 and A=200

v Russell’s model :Q1-67%: Excited/Delighted ---- Aroused

v" Tellegen-Watson-Clarkmodel:Q1-50%:Alert/Delighted---Amazed/Surprized

v" PAD model: Range2-67%: Happy/Pleased --- Pleasant
The rest of the percentage is divided among all of the remaining categories, showing
a very small percentage falling in each of them. However, for this gesture only the
result shown by the PAD model differs from rest of the models. The other two
models place the emotion under the category of being excited, delightful, and alert.
According to the PAD model the perceived emotion comes under being happy or
pleased. However the people marked pleasure, arousal and dominance as “high” for
this set of parameters.
Similarly, shown below are the results for gesture2 (i.e. waving of the robotic arm)
for all the three set of parameters for all models.

e Gesture2: Waving of robot at V=100 and A=15:

Russell’s model Tellegen-Watson-Clark model  PAD model
Q1 0% Q1 5% R1 | 95%
Q2 | 11% Q2 | 0% TEEA
Q3 | 83% Q3 | 12% R3 0%
Q4 5% Q4 | 83%

e For Gesture2: Waving of robot at V=100 and A=5:

Russell’s model Tellegen-Watson-Clark model ~ PAD model
Q2 | 33% Q2 | 61% R2 | 78%
Q3 | 22% Q3 | 11% R3 5%
Q4 | 39% Q4 0%

e For Gesture2: Waving of robot at V=100 and A=1.5:

Russell’s model Tellegen-Watson-Clark model  PAD model
Q1L | 72% Ql | 67% RL | 0%
Q2 | 28% Q2 | 33% R2 | 22%
Q3 | 0% Qs | 0% R3 | 78%
Q4 | 0% Q4 | 0%
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Gesture2: Waving of robot at V=100 and A=15

v Russell’s model : Q3-83%: Tired/Sleepy --- Sad/Miserable
v" Tellegen-Watson-Clark model-83%: Q4: Unpleasant --- Sad/Tired
v" PAD model: Rangel-95%: Sad/Tired --- Unpleasant

Gesture2: Waving of robot at V=100 and A=5

v Russell’s model : Q4-39%: Calm/Content --- Pleased
v’ Tellegen-Watson-Clark model: Q2-61%o: Pleasant --- Happy/Joyful
v" PAD model: Range2-78%: Happy/Pleased --- Pleasant

Gesture2: Waving of robot at V=100 and A=1.5

v Russell’s model : Q1-72%: Excited/Delighted ---- Aroused
v' Tellegen-Watson-Clarkmodel:Q1-67%:Alert/Delighted---Amazed/Surprized
v" PAD model: Range3-78%: Excited --- Aroused

This shows that for gesture2 the results for all the three set of parameters falls under
the same category from all the models. Moreover these results are similar and
support the ones obtained for Gesturel. Most of the people marked individual
parameters of PAD scale as “low, low, low”, “medium, medium, medium” and
“high, high, high” for the three sets of parameters respectively representing the three

emotions of being sad, happy and excited .

The results obtained for gesture 3 that is bowing down of the robotic arm for all

three set of parameters is given below:

e Gesture3: Bowing down of robot at V=30 and A=30:

Russell’s model Tellegen-Watson-Clark model  PAD model
Q1L | 0% Q1 | 5% R1 | 100%
Q2 5% Q2 | 11% R2 0%
Q3 | 83% Q3 | 12% R3 0%
Q4 | 11% Q4 | 72%
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e Gesture3: Bowing down of robot at V=30 and A=30:

Russell’s model Tellegen-Watson-Clark model ~ PAD model
QL | 0% Q1 | 5% R1 | 100%
Q2 | 5% Q2 | 11% 0 T 0%
Q3 | 83% Q3 | 12% R3 0%
Q4 11% Q4 | 72%

e For Gesture3: Bowing down of robot at V=50 and A=50:

Russell’s model Tellegen-Watson-Clark model  PAD model
Q1 | 11% Q1 | 12% RL | 17%
Q2 | 17% Q2 | 78% R2 | 83%
Q3 | 22% Q3 5% R3 0%
Q4 | 50% Q4 5%

e For Gesture3: Bowing down ort ronot at v=100 and A=100:

Russell’s model Tellegen-Watson-Clark model  PAD model
QL | 61% Ql | 61% Rl [ 5%
Q2 | 11% Q2 | 3% R2 | 33%
Q3 | 0% Q3 | 0% R3 | 61%
Q4 | 28% Q4 | 0%

Gesture3: Bowing down of robot at V=30 and A=30

v" Russell’s model : Q3-83%: Tired/Sleepy --- Sad/Miserable
v' Tellegen-Watson-Clark model: Q4-72%: Unpleasant --- Sad/Tired
v" PAD model: Rangel-100%: Sad/Tired --- Unpleasant

Gesture3: Bowing down of robot at V=50 and A=50

v Russell’s model : Q4-50%: Calm/Content --- Pleased
v' Tellegen-Watson-Clark model: Q2-78%: Pleasant --- Happy/Joyful
v" PAD model: Range2-83%: Happy/Pleased --- Pleasant

Gesture3: Bowing down of robot at V=100 and A=100

v Russell’s model : Q1-61%: Excited/Delighted ---- Aroused

v' Tellegen-Watson-Clark-model:Q1-61%o:Alert/Delighted--Amazed/Surprized

v" PAD model: Range3-61%: Excited --- Aroused
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The first set parameter of velocity and acceleration is perceived as being sad,
unpleased etc. whereas the second and third are perceived as being happy and
excited respectively. The individual marking for pleasure, arousal and dominance on
the PAD scale is (low, low, low) for the first set of parameters which represents
being sad, for happy and pleasure mood the individual parameters are marked as
(high, low-medium, low) and for being alert and excited the individual P, A and D is
marked as (high, high, high).

6.6 Summary of the chapter

This chapter focuses on the techniques and methods that were followed in order to
perform the experiments with 18 different participants. It explains how the
participants have marked the questionnaire for perceived emotions on three different
scales. Later the results for these experiments are collected in the form of bar graphs.
The statistical results of each gesture for all three scales are also discussed in this
chapter. The concluded results shows that majority of the participants at low
velocity and acceleration, for all the three gestures, have marked the perceived
emotions in the category of being sad, unpleasant or tired. Whereas at medium level
of velocity and acceleration the perceived emotion for all three gestures, according
to all three scales, was pleasant, happy or pleased. However for high values of
velocity and acceleration the perceived emotional behaviour falls under the category
of alert, delighted, amazed or excited.

The next chapter will discuss the conclusions that are drawn from these results. It
will highlight the major findings and limitation of this research. It will also focus on

the possible future work that can be done.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS
7.1 Conclusion

From the results produced it can be concluded the slow motion is perceived as sad,
unhappy and unpleasant by the participants, the medium level motion parameters for
velocity and acceleration is perceived as happy, joyful and calm by the participants
and the emotion that participants have associated with the fast motion is of being
excited, alert and aroused. These motion parameters are therefore considered
important for the change in user’s perception of emotions (Saerbeck and Bartneck,
2010). Therefore with the change of speed and acceleration the emotional mood
changes from being sad to happy to excited. This develops a link between the
change in user perception of emotions by varying the motion parameters of velocity

and acceleration (lan et al., 2005).

This kind of robotic embodiment that is considered as machine robot is capable of
conveying emotions without any android features such as face etc. (Beck et al.,
2013). Moreover it is observed that the noise produced by the robot changes with
change of emotional behaviour (Eun et al., 2009). When the robot was perceived to
be sad or unhappy the noise associated with it was very low. However as the
perceived emotion changed from sad to happy and then to excited as the noise

associated with robotic embodiment increased exponentially.

This research gives rise to several questions that remain to be answered e.g. in the
field of care and medication, are slow movements of a robot perceived as a sad
gesture or a careful gesture by the patient? For industrial purposes can these
emotional robots have the same efficiency and productivity rate as the ones used
now? Further research and investigation is therefore needed in this area in order to

incorporate these emotional robots in various important fields of life effectively.
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7.2 Recommendations regarding hardware

The following improvements can be made in this project regarding the hardware:
v’ Use FPGA with a higher space capacity and more DMA channels for the
transfer of data between RT and FPGA Vs
v" Use a NI 9403 C Series 32-Ch, 5 V/TTL Bidirectional Digital I/0 Module to
read all joint encoders
v A gripper provided by FESTO and many other companies can be attached at
the end of Robolink to introduce more functionally and for extending the

core concept of project
7.3 Recommendations regarding LabVIEW programming

The code on the FPGA as well as RT side can be improved further by:
v Code on FPGA side should be reduced by either shifting it to RT VI or by
reducing it so to have space for new concepts of programming
v NI 9403 module could be introduced in the code for keeping the track of the

joint positions
7.4 Research limitations

It is important to highlight that the poses and gestures were deliberately selected to
be expressive for the user. However it was important from the aspect of developing
a movement that should be expressive and communicative to the user ( Beck et al.,
2013). This might had an effect on the results found in this research.

Moreover the participants should be blinded from the data for changing values of
motion parameters on the questionnaire. This can be considered biased in finding a
relationship between velocity and acceleration, and envisaged emotion.

The sequence of motion parameters as well as gestures should also be randomized as
this might be helpful in predicting the next emotion in line.

Another potential bias associated with this robotic embodiment is the noise that it
makes during its motion. This noise rises with the increase in values of motion
parameters. At low values of motion parameters the noise associated is less. As the
values of velocity and acceleration increases the noise gets louder. Therefore this

might help the user to identify the perceived emotions.
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7.5 Future work

This study did not consider the effect of changing the embodiment in same robot
category that is of machine robot, to see if the change of embodiment affects the
results or not. Therefore same experiments shall be performed on different
embodiment to see the effect.

Introduction of new gestures and emotions in the embodiment can also increase the
scope of research. Although the results are quite reasonable, the sample size of
participants is quite small. It should be increased for the generalizability of results.
Additionally the robot should be equipped with some kind of soundproof material

for the reduction of noise.

This research shall be performed on android robot to see if the perception of user
differs by changing the robot to android one. This will also check that whether the

research supports Uncanny Valley theory or not.
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Appendix A: Drawings for IGUS robotic arm

robolink® Joint kit — Documentation (#1; 2012-03)
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robalink™ Joint kit — Documentation (#1; 2012-09)

Exploded drawings | parts lists
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robolink™ Joint kit — Documentation (#1; 2012-09)
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Appendix B: Tube length of joints
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Appendix C: Technical data for tube lengths

robolink® Joint kit — Documentation (#1; 2012-09)
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The 31 articulated arm parmutations are numbered. The following technical data
corresponds to the system numbers shovwn (01—317, (at 100 mm tube length each):

max, dym,
LTmm] | x17 | x27 | x37 | x47 [ xtot |welght| max. stat. | Load [N]
DOF | Pos. Version (Stand.} | [mm] | [mm] | [mm] | [mm] |[mm]*}| [gr]"} | Load [N]*) “1*)
1 1 | RL-50-DCF1-01 100 173 134 - - aor 280 BS B2
2 |RL-50-DOF1-02 [ 100 134 - - -1 134 F0 i) B2
3 |RL-G0-DOF2-03 [ 100 2020 134 - < 338|400 a9 [
2 4 | RL-50-DOF2-04 104 202 134 - - 136 400 B9 B2
5 [RL-50-DOF2-05 10a 173 207 134 - 514 565 33 15
6 |RL-50-DOF2-06 [ 100 207 134 - = 341 235 a9 B
7 | RL-50-DOF3-07 100 202 207 134 - 543 BES 33 15
8§ [RL-30-DOF3-08 10a 202 207 134 - 543 B85 33 15
9 [RL-530-DOF3-09 100 173 236 134 - 43 565 30 12
3 10 | RL-50-DOF3-10 100 173 236 134 - 543 BES 30 12
11 | RL-50-DOF3-11 100 173 207 207 134 721 315 18 bl
12 | RL-b0-DOF3-12 10a 236 134 - - 370 B45 i) B2
13 [RL-530-DOF3-13 | 10D 238 134 - -l 370 Bd5 ikt B2
14 | RL-50-DOF3-14 100 207 207 134 - 548 00 33 15
1% | RL-00-DOF4-1% 10a 202 236 134 - a2 =] 30 12
16 [RL-50-DOF4-16 | 100 202) 23| 134 o I 30 12
17 [RL-50-DOF4-17 | 100 202 23\ 134 - BT TR a0 12
18 | RL-50-DOF4-18 100 202 236 134 - 572 775 3o 12
19 | RL=50=-DOF4=19 1o0a 202 207 207 134 TED 230 18 il
4 20 | RL=50=-DOF4-20 100 202 207 207 134 750 230 18 3
2 |RL-50-DOF4-24 | 100 236 207 13 = 577 210 33 15
22 | RL-50-DOF4-22 100 236 207 134 - 577 210 33 15
23 | RL-50-DOF4-23 10a 207 236 134 - 577 210 a0 12
24 |RL-50-DOF4-24 | 100 200 238 134 -l &ff] 210 30 12
25 | RL-50-DOF4-25 104 207 207 207 134 ThS| 1.060 18 ]

igus™ GmbH | Martin Raak | Tel. +49 (0)2203 9649 408 | mraak@igus.de [
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robolink” Joint kit — Dacumentation (#1; 2012-09)

max. cyn.
0oF LT [mm] 217 x27)|  x3|  x4%)| xtob|weight max.stst. Load ﬁ
Pos. | Version {Stand.] | [mm] [mm]| [mm]| [mm]|(mm])| [gr]") Load[N]"} )7}
46 |RL.50-DOF5-26 100 | 238 238 134 -] 6061020 30 | 12
Zf |RL-SU-DOF>2f | 10U 236 26| 134 -1 606( 1.020 30 12
5 28 |RL-50-DOF5-28 [ 100 238 238 134 -] 606( 1.020 30 12
79 |RL.50-DOF5.29 | 10N 23R PR 1M - GO6| 1020 30 12
30 |RL-50-DOF»-30 | 100 238 207 Zor| 134 Ye4| 1070 18 3
31 |RL-50-DOF5-31 | 100 236 207) 207| 124 7&d| 1170 18 5

*1 anly aoplies to geometric configurations with standara tube length = 100mm
“*yal 30 RPMs and © 1 sec. ramp ime

Table 1: Specificarion for articulated arms with 1-5 DOF

All articulated arms nan be optinnally equipped with angla sensors (=> Saction - Angle
senscrs), The shown end-plates (for roiating joints) or end-fanges (for 2 axes and swive
joints]} ara not part of the delivery scope, but can bs ordered as sczessories.

When the articulatad arm is equisped vith a rofating joint, RL-50-TL1, in the first position,
the assembled wires al-eady exit the arm in pairs.

] DA 16
ATk~ 4
< A

ymi/@f \j) . T
[o—1
!

Fig. 14: Dimensioned drawing Tor an optional mounting }:at ‘or the rotating jo';f;'mraﬁng
Jolnt view from befow

When fhe artizulatad am is equinped with a 2 axes or a swivel joint in the first pasition,
the use of & wire splitling vhit (RL-WSU8-001) is generally recornmended staiting &l 3
DOF for a controlled distribution of the drive wires.

The 3D STEP data for al! ariculated arms is available for downlcad at
wvav.iqus.de/robolink/support@sarvice.

igus® GmbH | Martin Raak | Tel. +49 (0)2203 9649 409 mrazk@igus.de 8
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Appendix D: Datasheet of integrated Hall IC’s and

configuration of sensor lines

AZSHMMESI0N Imtzpeabed Hall IC for [Isear and ofT-axls solary maton detection

|::|I |I JI 5 Il.ur |I.|: ilm -'l E r D-l: :I_L'..I |I|'le ! II-\.!::

9 GENERAL DEVICE SPECIFICATIONS

9.1 Absolute Maximum Ratings (Non Operating)

Skreszes beyond those listed under “Absolule Maximum Refings* may cause permanent damage o fhe device.

Parameter

Supply Voo 0.3 T V

Input pin woliage Vin V33-0.5 | VDD=0.5 v

Input current |latchup immunity) b -100 100 mé Norm: JEEDTE

E3D +-2 kY Norm: MIL 833 E methed 3015
Package thermeal resizlance Bua 4.5 "W SEll Air ! Single Layer PCB
Skorage temparsbore Targ -55 150 *C

Seldering cordiions Tiesy 260 *C Newm: IPCLJEDEC J-STD-020C
Humidity mon-cordensing 3 85 %

9.2 Operating Conditions

Parameter
Positive supply voltage AVDD
Pl ] 4.5 50 3.5 v
Digital supply volinge D¥CD
Megative supply voltage WEE oo 0.0 oo v
Power zupply current, 425304 23 35
oD mi AB{lrdex, AD unloaded!
Power =upply current, AZ5306 20 30
Ambient temperabare ) [ -40 125 C
Junction fempe rabare Ta -4 150 -
: 3 ==
Resdution LSB 5 um :
kizal input sigral
lnrgrel onlinesriy M 1 | L= [E"H“_PI‘_:*";“.P.I s
2 . Mo missing pulses.
Differeriial ranineasty DML #5 LEd apfimum sigamend
Hy=leresis Hyst 1 1.5 2 LE8

9.3 System Parameters

Parameter

Amplibsde within valid range /

P fi Trwz 500
TuEr p e e ks Inkerpolator locked, A B Index enabled

Time betwezen change of input signal to

P fion del
ropagation delay oulput signal

Tra il ps

Rewizin 1.6 Page 10af 13
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Parameter

ASSNMMAESI0E Imepesbed Hall IC for liszar mnd off-axis rodary molion detection

94 AIB/!CPush/Pull or Open Drain Output
Push Pull Mode iz sef for AE530x8, Open Deasin Mode is set for AZ53008 versions.

i

i II..r ||.|: il j cro: :I_L".li:ﬁ'I ||If'.lllr ik

High level output volinge Waou D6 VDD W Fush/Pull mode
Low level output vclinge Vi 04+ VEE v
Current sowrce capability Icw 12 14 mll PushiPull mode
Current sink capability ho 13 15 mé
Short civcu limitation cument .- b3 L my | Meduces maximim
operating femperature
Capacilive lond [+ X eF See Figuee 13
Load resistance A 820 4] See Figure 13
Rise fime in 12 [P Push/Pull made
Fall time b 12 [P
A e
ASSIHE
Figure 13:  Typisal digital boad
935 CAO Analogue Output Buffer
Parameter Symbol Min Typ Max Unit Note
£ field, min.
Minimum oulpul veltage Vouhangs 0.5 1 12 ¥ rng e, min
AGC
Weak field, max.
Maximum output voltnge Vounasgs 343 4 a3 ¥ sak eld, mat
AGC
Offset Vom 10 m¥
Current sink ! source capability L ] mA
Reduces mazimum
Average =hort circuit current bsbort B 40 m& Operalting
Temperature
Capacitive lond CL 10 pF
Bandwidth EW ] KHz
Reulsien 1.8 NI Fage 112113
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9.6 Magnetic Input

ASSAMAESI0N Imepesbad Hall 1C for lisssr mnd off-auls soiary molion detection

|::|I |I JI M Il.ur |I.|: ilm -I. f.-' f EF :I_l'..l -I|'le N |I.\:::

Parameter Symbal Mim Typ Max Unmit Nate
0 AEI04
Megnetic pole lenglh Le pr mm
12 AEG306
a0 AESI04
Magnedic pole pair length Tre mm
14 AE5I06
Magnetic amplitude - 3 -] mT
Operaling dynamic input range 112 1:24
Magnelic offset Offerng 0.5 mT
Magnedic iemperabure drift Tarag 4l K
Input frequency freag o 3 kHz
Taile 1: ABERM ordering quide
Dewice Resolution Magnet Pole Length Digital Qutputs
AZ5ILA Z5pm 2mm Push Pull
AZ5IME Z5pm 2mm Open Deain
Table & ABERNE crdering quide
Dewice Resolution Magnet Pole Length Digital Qutputs
AZ5I0ER 15pm 1.2mm Push Pull
AZ530EE 15pm 1.2mm Open Deain
Rewisien 1.6 joC T L T ke R D Pape 1213
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Configuration sensor lines for pivoting movement

+5V Red
GND Black
Hall-Sensor White
Encoder Index Green
Encoder Channel A Blue
Encoder Channel B Yellow

Configuration sensor lines for rotating movement

+5V Red/Blue
GND Brown
Hall-Sensor Grey
Encoder Index Grey/Rose
Encoder Channel A Violet
Encoder Channel B Rose
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Appendix E: Technical data for stepper motors

stepper motor MOT-AN-5 . _ .

igus

technical data

flange dimension 4HHNEMAAT) SH{NEMAZ3] GO[NEMAZ3XL) 86 (NEMA3L)
motor

max voltage WD) (=] a0 &0 &l
neminal voltags [WDC] 24-45 24-45 24-45 24-45
neminal current [~] 1.8 4.2 4,2 16,4
holding forgue [Mm] 0,5 2.0 35 58
detent targue | M) 0,022 0.068 0.0rs 0,210
step angle " 1.8 .8 n.a 1.8
resistance / phase [£] 1,75+ 10% 0,50£10% 0 E5410% 0,33210%
indueiance ! phase [FiH] 3,30+ 20% 1.9020% 3.20+20% 3.00=20%
rmoment af ineria ¢ rotar [kgem®] 0,08 0,48 0,84 2,70
max |oad axial [M] 7 15 15 G5
mazx load radial [M] 20 52 g3 200
encoder

operating voliage [WDE] 5

impulse / furn [1imin] 00

zero impulse § index YES

line-driver R5422 protacol

hrake

operating valiage [WDC] 24+10%

wattags [W] & 10 10 11
helding lergue [Mim] 0.4 1.0 1.0 2.0
moment of inertia [kgem®] 0,01 0,02 0.02 0,07
weight

product weight [kg] 0,32 112 1,55 3,20
with encoder [ka] 0,34 1.14 1.58 3.30
with encoder and brake [kg] 0.58 1.36 1,82 3,80
operating data

ambient temperature ['C] Eﬂj ... +50

miax iemperature rise [T] 0

insulalion class B

hurniddiby (ol contensing) ["a] =153

pratection class engine case IFES {shall san IFad)

CE EMY guideline

WO IS ElE

MO -BN-5_EN_20111181
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stepper motor MOT-AN-S . ..

Pin assignment stcpper motor

llange i ansion 42 NERMST 7). SEINEMAZS]. BUINEMALIXL

farge dirensian sEHMNEMAZ

=S ._-f__\ F _._L_\ 5
i w . fl Iﬂé ::_: o) s ety ”‘ﬁjﬁ‘é ﬁﬁ?-'l
Ned o aEEH e 2By
= 4 3 4 3 5
|motor bipalar motor cable motar sipelar modor cable
M1 S-pale wires WM1Z S-pale 1T T-20l8 WIT T-pale
pin signal colar oolaor [in signal aumber
1 &' Ex b 1 I 1
2 A white white 2 A H
) ] bluz blue 3 o] 3
4 B biack Blac 4 BY 4
5 PE - greansypellow 5 brale 24 5
naLEIng schiedng = H & Drake DY o
7 FE greentpallmy
hipusing schialcing schielding
pin assignment encader
flanga dirransion 42 WEMATT), SEINEMAZT). EDMEMAZIXL)  flangs dimension BE{NEMAZ)
1|.':'-‘3-'=.:1 o I ie el
e LA L 3aazd
L G 4 45

encoder encader cable encoder encoder cable
W12 8-pole k112 Bpoole 17 1z-pole W17 12-pale
pin signal colar pin aighal selor
1 B white 1 A orown
H A brown Z A green
3 E oFEEN B [ 2lue
4 =N yzllmer 4 B¢ viglett
5 oy ray 5 o white 0.5
E MY pink & K gray
T ] blue 7 M aink
4 o 20 red [ W EC arown 0,5
hausing schielding sehieldng El - -

10 -

11 - -

12 - -

housing schielcing schielding
PIn aasignment Rrakenitdator
flange dirreneicn 42(NERATT). SEINEMAZE). BDMEMAZIXL)

4
SO |
3 I"i f)’
brake Lirake calile initiatar initiator calle
WM& S-pale k1& 3-polz I2 3-pale 43 3-o0le
pin signal colar Rin signal selor
1 brake (24841 [brown 1 WEG arm
3 oy bz ] o alug
4 - Diack 4 koad Jlack
Yo Us da ML -AN-S_EN_20TTT1RT
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stepper motor MOT-AN-3 . ..

gus

characteristic
flandge dimension 42 (NEMATT)
MOT-AN-5-080-005-042-..

flange dimension 36 (NEMAZS]
MOT-AM-5-0E0-D2C-066- ..

10 00 nffaen] 1000

10311 1l et 1 LLLIEY

flange dimension 60 {MEMAZZXL)
WG -AN-5-060-035-050-.,

1 MR A[imn) L

B ¥ ¥ —  davIC

flange dimension £6 (NEMAZ1)
MUT-AN-5-0E0-035-056- ..

nftmin] - 1030 10.000

AL 1 an

Llaracleisi Besed snogeile slep nsa

Wt QLS de MO T-AN-5_EN_2CTTT181
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stepper motor MOT-AN-5 . ..

QS

dimcnsion
MG <AN=5UED-, | L Aa00

MOT-AN-5-060-. . P1-A-AANS

L Lx

IMOT-AN-S-I]E:D-...-M-CMG

EI Lt
[ |
1 A I_f"'-
(™
| ©
B &5l
I F . S
{®)
L] l—' T Vvt
[MOT-AN-5-080...-M-C-SAAD
_ i L3 = o B
& .
i _—
—I o ! il
f — -
| x.:]‘-‘:l 1
ul =t F= f |
3 al ©) . € 1
. ©) *
i i -
| &) —i ) O3
Iy Bl Bz B3 01 CZ (k3 L1 -2 L3 L4
| Imm) | mmp| & ey wmm| |erpwm)| e [mmy | e | g
1,2 03 =1 £1
FACH AN IE-L L] Pty 4401 1,1 ! il g 40 4 wi |
PAOT AN NEL R LA WA AR, 427 S0 15 S 1 40 Til 20 ¥
DT AN 050 C0E O W3 2SR 123 31,00 13 500 B 21,0 [ ] i
AT A F DEG DS D47 MW 0 ABAL 123 31,00 135 £ I 20 s [ za |
FAOT AR5 0E0-CA0- 0 E- L0, i i 4 ! fidh 4.0 R i 14 k]
AL AN LD P, B a0, 4 13 EEE) B AU At IR
PO T AN DE0.CIC. D5E M0 T ] 474 13 635 5.0 218 EL 1A 5
TACHT AR5 UG L2LLW MWD SASL i A4, 13 53 0 Fail] 134 1.5 El
FACH1 PRI TS Bl 4004 1 B e T M 16 | ¢
FAOT AR NEL- LR LALLM AAAN, i a7 4 15 LNl 45 Mk 11 16 T
TAT AN 000 L35 D00 W S AAAT 00 A7, 13 20 1% 220 10 1.4 7
FACTT AR E (B 5 DED B 1) AAAL Eil 1 4604 1% B 14 Al 140l 16| ¢
I e i 1.l 4l 4 141 EG A T E
[rac s o5 L-B-C-al B S ar 1400 i eI L 2 ]
IM':I'--"'.".I-‘.':-I]SE-EE'E-:'.!'!E-M-I'.I-FI'.I".E Ead 63,40 ar 1400 6 A 170 20 q
WA IO LS e MWD -AN-E_EM 20111187
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stepper motor MOT-AN-3 .

cable

art numhber culber jackel typ __' canle IEI'Iﬂ!!It plug
flange dirmension LH{NEMA 1), SE(NEMAZS], SO[MEMAIIXL)
motor cable
MATEO4 37T TFE CRECF.INI 3 straight
MATE24 3718 TFE CFE-CF.INI S straight
MATE 340 TFF CF3-5F INI 1r straight
MATEAATSZ TFE CRE-SF.INI 3 argulate
MATETAT TFE CFES-TFINI 5 argulate
MATEM IS IFE CFE-2F. NI 1C argjulate
encoder cable
MATS24 32504.3 FC CF240 3 straight
MATEO432504-5 PG CF340 & straight
M| B0 3255410 FYL U440 1 straight
MATE24 36420 2 Ve CF240 2 argulate
MATS2436430-5 iy CF240 ] argulate
MATS 3643010 B CF240 1€ argjulate
Imﬂqa dimensicn 36{NEMAZA)
motor cable
MATE2430520-3 PUR CF7EUL 3 straight
MATS439520-3 PUR CFFELL Eil shiighl
MATE439E20-10 PLUR CF7E.LL 1C straight
encoder cable
MATS0430210-3 G CF211 3 argulate
MATE439218-5 iy CFEN a andulate
MATEOL30:18 10 BVC CF2 1 argulate
flange dimension 42{NEMA1T), S6{NEMAZ3], BONEMAITXL)
brake-finitiator cable
MATSMATIE TFE CRE-ZE.IMI 3 straight
MAT2METIT TFE CF2-ZF.INI E strakght
MATS4 371G TFE CRECZE.IMI 1C straight
MATS243734 TFE CP3-CF.INI 3 arggulale
MATS 3725 TFPF CFA-CF NI 5 argillate
MATEATZT TFE CFE-CF.INI 10 angulate
plug siraight plug angulate

wharw IQUS de WD AN-S_EN_2CTTTIRT
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stepper motor MOT-AN-3 _ ..

[component part

motor flange

part number flange dimeneion/motor linear fakle rraterial
MF-1123-MEMATT 42[MENATT] SAY-0630 palvmer, Black
MF-2C40-MEMATT 42{hEMATT) SLWIELWESSAMI104]  aluminiar, black anodized

SHT-/EHTCSSHTE-12

MF-2C4N-MFRAZS

A6 & RN ERAZIRIEK] )

R TN ST AT [ E M
SHT-"2HTC-SHTS-12

aluminiar, hlack anadized

MF-0EG0-MEMATT-S A2IMEMATTE FLW-0550 Aluminiam, cear ancdized
WF-0E30-MEMAZI-S 56 & BOINEMAZI&2ENL)  ZLW-D530 aluminiar, cear ancdled
MF-1C40-MEMATT-S 42[hEMAIT} ZLW-1240 aluminiim, cear ancdzed
Mr-1040-MCMAZI-G 55 & EQINCMAZ3R23dL)  ZLw-1240 aluminiam, c=ar ancdieed
WF-1C40-MEMA3-L A6 EMASY ZLW. 1240 aluminir, cear ancdized
MF-2260-MEMAZI-E 56 B BOINEMAZ3RI3AL)  ZAW-1040 aluminiam, =gar ancdied
ME-1EGD-MEMAI-S HE5| M ENIA LLW-1560 alumniniam, black anodized
spacer
part humber flance dimangion/matar  linear takle rratarial
STY-104001 4ZMENS T} SLW-SLWE-1040 aluminiam, cear ancdized
55 & BDIMEMAZIEIZXLY
ETr=12 100 4Z|WENS 1T} EHT-SHTC-EHTS-12 aiuminiam, blug=grey anodized
55 B BOINEMAZIRIZNL)  SHT-12-PL
ETr-201501 35 & BOIMEMAZISZSXL}  SHT-ZHTCSSHTS-20 alurniriiac, blus=giey grislizsd
coupling
part number linear takle flange dimensicr/imeter
CiaLU-AR-K-050-000-25-26-B-A4MB ZLW-0350-B 43EMATT)
ZLW-1240-B
ZOU AR K 020 080 25 26 B AMAA ZLW 0330 = 42EMAT S
COLU-AR-K-050-100-22-32-B-A004 ZLW-1240 A2EMATT)
SLWSELWESSANM-1042
SHT-/EHTCSSHTS-12
COU-AR-K-050-080-25-36-E-A0085 SAN-0530 AZMEMATT)
ZLW0550-5
CO-AR-H-063-000-25-26-B.404F ZLW.0350.B BENEMAZT)
ZLW-140-B
FAW-A040-F
ZiLU-AR-H-063-080-25-20-B-AA85 ZLW-0550-5 LGCEMAZD)
COU-AR-R-063-100-22-32-5-A080 SLW-SLWESSAW-1040  DBINEMAZS)
EHT-/EHTC-EHTE-12
ZLW-1240-5
ZANN-1040-%
COU-AR-K-063-120-32-32-B-A008 SHT-20 hEEMAZY)
COLU-AR-K-030-000-25-36-B-A0LE ZLW-0330-B G0 EMAZIXL)
LWL
Z8W-1040-E
COU-AR-K-080-100-32-32-5-A088 SLWSSLWESANW 1040 G0iNEMAZIXL)
SHTEHTCSEHTS-12
ZLW-1240-5
FAW . A04N.5
COU-AR-H-140-100-32-32-B-Ad44 ZLW-1340-5 BGHERMADS)
COU-AR-K-140-140-32-32-B-AAL4 ZLW-1380-5 BEMEMATY)
et 10 IS da MCH AN-S_ER_ZCT11181
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stepper motor MOT-AN-3 . ..

camponend part

initiator
part number

e

IMI-AE-1-023-A-A0

n.o. (FMFy

IFJI-5B-[-025-B-Ad

n.c. {PRF

initiator bracket
part number
LEY-10402°

Inear fable
ZLNU-DBAC, ZLW-1040,

ZAW SAV.DAE0, SAW-1040

material
aluminium, black ancdized

technical data initiator

supply velags

[¥DE]

10...30

switching currznt mas,

[m]

no-load curmcnt

[m]

103
n

ambent iemperahes

[

Fdn ...+

witching requency rmax.

[Hz]

3020

ulllisation czlegory

DCA2

haress pratectian

PG/

reacting d siance

EL

25

oA I s de

MWD AN-S_ER_2CTTT181
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Appendix F: Complete specifications for drive unit

robolink™ Joint kit — Documentation [#1; 2012-03)

Drive units

Drive modules can be optionally assembled in drive units. In this case, the entire wire
feed mechanism is assembled at the factory. A completed module then consists of &
customized articulated arm, and a pre-assembled and tested drive unit, igusa" offars drive
units starting at 3 DOF. Orive units for 1 and 2 DOF are available upon request.

T

Fig. 39: Complate system = maximum deifverny scope

The following options are uzer selectable for these systems:
+ Articulated arm with 3-5 DOF per specification (== Section - Articulated arms)
« With or without angle sensors in the joints (== Section - Sensors)
+  Tube lengths per specification {standard = 100mm, max. = 1,000 mm)},
«  MEMAITT or NEMAZ3 motors, connactor ar strand conductor version,
+  Grippers or suction cups per specification (== Section - Actuatars),

Other options (not available from stock):
+  Step motors with encoder andfor brake,
+ iMher reduction gearing,
+  Special designs.

Fig. 40- Complefe system drawings 1} with rofating joint. 2) with VWSLE-007

igu&;m GmbH | Martin Raak | Tel +49 (072203 9649 409 | mraak@igus.de 21
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robalink™ Joint kit — Documentation (#1; 2012-09)

Cemglete units have the following specifications:

" 12 b h | ges.

DOF | Pos. NEMA17 version [mm] |[mm] [mm] [mm] [mm]*) weight[gr]*)

7 | RL-50-DOF3-07-AEK3-17 256| 210 80 Zd40 8C1 5.415

3 |[RL-50-DOF3-DB-AEK3-17 2536| 210 80 240 act 5.415

9 [RL-50-DOFJ-08-AEK3-17 236| 210 80  Zzd0 act 5.415

3 10 [RL-50-DOF3-10-AEK3-17 2536| 210 B0 Z40 8c1 5.415
11 |RL-50-DOF3-11-AEK3-1/ 236|210 80  Z40 979 5.585

12 | RL-50-DOF3-12-AEK3-17 230 210 B0 Z40 630 4.995

13 |RL.50-DOF3-13.AEK3-17 280 210 80  Zz40 630 4.995

14 |RL-50-DOF3-14-AEK3-17 250|210 80 Z40 ace 5.150

15 [RL-50-DOF4-15-AEK417 | 3:6[ 310 80 240 930 6508

16 |RL-50-DOF4-16-AEK4-17 356| 310 80 240 930 6.875

17 |RL-50-DOF4-17-AEK4-17 36| 310 80 240 920 §.819

18 |RL-50-DOF4-18-AEK4-17 256| 310 80  Zd0 920 §.875

19 |RL-50-DOF4-18-AEK4-17 356| 310 80 Z40 1.108 7.030

4 | 20 |RL-50-DOF4-20-AEK4-17 356| 310 80 zd40  1.1c@ 7.030
21 |RL-50-DOF4-21-AEK4-17 30| 310 80 240 037 5.610

22 |RL-50-DOF4-22-AEK4-17 330 310 80  Zzd0 837 6.610

23 |RL-50-DOF4-23-AEK4-17 330 510 50  Z40 937 6.610

24 | RL-50-DOF4-24-AEK4-17 330 310 80  Z40 837 5810

25 |RL-50-DOF4-25-AEK4-17 30[ 310 80 240 1115 6,760

26 |RL-G0-DOF5-26-AEKS-17 450 410 80 240  1.066 8.0r0

27 | RL.50-DOF5-27-AEKS-17 430 410 80 240 1068 8.070

5 28 |RL-50-DOF5-28-AEKS-17 450| 410 80 240  1.088 8.0/0
20 | RL-50-DOF5-20-AEKS-17 430 410 S0  Z40  1.086 8.070

20 |RL-50-DOF5-30-AEKS-17 430 410 80 240 1244 8.220

31 | RL-50-DOF35-31-AEKS-17 450| 410 B0 z40 1.244 6.220

*} only appies ta geomernc configarations vith stardard sube lergth = 100mm

Tabie 4: Complete system specification with NEMAT7 motcrs

igas® GmbH | Martin Raak | Tel. +49 (0)2203 6649 409 mraak@igus.de
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robolink™ Jeint kit — Documentation [#1; 2012-09)

il 12 b h | ges.
DOF [ Fos. NEMAZI version [mm] | [mim] | [mra] | [mna] | [ | wweighd [gr]*)
7 RL-50-DOF3-07-AEK3-23 08| 260 B0 | 240 351 8.065
B RL-50-DOF3-08-AEK3-23 30| 260 BO| 240 351 B.955
3 RL-50-DOF3-09-AEK2-23 08| 260 80| 240 351 2.065
3 10 RL-G0-DOF3-10-AEK3-23 33| 260 Bd| Z40 251 B.965
11 RL-50-DOF3-11-AEK3-23 306|260 BO| 40 1.028 8113
12 RL-50-DOF3-12-AEK3-23 30| 260 a| 273 fiEl B.E45
13 RL-50-DOF3-13-AER3-23 30| 260 0| Z7a &0 B.545
14  RL-50-DOF3-14-AEK3-23 0| 260 Bo | Evs a=a 8,71ad
15 RL-50-DOF4-15-AEK4-23 58| 310 80| Zdd 230 11.475
16 RL-50-DOF4-16-AEK4-23 358 310 a0 =40 220 11474
17 RL-G0-DOF4-17-AEK4-23 5| 310 B0 | 240 830 11.475
18 RL-50-DOF3-1B-AEK4-23 58| 30 B0 | 240 230 11.475
19 RL-50-DOF4-19-2EK4-23 356 310  BO| 240 1108 11.630
4 | 20 RL50-DOF4-20-AEK4-23 58| 310 20| 240 1103 11.630
21 RL-50-DOF4-21-AEK4-23 420( 370|  BO) 375 BET | 11.210
#2 RL-50-DOF4-22-AEK4-21 420| 370 80| EV3 95T 11.210
23 RAL-50-DOF4-23-AEK4-23 420| 3T a|  EZva 057 11.210
24  RL-50-DOF4-24.AEK4=23 40| 370 0| Zia 957 11.210
I RL-b0-DOF4-2h-AEK4-23 4:0| 370 oo | Zvs 1,175 11,360
26 RL-50-DOF5-26-AEKS-23 30| 480 Ba | Iva 143 13,720
27 RL-50-DOFS-27-AEK5-23 530|430 B0 2¥a 1136 13,720
5 28 PRL-GD-DOFS-28-AEKS-23 S30| 440 0| &G 1136 13.720
M RL-50-DOF5-29-AEK5-23 530|430 T B e 13.720
30 RL-50-DOF5-30-AEK3-23 530|430 0| i3 1314 13.6870
M RL-50-DOF5-11-AEKS-2] 30| 400 0| &3 1514 12.070

*Lanly apes ba ganmecric ceofic arations wik stardard ke lardin = 100wm

Tabie & Compigte eystem specification with NEMA23 mofors

igus“ GmbH | Martin Raak | Tel +43 (0)2203 5645 40%  mraskidigus.de
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Colour coding of rope

Motor order & joints Joints Rope colours
Motorl: jointl Rotational Red
Motor2: joint3 Rotational White
Motor3: joint3 Pivot Yellow
Motor4: joint2 Rotational Blue
Motor5: joint2 Pivot Black

Rope channels to implement movements

The internal diameter of the rope is 50mm. Rope channel for the pivoting and

rotation movement are as follow (IGUS, 2013.):

. 90°=n x d/4=~ 39mm
. 180°=n x d/2=~ 79mm
. 360°=n x d=~ 160mm

Dimension of multi-axis joint

The dimensions of multi-axis joint of robolink that is used in this project are as

shown below in the figure (Fontys, 2013):
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Appendix G: Technical Datasheet of NI 9501
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Appendix H: Technical Datasheet of cR1O 9074

Technical
NATIONAL Saes
United States
INSTRUMENTS (808) 5314285
nl@nicom
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Requremants snd Compatbily | Ordering iformation | Cetalled Specifeatons | PincusFront Parel Connections

Lasl Revined: 20110878 1019479

CompactRIO Integrated Systems with Real-Time Controller and Reconfigurable Chassis
NI cRIO-907x

* Intograied CompactRIO systems with & reconfigurble FPOA chasals and ambedded  « Up 10 400 MHZ resl-time processcr

Tl S conor « U 10 256 MB DRAM memery, 512 MB of namveletie stornge
» Lewsas-chat systams s igh-vokins OEM appllstions + U 10 s 10/100BABE-TX Emerrat ports weh Bulk-in FTPHTTP servers and
« Up 1o 2U gate reconfiguable FPOA LabVIEW remcte panel Web server
» & or 6 siots for C Seres WO modules » RE232 sarial port and avaleble UES pon for peripharsl Sevices
Overview
N RIOHO07x Integrated systems combine an indusiial resl-Sere and fy Sk pate amuy (FPGA) chasals for industrial machine control end mentoring

wppications n-uemo-'nnmnn,n.mlm.mmmmummﬁmwkmwmmnmnmmpwmaum-mu
SOO-0078 integrated system conteins & 400 MHZ real-fme processcr, o four-siot chassis with an embedded, reconfigurable LX45 FPOA chip, end 8 high-speed LISE pon. Both syslems featiure
Bul-n noewolatle mamcry and & Ul islecant fle system. The tew four-aiot NI cRIO-0075 end NI SFOO-0078 sysisms provide & coatoplimized solution for high wolume deploymants and OEM
spplcations.

Beckio Tep
Requirements and Compatibility
08 information Driver information Software Compatiility
ViWorks NRIO LabVIEW
LabVIEW FPGA Module
LAbVIEW Professicasl Development System
LabVIEW Rasl-Time Modile
Back o Tep
Comparison Tables
Progust Module ProcectorZpeed ..  DRAM Intsrnal Nonvolatile 1W100BASE-TX  R3232 Serlal Power 2upply nput  USB
slots (MHZ) MB) 2torage (MB) Ethemet Port Port Range Port
NI Epartan-3
, 8 28 n ] 128 yeu yes 191 20 VDC ™
NI Sparan-s
g 8 28 s o 128 yeu yes 108 20 VDC "
NI Sparan-3
.8 0 s 128 %8 yos (Dust) s 199 30 VDC [
13 WWW.Di.com
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Produot Module  Proseccor Spsad FPOA DRAM Intarnal Monvolaiiie 1M IDDBARE-TX RE23Z Serlal Power Supply Input  UZE
Bhols {MHz) MB] Storage (MB] Ethemat Fort Poat Range Pt
Hi Epariand
- 4 L] e i E ] ] ] din VDS L]
1] Epartand
.t 00 Lnes FEr] 52 o s ITE 1 s
Back 1o Tog
Application and Technology
Syctsm Configuration
Thasa NI CompadRad raadire contiolle cofmbing @ - of sighl-aks dguikie chissis inle an imegited syiteim Tha wai-defed FPOA dreulty i B chiaih confols sach B0 moduls

mwmummmnmlmluumwnmnwm

g MM

MRS Spartin-d 2R AR A 120

MUZRIO-U bpartared 2R G- Al 120

MUZRID-9075  Sparcer-s LIt 21051 38 R

NUZRID-9076  Spar e LM4E 43031 Bl 1D8B
FPGA Rescusia Compartson

Thum-hwupuwmmcmmmuAnuqﬁmmunnmmwmmhmummm-mmuw‘mwu
£80 V siruilsnecus samplng anaiog UL 12, 34, and 43 V indusinial digital MO; S VITTL dighsl MO, iiirrmnts, Ul garmiabon, and high votaged nalirys.

Tha 104900 Wlbsitass Ettanrmal pearl mbesws for programimili: cofmmunicifion o he mabwerk ot the cRI0-00T4 farbns Sl Ettamal ports, which alows ke (e uee of ofe pon lof neiwark
comrunksation o @ sl PG of snlepiiee systam and the ofer pon faf axpanslon W0 |meally conmes afoter CompietRli0 syilem of mofe Ehermel-baied devce fof addiionsl 101 Tha new
SRIO-RETE ke Teabunis @ LIBE 2 0 pon lor dets sisrage and confection io periphenl devios.

Hl CoarmpacBiCn i the abilly 1o by syhchronized with an SHTP e sefval o @ fetwark and the cR 100072, cRIO-DOTS, and cRIC-DOT4 oo feabae b bullkin Beciup bledy & Miiin
eperation ke the RealTime Clock shah adeimel powed & refreved. The GRI000TE snd SRIC-DOTS do nol coniein & bk batlery fof e RealTire Clack.
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Back o Tep

Ordering Information
Fer a complels kst of sccesscrien, vist the product page on nloem
Produets Part Recommended Acceccories Part

Number Number
NI eRIO0072
RIOHOT2 E-Siot Intograted 266 MH: Real-Time Carir, 1M Gate 77908801 Connector Block: Screw Terming - N 0472 4pos screw leeminel power supply plugs 108058-01
FPOA (quantiy 5)
equires
NI cRIOD0TS
SRIOHOTS £-Siot ntegruted 266 MH: Real-Time Crlr, 2M Gate 78047101 Connector Block: Shielded - NI PS-15 Power Supply, 24 VDC, 5 A 100-120200-240 VAC 781083-01
FPGA Irges
feaquires “Aso Avaledle. Scrow Temnel

Connector Block: Screw Terming - N 0970 Strain relef AR for 4-pos power comedtsr 108058-01

NI cRIO2078
SRIO-H0TE 48kt Integrated 400 MH: Real-Time Curlr, LX&S TE1T801 ty . - NI PE-15 Powsr Supply, 24 VOC, 5 A, 00-120200-240  781083-01
FPGA VAC gt
Requires. 1 Connectivity Accessary
NI cRIO0TS
SRIOHOTS 4-Siet Intogruted 400 MH: Real-Time Carlr, LX25 TEIT1501 C - NI PE-15 Power Supply, 24 VOC, 5 A, 900-120200-240  781063-01
FPGA VAC Inpet
Requies 1C 2y A
NI eRIOD0T4
RIOL0T4 E-Siot Integruted 400 MH: Resl-Time Cirlr, 2M Gate 77900001 < ctivity A 8 = NI PE-15 Power Supply, 24 VOC, 5 A, 900-120200-240  781083-01
FPGA VAC leput

Requires 1 Connectivity Accesacry

Backio Tep

e ots fof lrge project develipment ) b uiEW FPGA Module Create your own JO tardware withawt VHDL coding of
i code O using DAG Assistant and toed Sesign
m-ow s i vk FRGAs en N nfg w

Tight integration with & wide rnge of hardwers {FI0) hardware tergets
Advarced messutement analysis and Sgoital signel Defne your own contil sigofthems with kecp fates up
procesaing 300 M-z
Open conmectivly with DLLs, ActivelX, and NET cbjmcts Exmcute muipie tasks simuftanecusly ard
[~ 10 bulld DLLs, hes, and MS| catanrinistcaly
Implement custom Srrirg and iggering loge, digtal
protocels, and DEP algorithens
ncomparte exdsting HOL code and thisdpaty P
Yy CORE O &
Deaign el tiorm with LabVIEW
greshicel programeming
Download 1o dedicatod NI of fikd-party hacdwers for
relable execution and & wide selection of VO
Taks advanage of bullt-n PID control, signel processing,
ardd enalysis Lictons
lake pe of CPUs o sat
processcr afinily manualy
mmmmmmm
GG P, end board suppon
wmm-mdmuw&-
bunde
Back to Tep
Support and Services
N systam we igned 1o make It even easier for you 1 own an N system These progs inchude conf and sarvices for your NI PXO, CompectRIO, or
memummmmm.mw—mmnmmnwmwnmmwr-nym
mmmnuuwmmMmmﬁmmmmmmm 1o create

l Vum“wmm“hmmuﬁmmmWmmmmnﬁum”-\ymm
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recabvn dyaler-apacilc documentation inchuding o bil of meleriek, &n imegration st repart, & cheed Fr piin, and fraguently esked guelon Socurents. Finaly, he demded
program feducin T total coal of ewning an K sysbem by providing Hhies years ol saranty covensge and calbration safvice. Liss th oniie product advisens ol nlcomisdviess 1o find @ systam
ST PPOQIRM L Ml ol feainds.

Callbration
W tarate b calbrated i afdune aceatucy wnd vartly thil B devics b By publibed specfication,. To sfdune B Ghgoing seumey of your Muslmmen
tardwaie, Wi ofar baike of delaled necalBnvlen Sardion Tl provides ofgeing 120 0000 audt campl i £ fich LT T liniify rede aloul W calbralon darvion of

locate & gualifed sardon conler naar pou, coflied your el sabin offics of visll . comizalibmtion.

Tashniloal Support

Gl ammers b pour echiicsl quedlicns wing the Sslowing Natlonal inlnments Mdoure.
Buppon - Vsl i somisuppon i s th Nl KowisigeBaie, axmpls prog e bt of o conlee ouf applcationd ngiteers whe §re locied in NI el ofice around the werld

nd apma lhe eal WG uage
Discmnaion Fonims - Visk fonsrs nlcom for & dhers sl of diossion anﬁu,-mmm

Onlles Commmaity - Vil communlly nloom i find, coniribue, of collal ribusined Wechilcal conlenl with userns B pu.
Rapalr
Wt s g e fews yous hardwirs fegained, N nderatards et S wemnty oy e & pecEaacy fecesta W o tecelt services pertarred by fighly Leired techn ks et
uichly ralaim peur diics with the guararies thil & will periem io lesery Meatlom. For mees il o, vialt il LTeN

Tralning and Certifloations

Th il rabing are cirbfisbon rgram ddvsr h fael, meat s ol s pricincy e praductivty g N scfhwars rd hardsre, Triring tukds e kil 1 mere oficunty
S fotusd, mah et i, whis s feation v kdates oo browledge ans asily.

Clmmarcos trainisg In citios wor kit - T mest crrpr eteab hans-on baining g by ang e

G-t trainisg a8 your ecility - an aszlent optisn b b rulipe emekpes o e e e

Ciral o It f-bol rising - kwedi-iorl, Fofinle aiing  chisdee i o ohehli ool @i Aol peddlbi.

Ciomrnon kit - lewwiril-conil, sal-pacad raining Dl you can e &5 relsrenon Quidin.

Trisiniag memisermips ard g S - 1 buy row 7 s Taking e
Wil s e Fe e st

Extanded Warranty

Wl oiffera oplions for ivisnding B atandard product amanty i mesl the [e-cycls requinsmants of yoor project in esdtion, becauss NI undersiands thal yeur fequinemants mry changs, te
Etraeed waitarty b Amtie b gt and saady e For e rdarralon, vad nl ooty

OEM
Hl offers daighein g and piodud el L ¥ you need NI produds er OEM applcations. For informalion aboll spedel picihg and sefvioss lor OEM caiomeds, vl
iR,
Alllanos
Onr Profeiiol Benvices Tasm b comprbed of Nl apleat i i & g Barrioas, and & workbvids Wbl irdnments Aleso Pather progiam of mons thin 700 independant
consiilanis and inlagralen. mmmmmpﬂmhmmwmnlmlm
Eack o Tog

Detailed Specifications

Tha folivwing apaciloation s fipseal for the — 20 ie 55 opemling lamganuking Aing uhies sthenwis ol

Metwork

Halmerk ket 10BasaT ard 100BasaTH Etwirai

Compubtaty EEE 8323

c e 10 Mtgs, 100 Mg, auto-nagotisied

Whazitrum catsirs Sutanze 08 misagmant

A3-232 Zsrial Port

Wit i bt TR0

Dista s L8714

Banp bits 1,2

Pty O, Even, Mark, Epace

Flew el RTE/CTE, XOWMOFF, DTRIDER
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2ME Connsotor {pRID-BOT4 Onily)
Dutpus Ehatactersticn
i bgh-beval oulpul vollage

Wt —100 (A setpit cumant

"Wt —18 i, sutpurl curment

WAith <24 A, culpul curment
Mz iow-leal oupol vollegs

"tk 100 (A outpul currend

\With 18 s, ool current

"Wtk 24 s, outpul ELrrent
DCishvar typs
Whixdfriim ainkfouion s
Whaxirrim State sipad i age sutent
Ingret Char cturistes
Wiirruim nped voltage
Wi knw-iesl FRUE volage
Blaadfrim bigh-arel inp wbage
Maxirrum gl velage
Typial inpul capasitancs

Typicsal s bthom srapeing

Moyt

Spaleen marery
ReoonBgurabls FRGA
ERI-NITE

Murrbar of g oaki

Frudbinbin i Sed FAM
ERIC-ITE, SRI-R0T4

Murrbar of lagie caks

Akt nfrdved 3 FAM
Imternal Rsal-Time Clook

Aszuracy
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FEA
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a
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=24 ik
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EEW
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T EaY

128 ME
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48 pad
T20 s

200 pper, 35 pain al 25 0

A Caution You mu use o Matensl Elscirie Coss (REC) LIL Listed Clis 2 powes supghy with S SRI0-D0TH3

Rz rirmended power supply
Frwal efsumetnn

Powar supply inpul range
Phiyeloal Charsoberictos
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rhukitioh iFipEed o M afd
Torgue for sciew laiminals OSmOAN mEd4 53k R
Waight 2Pg T ar
Safety Voltages
Contsel only velagis Bl s wihin teda s
W el e larrinel 35 e, Meaarsereiran Cabagory |

Meaiiurament Calagofy | B ki feunafens paformed on ciicults ol dineclly confecied i e aeciion] daribation syiber filemed o e MANE vollige. MANE b i
hazardeus v wicirical supely wrilem that powes sguiprant. This calgnfy & for measurements of velages fomapecally protecied sexndary ot Suh vllage
ittt okt Akl v, agncial es i, Imibedaraigy pits of S, Sils preered by g ied kel wouit, and seclis

R'i\‘. Cainion Do net nhed B ystam 1o sighats of ise fo within b Catagadies |1 01, o .

Zatety 3tandarde

This precusct b disiig e L il i Piguirarrnnts of the Talowing dtindaits of safay lor sbectilcal aquipirant fof meksLimen], contial, and Bboriesy i
IEG Bidid-i, EW a1
UL 810181, CBA #1010-1

J_ﬂ:}' Kok Fai UL afel ol dabely cortficalions, fabed 1 T prodes] libal of thi Oaliee Procuc! Cafifcalos iedish

Elesiromagnatio Compatibllity

This oot et s fecurermants of D Elowing EWG standars for ekeil squprmn fir oy, e lberalery uie
EM $1308 (EC S1238) Class A ambsion indusiFial imemsity

EM 55011 (CIEPR 1) Group 1, Cliis A embiaions

AZNIE CIEPR 11: Group 1, Class & emisskons

FG &7 CFR Pan 158 Class A amision

ICES-DU: Class A urmissions

f_ij st For it dlandinds spplied o saseis the EWC of fibs product, refer lo the Onlies Produsl Cesffcation secion.
J_*.f)' Kt Fer EMC complianca, oparsts Bis produsl asesiding 1o B Socumeniation.

CE Compllanos

This preduct ety th sksenbal eguin ol pplealis European Diciivs, i armaded for CE mandng, o felows
D0SDSES, Low-volags Directva (aaty)
2O04VBEL, Elsetromagnate Compaliity Dimstive [EMC)

Online Produst Certieation

Rifar b i podus Declamon of Confomity (Dol ke addBianal i in nl: ke T sl produe satilealons and tha DaC for thi produd, viall
m-nm‘—'ﬂmm.tmmhrmdnkmm“mdﬂhtuddchmwhhwﬂm

Environmenial Managemsni

Mt i iad 0 designing and sacduiring precducts in an ud I b reafuint. NI Peognite thal sliminating ceriein hazardeus
sisbbinens o o products b baraicial net only o e i b st 1 M e

For addiional afre i ik oh, felar i B W e M End Wl page ol nl . Thiss page conlaing B afvin | Feguiiitions and S

it which NI compliis, i Wl i GThT iR Imental IO RoLINCLISS I T Aoeisment
Wists Ehectiical and Ehectross: Equpmest [WEEE]

EU Custimars AL hi afd of B podid B cyeh, il prodicts mis be el 1 & WEEE mcyeling eanlie. Fir mae Mimmwm Mtk il

Ej [ WEEE Inithifvma, ard a with WEEE Directvn J0204EC on Wiite Elecirical and El e E i whall nl i 10
—

Batury Raplacamest and Mipossl

Thisi dvies caftaing & kng-la ool ool bafiery. T you foed i faplic I ua e Relurn Malsdsl Suhorzation [RMA) procass of comlied i dulharited Malenal einirens
ko fnprasa s

Adtee raplaernen], racytie e i battery. For adsSSenal nbimatisn, vl i !

Hazardoue Looations
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IFegiink pribieten

Cperating hurridty | EC S0083-2-58)
Eanuge humidity |IEC B0088-2-52)
W rrum alitude

Prsliutisn D [IEC S0884)

Ehook and Vibraten

Opaniting shac (IEC B0088-2-37)
Cpanating vitnlion, madem IEC S0086-2-84)

Cpetiting visnation, snusokial {IEC S008E-24)

Cabling

10 b D A, noncondenaing
5 i D58 RH, Ronoshdutiing
2,000 m

2

T sl thises apaciicaions, you musl panal mowsl the CompedRits system and aftx femubes 1o B end of the poser rminel wine

50, 11 il ekl s 50 i, 3 i il ko, 18 shiois i 8 ailabations
E e 1015 500 2
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The felkwirg tisble shows th slandard Efrm cabibs withy conficions for both nermal and croavr cilbbin.

Ethrnet Catds Wiring Conmmctioes
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Appendix I: Technical Datasheet of NI 9401

Technical Sues
NATIONAL Urited Sates
VNSTRUN!NTS (808 5318785
@i com

Pt | Elgmat s Page | EF Opan Docusment as POF

=d C thity | om-mu | Cwtabed L | PincusFront Parel Connections

£ by umccats 430 DAY IBegR, W B STEAT SAge WEAICES OB OF ¢

Lanf Rovined: 20100070 1749:44 0

NI 9401
8 Ch, 5 VITTL High-Speed Bidirectional C Series Digital 'O Module

« B<chantal 100 ns ulrshigh-speed dgial VO o Industry-standard 25-pin D-8ub comnectar
« 5§ WITTL, sinkingourcing dgital VO » Hol-sweppabie operiion

« Bidirectond, confguratie by ritb (4 bis) 4015 70 °C cperating range
Overview

The NI §401 is s eight-channal, 100 ns bidisectional Sigital input C Sarles madule for any NI CompadDAD o CompectiiO chasals. You can configure the drection of he dighal Ines on he NI 9501
umamqmﬂmu;m YU SN program the N D401 fer theee configurations - sight dgitsl inpus, eight Sigiel outputs, o four Sigial inputs and four digitel outputs, With
gy (CompactRIO only), you can cie the NI LabVIEW FPGA Module i progrem the NI 0401 R Inplamenting custom, high-apeed courntecimerns, Sgital

douth pb‘, on, and much more. Each channel is compatibie with 5 VITTL signels and fastures 1,000 Vi bansient solition betwsan the 1O channels and the
tachplare

The NI 9054 (o othar 25-pin D-Sub connecior) is required fr use with the NI 0401 module. The madule oludes o screw-tanmingl comnector with strain relef s wall &s & D-Sub sclder cup backshall
for craating custom cable sasemblies.

Back 1o Tep
Requirements and Compatibility
02 information Driver information Software Compatidiity
Ree-Time 08 N-DAGHT® LabVIEW
Winzows N-RIO LabiWingowaC V1
SignalExprens
Viscal Bdio
Visual Budie NET
Back to Tep
Comparison Tables
Produot Name Signal Levels Number of Channelc Conneotivity Speed 2peoclal Features
N 9401 m ) 25-Pn D-Bub 100 ns Sidrectional nbtle configurable
N W 4 BNC S0ns Bithecticnal sht on e % by chennel
D403 m 2 37-P D-8ud T Bidrectional, configuretie by Ine
Back to Tep
6 WWW.Di.com
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Application and Technology

High-pearforrrancs dgital oulpul and swiiching madulss i N CompactDAD systers, Compaai0 smbadded sysiemi, and R Seied expaniisn chinal provide adensed voliags ranges snd
high-cumeni-swiching capaciy for direct conirol of & wide amiy of indusinal end aulsrolve scusiors. Eech modi lesturd an inegaed confdsr junction bex with schewdrmingl o cibla
ofilins fee Maxible, krwcoat sghal wirng, Al meduies beature Cempacti wxbeinm niuslial cotfealin and iligs peliding 40 1o 70 °C opanting larmperluie and 50 § ahoek,

etwr used i CorpaitRIC, I G Serte dighsl il moduis cenmel Sty i o gurable U0 (RI0) fald-programmakie gne arvay (FPOA | haidwar 1o caah bgh-park e
pilirms. Tha racarifurasla FRCIA b ithwari wilth CompactRI0 prevides o vadety of option Fei Linisg, Nigger iy, sphshenCation, Sgiul ek S ——— it Fov
Insianee, with Compaeiic), pes ean iplement & Sl panensis pulse-wilth modulatisn (PYAL) euspiss, r eoniTling motors, hawiers, of lrs s well ih 1 paribims s cods mesduiten
anvzising (POME) 1o siraiens ety appieaticns.

Tha © Saties barchonte fandy tune mevs thin 50 fee s rodse and seanl s and eaniers f deplsyment. Wt ik variety of eedules, you enh s and malch meas ussments
such i empaniture, sccaleiulion, few, prasaiim, Sirein, eccustic valage, cumment, Sgil, and mene le chasli @ cusiem syatem. inatel e medubes i oo of sevensl carien 15 deate & shgle
radiin LUEE| Ethernet, o WiF] systar, o szirisine Usarh bt chisdis such s Wl CompastDAG and CompastRi0 o creale o mied-rasutamen! syslim wit sphoivonied mmsraments ¥ sn
install 1 e might esbule i siimhe, compheln NI ComimelAC UES dals sequiifen systar i synsheenite all of th analeg sutpul anag inpul and sSgital W0 bem the rosues. For o system
wethinsl i P, CormuetRIC heish Lp i aight s and faslipes o BUR-A procesder, FAM, and siseige for an ambedSed dati kegger oo conbel UniL For higherapeed s, CompeRio
il g o fld-pegranmakle et sty (FPOA) Bt you san piogram sith LabVIEW sofean 19 achieve sliens-soasd proomising oh [0 data fem G Serdes modue.

ek I Teg
Ordering Information
Fir a conmphain il of eccmoned, visk the product page on Al som.
Produsis Part Number  Recommendsd ASDBEEITIBE Part Humbesr
i a0 Countes Frontiosnt Ao
il il with Froni-Mount Accessorias TR0 Terminal Block: scrowTaminal - ki @24, Froakmoud 35-pn D508 to screw larminals TS
Feaquires: 1 Taminal Block |

Bach & Tog

Support and Services
Systemn Accuranoe Programs

il ayslim EddUrance progTas Sne desighed o make [ e eesler i you o cen i W el Thise progians incude configunitien and deploymment senices for peur B PO, CompactRi0, or
Gt FaidPointsystam. T W B Syalm i Pttt ok & il ittt oot el st yout syt el conpiitey aisainbied n e b Whan o

configune yeur syaber with e bl Slandard System Assurancs Program, you cen saies) iom seallabie NI system diber sets and applcatien d 15 io creale
reaicharinbie s condguntion. Your sysbam i Lily iisembled and edbed in one B with your sobeans prebalalied Mrmaﬂipurwmﬂhnmdwtmrw-h
meciben syatarapacilc documentalion nckading @ bl of meleral, an imegreticn Wil mpan, & deed Fr pli, @0 ireguently ekl guailion Sociranis Finaly, e defdeed

pregrEm heshci B bkl coel of swning n kil syabem by providing thies yean of sarardy covenags and calbration senice. mummmm”tmum-tm
AT PO TR L el ol Fobinda,.

Callbration
] | heiwinie b callbiited b aunn iy i varly Uil B devion b 18 pubkibed speclitions. To efdus B ohjoiig keauiy of yeur Mk
tihaare, W ofa s bk o dkilled recal I nilen dafvich Wil provides ofgeang S0 0000 aud ssrpl el Sk I i T biniTi el il W) el et ool oF B

ol o Gl ik ST Feldl o, cofbicl your Kkl sl officl o viall Al eomicalliation.

Teshnloal 2upport
el s i ol echiieal gueilions wing tha belowing Natiohal irslfuments Rdou.

Bt - VAl i Sumbiugpsl B isou e HI KrwiedgaBiann aximpse plogian, and Llivnas o 1 sorlis] oo e boalion o gt wh i lciled i N aik ofiin afond e weild
e g e bocl rgiiage.
iaceasion s - Vit ot 4 thari s of dacon b oo gl o e s

Ol Comirmaly - Vall cofrmunly. ileom i fng, conlituta, of sl fitestied Wechilcl corilind with Uieds B .
Repalr
el e ey e el s harctearn egaied, K nderstarsds et frang e 1o Py et W oy tecs sarvions periiiad by highly lashed Inchkns whe

iy P et ks with Don Guarairen thil L wil pertoimh Lo fastery soecfiealior. Fof mees informalion, vl sembepar

Tralning and Certifloations
Tha Mi traiing and corsficaion progrm dalvers te fidleil, mesl canan o B Fcmased praficancy and prodictihity wing NI sofwans afd hardware. Tisining bullds e kil o mers eficenty
" rebl, oinbdraible ppltadior, whils curicaiion valdutes your knowlacigs dnd sbliy.

Clinil st irilnisg In cities wdldwids - B moal comprehenibes hinsi-on taking Wught by enginesr.

On-aite irainisg o your feclity - an axsallent opticn 1 Main Fuliph emkoyees & the aarm Sne.
Cnlisa intrector-ted tralsing - iwar-osl, remets inaining  cissoom o on-ale curs i nol pobie.
Comrian ity - lowwmil-conl, sal-pacsadd raining Dl o can e i referencs guide.
Training membserships and Lnining sedls - 15 buy now ind schaduls Ty e
Vil Al e miraining fof men nlbmmalon.
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Extended Warranty

Ml siffers opliens for wxianding B sbarcdied produc wamanly i messl e [le-cysl neuinmenis of your project In ssdiien, becaise NI understands thal yeur nquinsmans iy changa, the
e wartanty b Sedbde b bength ard sasly moswed For man inlormaion, vl nloosmfsemnty.

i s dusigren cofrauing end produst intigrat
LT

Onif Praliddiofal Bafvici Taem b compied of NI i
conaulants and inagriin. Barvices mnge Nom slarkup sssislence i Rmiey

 you el Wi produsts for GEM applcations. For information aboul spedel pricing and services for OEM cuwioman, il

fkdoinde Healssfeal | ki Praties presgiintn of raste han 700 indapandart

wystem intagration Visknl comflincs.

Back ia Tig

Detailed Specifications
Th okwing specifications ain bypsical fo the iege 40 15 710 T uhies therwise notid. A1 wollages are it i COM bl ctherwie foted.
Input*Dutput Charasisrictios
Humtmt of chanrms & DK ehannsls
Diatalt pome-oi livi dmitisn gt
irgutudiat trp TIL, singhs-andud
Diighal inghe lavaia
Input
Vetuge 535 Y
High ¥y, 2 i
Law, Wy 0BV max
Cutgad
Hilgh, Vg £25 W rut
Saiifcing 100 A LTV mn
Beureing I ek 43V min
Liww, Vi
Sinking 100 4 01V ma
Sinking 2 mi 04V
Wiaairrum ngut skl wwikching Fesuansy by nunbai of ingad charneh, gaf sharel
# inged charmeis UM
4 nped charmein 18 Mz
2 inped eharrsis 50 Mz

Miastroiim silpil akgral swilching Beguancy by humbar of sulpul channati with & sutpul lsed of 1 ma, 5 BF, par charnal

& cupul chanhaels B MHz
4 sufipiil chafhels 10 MKz
3 il e 0 MHE
U0 propagition dekiy V08 i e
VO piise widlh disborion 10 fs typ
mnmqb'l's'l'hsdj'lj 250 A by
Irglt capacarey HlpFiyp
Inpit riaatal tne SO0 Fri e
— mm:.m:::-ﬂzum.m.m_-umﬂ
— 1,244 TE3 biis il 25 T Beliani e 2 Mathed 1, Casa 3, Limled Pan

Eireia Mathos!

G Wots Contact M tor Bsbeses MTEF spaedifisilions i thar tarmearslures or for MIL-HOBK T specifieatons.
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Power Raguirements
Prowar cofdurmgtion fom chisss
A frode

Ehoap masti

Theairreil dickipiticn (al 70 "G}
A frode

Shaap mode

Physloal Chareoteristios
Waight

Eatsty

I i el B i B e, wipen 1L wilh i cliy ol
Mazimus Voltage '

Corafed sty vt Tl afe wihin the foliwing i
Chifis-COM

Ielaten Volsges

Chaffia-lochafne

Chafra-loanfh greutd
Conlinusus

Wibuibi el

¢ Galagory | fer

st e by et brs-suilage s, rd s
A caution Do ot cornectihe M 401 1o aignals o ae o
Sutery Startants

paifirrid of chculs Aol dinecly
i of voRages from dpechly proteced secondery cirouli. Such woligh Misiufarmants nchics digal e, spacial squlpment, miled-margy pirts of squigmant,

d by i rbicivio| dlistribatic

B0 i e

1 Fh sl

B0 i e

AL

145 (51 azj

+30 ¥ st o o chnnel ol & time, Medsurment Category |

&0 VI, Wik sisranant Categany |
1,000 'l'...w by i 5 dhalecivie: wilhitand el

syaber ralaimed 1o as WAING * vollage. This cxlegery i for

wihin M

Ca el I, I, ¢ IV,

durds of safaty for slecirical aquipman for meds uremer, canirl, and isbormicny wac

This precut b dunigrad io mesl thi gl
IEC E1{id-1, EN 810401
UL &10710-1, CEA 810101

uf the Telairg

Hazardous Localions
L& ULy
Comindin (C-LIL)

Europs {DEMRD)

Environmental

e fix e mksinalisn atst ieeting e spefont o
Opariting ismparsiie (IEC S0086-3-1, I5C S0086-2-1)
Bl barpanikine (EC 80053-2-1, EC S0082-2.2)
Inruss prokucicn
Cperting humicity (IEC B005S-2-56)
Eaniga hurmidlty | [EC BIDAS 358
Wiz alitude
Prautisn Dagres (1B S84
Ehook and Vibration
To el e & pecilcations, you sl panl mou te syslem.
Cperating visnalion
Randem (JEC 80056-2-84)
Simsskdal |IEC B0083-2.8)

Operaiing shessk (IEC B3088-3-37)

46

E Hiote Fer UL and citwr aalely corifenions, nded io the product nbel of the Online Producs Cadifcation secion

Gl |, Diwiwioh 2, Grougs A, B, C, D, T4 Clada | Zone 2, AEx bl B0 T4
Gl |, Divtiioh 2, Oroigs A, B, ©, D, T4, i |, Zoha 2, Ex Al BC T4

EExnC iiC T4

Midhsl inilfument C Saf fodded i ended id ool ih ol Bul iy b i aildosr If ibalked i & sullible ahcibun. Rali i he Pl b7 B chibai i @

— Al TOC
— A BT

Pl

10 b Y%k FH, Peneondensing

§ ks 058, i, nohisida ity
2,000 m
2

5y 10 BM0He
5 g 10 is 500 He
Mg, 11 m bl slva, 50 g, 3 bl dea, 18 shecks ol 8 orestaions
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Elscdromagnadio Compatibiity
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Appendix J: Properties of CompactRIO 9074

General properties of cRIO 9074

Product Name cRIO-9074
Form Factor CompactRIO
Product Type Controller(Computing Device)
Part Number 779999-01
Operating System/Target Real-Time
LabVIEW RT Support Yes
CE Compliance Yes

FPGA properties for cRIO 9074

FPGA

Spartan-3

Gates

2000000

Properties of chassis for cR1O 9074

Number of Slots 8
Integrated Controller Yes
Input Voltage Range 19V, 30V
Recommended Power Supply: Power 48W
Recommended Power Supply: Voltage 24V
Power Consumption 20W
Physical specifications for cRIO
Length 28.97 cm
Width 8.81cm
Height 5.89 cm
Weight 929 gram
Minimum Operating Temperature | -20 °C
Maximum Operating Temperature | 55 °C
Maximum Altitude 2000 m
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Appendix K: Connection of motors with 9501

In order to change the direction of motion for the joint, just reverse the cables for

that specific joint. The table below tells about the sequence of motors for the each

joint of this platform and also represents the type of joint that’s rotational or pivot.

Motor and joints representation

Motor number | Joint number | Type of joint
1 1 Rotational
2 3 Rotational
3 3 Pivot
4 2 Rotational
5 2 Pivot

Sequence of connection for motors with 9501

Motor number | Slot number for 9501 on chassis
1 1
2 5
3 4
4 3
5 2
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Appendix L: Wiring of chassis and cR1O

Wiring power to chassis
The external power supply is required to be connected with the chassis of cRIO
9074. This will give power to all the chassis slots. It is also provided with the
reverse-voltage protection. Following steps should be followed for connecting
power supply with the chassis:
o The COMBICON connector shown should be tightened in the chassis with
the help of screw provided at its both ends.

1 Terminal Screws 2 Connector Screwsa

COMBICON (NI, 2010)

o Connect the positive (red) lead of power supply with the upper most terminal
V1 and the negative (black) lead with the lower terminal C of the
COMBICON.

o Insert the wires and tighten them with the screws available at the top of

connector.
Power on cRIO 9074
When the chassis is first powered on, there will be two lights blinking, the power
and the status lights. It is important to understand the LED indication on the chassis
to avoid any problems during working.
LED indication on cRIO 9074

The LED indications are stated below:

) POWER
| FPGA
()| STATUS
() USER1

LEDs indication for cR1O 9074 (NI, 2010)
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o The power LED is lit when the cRIO 9074 is powered on indicating that the
correct voltage is being supplied to the chassis

The second LED is FPGA LED which is used for debugging of the
application. To define these LED FPGA mode or NI RIO mode is used

The third LED is the status LED. As the name tells that this LED indicates
the status of the chassis. If this LED is off it means that it is under normal
operation. The blinking of this LED indicates an error condition. The type of
error then depends on the manner of blinking. The following table discusses
the manner in which this LED flashes by relating it with the error condition.
The userl LED can be defined by the user depending upon the application.
To define this, use RT LEDs in LabVIEW. However in our project this LED

is not used.

Flashes
Every Few Indication
Seconds
The chassis is un-configured. Use MAX to configure the chassis. Refer to the
Measurement & Automation Explorer Help for information about configuring
1 the chassis
The chassis has detected an error in its software. This usually occurs when an
attempt to upgrade the software is interrupted. Reinstall software on the
chassis. Refer to the Measurement & Automation Explorer Help for
9 information about installing software on the chassis
The chassis is in safe mode because the SAFE MODE DIP switch is in the
ON position or there is no software installed on the chassis
3
. The chassis has detected an unrecoverable error. Contact National Instruments
Continuously
flashing
The device may be configured for DHCP but unable to get an IP address
continuously because of a problem with the DHCP server. Check the network connection
flashing or and try again. If the problem persists, contact National Instruments
solid

LEDs indication for error condition (NI, 2012b)
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Reset option for chassis

The table below tells about the reset options for the chassis available on cR1O 9074.
This explains how it will behave on giving a reset. RIO devices setup utility is used

for the reset option.

Chassis Reset Behaviour
Option
Do not auto load Does not load the FPGA bit stream from flash memory
VI
Auto load VI on Loads the FPGA bit stream from flash memory to the FPGA
device power up when the controller powers on
Auto load VI on Loads the FPGA bit stream from flash memory to the FPGA
device reboot when you reboot the controller either with or without cycling
power.

Reset option for cR1O 9074 (NI, 2012b)

Configuring settings and obtaining IP for target

Various steps below indicate how to connect the hardware with the LabVIEW
project (NI, 2012b):

1. Connecting with Ethernet/cross over cable:

The first step in connecting the hardware with the LabVIEW software is to connect
the chassis to a network. This can be done by connecting the chassis with the
Ethernet network using RJ-45 Ethernet port 1 on the front panel of the controller as
shown in Fig 4.6. A crossover cable can also be used for connecting directly to a
computer or laptop. The Ethernet cable is used for the communication of the host
computer and the chassis. If they are not connected through some IP address they
can communicate with each other through cross over cable. However for prior case
the subnet for the host computer and the chassis should be same.

2. LabVIEW Real-time booting:

Before getting onto the configuration settings, it is important to make sure that the
system is being booted in real time. There are several different boot modes that are
available and are listed below:

o Normal boot mode

. IP reset

o Start-up application disabled

Safe mode
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° Uninstall mode

The real time target that is being used decides the booting of target. There are
various helps documents available online for booting of the hardware system in real-

time.

3. Configuring network by MAX:

The hardware/remote system that is being used must be assigned with a certain IP
address for it to communicate with the host PC. For configuring network settings,
the device is detected in Measurement and Automation Explorer (MAX). In MAX
there is a tab of Remote System at the left side. By expanding that tab, the selection

of particular remote system is done in order to configure it.

Q :y System (D Restart | Save £ Refresh | ) Set Permissions w0 LogIn
> [§l Data Neighborhood - =

> ﬂ Devices and Interfaces
2 g Historical Data
» 44 Scales

General Settings

Hostname NI-cRIO9074-0170F15C
3 & Software -
b IVI Drivers 1P Address 169.254.84.198 Ethernet
&3 Remote Systems DNS Name NI-cRIO9074-0170F15C
5 9 NI- x
p [ NI-cRI09074-0170F15C Model CRIO-5074
Serial Number 0170F15C
System State Connected - Running

Comments This controller is in use

Locale [ English v ]

D Halt on IP Failure

System Resources

Total Memory 124 MB
Free Memory 49.6 MB
Total Disk Space 488 MB
Free Disk Space 420 MB

Measurement and automation explorer
It can be seen in the figure above that by expanding the remote targets; the particular

device cRIO 9074 that is being used in the project is detected.

The IP address can be seen as 169.254.84.198. Once the IP is obtained the second
thing is installing the software on the remote device. For this, expand the particular
target on which the software has to installed, right click and select an option of
add/remove software. Select the software that is required to be installed on the
devices and start installing. After the installation is complete, on expanding software

tab one can see different software installed as in figure below:
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Q MI-cRIO9074-0170F15C - Measurement & Automation Explorer
Edit View Tools Help
a 51 Software

. W CompactRI0 12,0
. 4% FieldPoint 6.0.11
[® VI Compliance Package 4.5
. I3 LabVIEW 2012
{3 LabVIEW Run-Time 8.2.1
13 LabVIEW Run-Time8.5.1
3 LabVIEW Run-Time 8.6.1
3 LabVIEW Run-Time 2009 5P1
3 LabVIEW Run-Time 2009 SP1 (54-bit)
13 LabVIEW Run-Time 2010 SP1
3 LabVIEW Run-Time 2010 SP1 (64-hit)
i3 LabVIEW Run-Time 2011 5P1
3 LabVIEW Run-Time 2012
LabVIEW SignalExpress 2012
s 4@ LabWindows/CVI 2012
1l LabWindows/CVI Run-Time 2012
s @;i LabWindows/CVI Shared Add-Ons
@ Measurement & Automation Explorer5.3.1
. ¥ Measurement Studic for V52005
. ¥ Measurement Studic for V52008
. W% Measurement Studio for V52010
[i®] NI DIAdern 2012
S NIELVISmx 4.4
P NIFlexRIO 12,0
=3 NII/O Trace 3.0.2
2 NI Motion Assistant 2.8

Different software’s installed on remote device

Configuring LabVIEW project with hardware:

1. Once the software is installed on the target device, the chassis is mounted

with all the input and output modules and the controller is powered up, the next step
Is adding the FPGA real-time device into the LabVIEW project to start with the

graphical programming interface.

For this, create a new project in LabVIEW, and right click my computer under

project explorer and select New>>Target and devices and shown in the figure

below:
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M3 Untitled Project1 ™ - Project Explorer
File Edit View Project Operate Tools Window Help
[EEEIE IECTERSE I | B ]
Items | Files
=~ [l Project: Untitled Project 1
o B T
- '@ Dep Simulation Subsyst
e . system
Add
= Bul * | Virtual Folder
Utilities 4
Control
Deploy Library
Find Project ltems... Variable
/O Server
Arrange By » Class
Expand All XControl
Collapse All Statechart
Help... NI-XMET Session
Properties MI SoftMotion Axis...
NI SoftMotion Coordinate Space...
NI SoftMotion Table...
SolidWorks Assembly
Targets and Devices...
Robotics Environment Simulator
New...
Adding target device in LabVIEW project
2. The installed FPGA devices will be shown when existing target/devices

option is clicked. Expand the Real-Time CompactRIO option to find the particular

controller under that as shown in the figure below:

=

Tﬂ Add Targets and Devices on Untitled Project 2 @
Targets and Devices
i@ Existing target or device
@ Discover an existing target(s) or device(s)
() Specify a target or device by IP address
) New target or device

Targets and Devices -
#H) Compact Vision System

@ Embedded Vision System

#HCT) Ethernet RIO

#HT) FieldPoint Metwork Modules

E}@ Real-Time CompactRIO

¢ L NI-cRIO9074-0170F15C (Link-local IP Address)
#HCT) Real-Time Desktop

#HCT) Real-Time FieldPoint

@ Real-Time Industrial Controller

@ Real-Time PXI

#HT) Real-Time Single-Board RIO

HHCT) Smart Camera

) Touch Panel

4 | T [

Reduce discovery timeout

OK [ Cancel ” Help

Existing target and devices
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3.

Select the specific controller and press ok. Another window will appear

asking for the mode of interface. Select LabVIEW FPGA interface that enables to
use C-series modules from LabVIEW FPGA VI’s.

4.

Select the programming mode you want to start programming your selected systemn(s) with:

Programming Mode

_ Scan Interface

The Scan Interface enables you to use C Series modules directly from LabVIEW Real-Time. This
mode requires NI-RIO 10 Scan software on the controller.

(@ LabVIEW FPGA Interface
The LabWIEW FPGA Interface enables you to use C Series modules from LabVIEW FPGA Vs,

Note: Selecting LabVIEW FPGA Interface mode stops any Scan Interface mode applications
running on the system(s).

1l select Programming Mode 3

[ Continue l I Cancel I [ Help

Selecting programming mode

On pressing continue after selecting the mode, the next step will be

discovering of the chassis. The software will ask whether to discover or not. Then

press discover C series modules as in figure:

5.

£ Discovering Devices 3

Discovering C Series modules....
This operation may take several minutes.

-

ﬂ Discover C Series Modules? 3

FPGA target on 'NI-cRIO9074-0170F15C (169.254.84.198)" has
*_y been programmed and may be in use.

Discovering C Series modules halts current FPGA execution and

resets the state of output channels.

[ Discover ] Discover C Series modules

| Do Mot Discover I Skip C Series modules discovery

Discovering the modules

This process of discovering the modules will take few seconds. After that

they will be automatically added in the main project as shown below:
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6.

File Edit WView Project Operate Tools Window Help

e X B0 X k| E- e

Il

Items | Files |

= @@ Chassis (cRI0-3074)

5 8} FPGA Target (RIOO, cRIO-9074)
= [J Chassis /O

&, Chassis Temperature

&, FPGALED

g;_, Scan Cleck

&, Sleep

g;_, System Reset

Modl

[
[
J Mod3
‘[ Mod4
J Mods
J Moda

40 MHz Onboard Clock
- 0 Modl (Slot 1, NI9501)
.:I Mod2 (Slot 2, NI9501)

" Mod3 (Slot 3, NI9501)
- I Mod4 (Slot 4, MI9501)
- W Mods5 (Slot 5, NI9501)
- I Mod8 (Slot & NI9401)
- ‘= Dependencies

- = Build Specifications

-5 Dependencies
'3__ Build Specifications

Modules in project file

At this stage the chassis, FPGA controller and all the drivers have been added

into the project successfully. Now it is time to start with the programming of RT and

FPGA VT’s. Right click the chassis and click create new VI. That will be the RT VI.
And for FPGA VI right click the FPGA target in the project and then build a new VI

under that.
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Appendix M: Mechanical parts and joint types of Robolink

Mechanical parts of Robolink

There are several different components of robotic arm that are also shown in fig: 3.1
above. These include (IGUS, 2012a):
o Joint types

o Articulated arm
o Angle sensors
. Actuators

o Draw wires

o Stepper motors
o Drive units

o Accessories

o Controls

The dimensional drawings and the exploded drawings of Igus robotic arm are

attached in the appendix A. These parts are discussed below:

Joint types
There are four types of joint types that are offered by Igus with this robotic arm
(IGUS, 2012a) namely: Swivel joint, rotating joint, Symmetric joint, Asymmetric

joint. The specifications for each of them are discussed below:

Joint type Version of joint Range of joint
Swivel Joint RL-50-PL1 +/- 90° swivel range
Rotating Joint RL-50-TL1 +/- 90° rotating range

Symmetric Joint +/- 90° swivel range
(2 axes joint) RL-50-001 +/- 270° rotating range

Asymmetric Joint +130/- 50° swivel range
(2 axes joint) RL-50-002 +/- 270° rotating range
Type, version and joint limitation for IGUS robotic platform (IGUS, 2013)
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These joints are provided with mechanical limits, but these can be removed.

Rotating and pivoting joints, are shown below in the figures

Rotatina

[ e ]
(a) Pivoting and Rotating joints (IGUS, 2012a)

Svmmetric Asvmmetric

(b) Symmetric and Asymmetric joints (IGUS, 2012a)
Figure a) represents the symmetric 2 axis joint and Figure b) represents the
Asymmetric 2 axis joint. The version of upper joint in Figure b) is RL-50-001, and
the pivot angle allowed is +/-90°. For lower joint the version is RL-50-002 and the

pivot angle allowed is +130°/-50°.
Articulated arms

With the help of these four joints, one can make one’s own customized arm by
choosing the link lengths and the type of material required for the link. There are

basically three types of material available for the links:

° Aluminium tubes
o Fiberglass tubes
° Carbon-fibre tubes

Depending upon the utility the type is chosen. Standard tubes are made up of
aluminium with a diameter of 26mm and the tube length can be customized by the

user. The standard length of the link is 100mm and the tubes are hollow and with an
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(.,

Inside of tube and Types of material (IGUS, 2012a)

interior contour. The purpose of this contour is to avoid the rotation on joint
interface. Figure a) shows the interior contour of the connecting tubes used for the
Robolink. Figure b) represents different types of materials that can be used for
Robolink FGC, aluminium and CFC are shown respectively. Other specification like
length of the tubes, visible tube length and rotating point distance are attached in the

appendix B.
DOF of an articulated arm

The four types of joints results in 31 different types of configuration for the
articulated arm. The versions can be configured for 1-5 degrees of freedom. The

figures below represents articulated arms with different degrees of freedom.

A

A

[ 1 U — | =y —
01 02 -03, -04 -05 -6
Articulated arm with 1 DOF Articulated arm with 2 DOF
(IGUS, 2012a) (IGUS, 2012a)
,; Q

09 -10 -12,-13
Artlculated arm W|th 3 DOF (IGUS, 2012a)
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‘@Qﬂ
 [HDs-eaugs oups-
5 1D euDe emmDs -

-15, -16, 17, -18 19 20 -21,-22 -23, 24
Avrticulated arm with 4 DOF (IGUS, 2012a)

15
Pt

-26.-27.-28 -29 -30.-31
Articulated arm with 5 DOF (IGUS, 2012a)

|
:
'
a

The technical data for these articulated arms from 01-31with a link length of 200mm
are attached in the appendix C. All articulated arms can be ordered with option of

the angle sensors.

Angle sensors

The optional sensors provided with the Robolink are magnetic incremental encoders.
Each axis has a magnetic ring and a Hall sensor associated with it. The specification
of the magnetic rings is different for swivel and rotating motion. For the swivel
motion it has 31 pole pairs and one additional South Pole, whereas for rotating
motion it has 29 pole pairs in total and an additional pole. Figure below shows the

magnetic ring and sensor unit for two axis joints:

Magnetic rings for swivelling and rotating respectively (IGUS, 2012a)
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Hall sensor for rotation

Encoders for rotation

— Encoders for pivoting

Hall sensor for pivoting

Sensor unit (IGUS, 2012a)

The resolution of this encoder per axis is as follow:

o Swivel motion 4960 counts per revolution, resolution 0.073 degrees

o Rotating motion 4640 counts per revolution, resolution 0.078 degrees

Each joint has incremental encoders. The specification of particular arm for pivoting

and rotation are given below (Fontys, 2013):

o Pivoting

o 31 pole pairs

o 40 pulses/pole pairs

o 160 positions/pole pairs

o 1240 pulses/revolutions

o 4690 positions/revolutions
o Rotation

o 29 pole pairs

o 40 pulses/pole pairs

o 160 positions/pole pairs

o 1160 pulses/revolutions

o 4640 positions/revolutions
. Accuracy

o For pivoting: 0.0726 degrees

o For rotation: 0.0776 degrees
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The main function of the incremental encoder is to convert the angular position of
the joint into digital information. It provides information about the motion of the
joint and further information about speed, distance and position can also be deduced.
It has three digital outputs: A, B and Index. The pulses A and B are quadrature
outputs, as they are 90° out of phase from each. Figure below shows A, B and index

pulses for the encoder.

B J fﬁ\ J/_..-o—'-‘—\-.\_\ Datail: + /
’ .-—"f/ \""‘-\—\_,—»-/ \""‘"—u—"" A ] I
n --_I HX 0 f-_l- B E '_
A I-/|: 1 |_|."|r|u. _I-'/: | }'ﬁ B
| B 1 2 £ 1 2
o (LT T ||¢ |'|I| 111 |_|‘| i ]
".l 5 i /I i |
o \rh H\.h _ Seps oW o 1 2 3 4's

A/B and index signals for the encoder (IGUS, 2012a)

The datasheet for the Hall sensors and the configuration of sensor line that
represents the colour coding of wires for pivoting as well as rotating joints is

attached in appendix D.

End effectors

The Robolink system is not provided with end effectors, however one can connect
various end effectors to the last link of the system if required. There are various
pneumatic and electrical grippers recommended for this robotic arm. FESTO® and
SCHUNK® provide pneumatic and electrical grippers for these arms. A standard

adaptor is provided by IGUS® for these grippers. Figure below shows some of the

ANy

popular gripper used.
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Standard pneumatic grippers used (IGUS, 2012a)
In this project there is no gripper or effector. As the main focus of this project was

on the behavioural movement of robot, no end effector was required.

Draw wires
The system of driving joint movement is by draw wires that are generally made from
Dyneema® (IGUS, 2013). There is a special coating that ensures long life and less
friction of these wires. The specifications of the wire used are as follow (IGUS,
2012a):
o 12-strand braiding
o Diameter=2mm
o Breaking strength=3.500N

o Operating elongation=1% approx.

These wires are held in the drive wheel with the help of a nipple crimped on to the

end can be seen in figure below:

[+

This Assembled drive wheel with wire and wire with nipple (IGUS, 2012a)

nipple is fitted
into the drive wheels shown in fig (a) below, so as to hold it properly. The tension in
the wires should be adequate to avoid play in the joint. Typically it is between 5-
10N at idle (IGUS, 2012a). If the tension in the wires is too high, the working life is
reduced because of wear and friction. The robotic arm is provided with the tools to

adjust the tension of these wires.

The robotic arm consists of multiple joints that are combined together in series. All
the joints are independent from each other because of the sequence through which
wires are fed into these joints. There is a limitation for the number of joints that can
be added in series, because only 4 wires can be fed through the lower joint. The pre-
assembled structure for the wires passing through lower joint is shown in the figures

below:
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(a, b, ¢, d): Feeding of Wir;s through joints (IGUS, 2012a).

Figure (a, b, c, d) shows the feeding of wires through the lower joint of articulated
arm platform. Fig (a) shows that two wire pairs are being fed through the lower
joint. Fig (b) shows upper connecting element for guiding the wire. Fig (c) shows
Bowden cable segments for parallel feed-through and Fig (d) shows lower

connecting element of the robotic arm (IGUS, 2012a).

Stepper motors
Igus® uses stepper motors as the drive system for this articulated arm. However
alternate drive systems are also possible to control the motion of this platform. The

features of the stepper motor used are as follow (IGUS, 2013.):

o Two phase hybrid stepper motors that are bipolar
o Comes with plug/stranded wires
o It has an option of encoder/brake
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The stepper motors used for this project is: MOT-AN-S-060-020-056-L-LAAAA.

I_part number
moT | -[Aan ] -[=]-[oen] -[0z0] - [o88] - [m] - [&] - [2aaa
specifics
AfAA  [standard
ALAT |encodar
ALAD |encoder and brake
options

without

incremental encoder

(] ] b

incremental encoder and brake

motor connection

M metric plug

L stranded wire

flange dimnension

042 42mm (MEMA1T)

055 SGmm (NEMAZS)

080 B0mm (MEMAZZXL)

035 2Gmm (NEMAI4)

holding torgue
ons 0.5Mm
020 2,0Mm
035 3.5Mm
058 5.9Mm

max voliage

DE0 [e0viDC

miotor fype

= |stepper motor

ype

AM - [version

roduct groy|
=l group

[MOT  [mator

Product code layout for stepper motors (IGUS, 2013)

The stepper motor used for this project has version AN, maximum DC voltage of
60V, holding torque is 20Nm, and flange dimension is 56mm (NEMA 23) with
motor connection of stranded wires. The technical drawings and data specifications

are attached in the appendix E. Table below shows the key data for these motors

Motor NEMA 23
Maximum voltage 60 VDC
Nominal voltage 24-48 VDC
Nominal current 4.2A
Holding torque 2 Nm
Distance over hubs 56mm

Specifications for stepper motor drives (IGUS, 2013.)
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Fig. below shows the stepper motor used in the project with stranded conductor

version. It has four coloured wires. Table below shows the colour coding of wires.

Stepper motors with four stranded wires (IGUS, 2012a)

Pins Colour | Signals
1 Brown A/

2 White A
3 Blue B
4 Black B/

Colour representation of motor wires

Drive modules

The stepper motors used are equipped with a planetary gear and a tensionable drive
wheel system by the manufacturers. The reason for this is to increase the torque of

motors. Table below shows the configuration of gears used (IGUS, 2012b):

Complete drive module (IGUS, 2013)

Motors Reduction gearing
NEMA 23 1:16

Gear ratio of stepper motors (IGUS, 2012b)

Drive units

There is an option of assembling the drive modules into drive units. This makes the
whole mechanism assembled. This process of fitting is done at factory. This
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complete module consists of articulated arm and tested drive units by Igus®. The

complete assembly is shown Fig. below:

EEEEE

Bl Z

Complete system (IGUS, 2012b)

There are some user selectable options that are available while ordering this
complete system (IGUS, 2012b).

e Selection of DOF: 3-5 degrees of freedom can be selected depending upon
the requirement

e Selection of angle sensors: joints of the system can be selected with or
without the angle sensors.

e Adjustable link lengths: the length of the links can be selected from 100mm
to 1000mm

o Selection of motors: two options for motor selections are available: NEMA17
or NEMA23

e End effectors can also be added depending upon the requirement like various

grippers etc.

The units with the complete specifications are in appendix F.

Accessories/Spare parts

There are many other accessories that are provided by Igus® depending upon the
requirement e.g. rope end fitting, tensionable drive wheels, flange shaft blocks, rope

guides outside/inside, guide rollers, rope tensioners and many more.
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Torque and force

Torque and force are important parameters to be considered as two different motions
are made i.e. rotational and pivoting. At Igus® the data below is available (Fontys,
2013):

. For pivoting movement 12 Nm at force 600N on the rope
" For rotating movement ~ 5Nm at force 300N on the rope

" Torque for pivoting movement +/-27.88 Nm

. For rotating movement +/-15 Nm

Rope management

Rope guiding system used in arms (Fontys, 2013)
The whole system is driven by cables as discussed above. Figure above shows the
guiding arrangement of the cables. Different colours of cables are used for each
motor so that it is easy to distinguish that which joint is connected to which motor.
The details of the rope channels are in appendix F
Pictorial representation of motor to drive wheel

Figure below shows the whole assembly from motors to drive wheel

Motor Gear i Coupling Camp Drive wheel

Motor to drive wheel (IGUS, 2013)
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Appendix N: Ethical approval and consent form

Ethical approval

Middlesex

University

London
Form D: Declaration Form

This form should be given to your supervisor along with your project proposal. It must also be
included in your Project Report.

Student Project: Ethical Approval Request
Name: Sara Baber Sial Student [D: Date:12-07-2013
M00423635

Supervisor: Dr. Aleksandar Zivanovic

Title: Communicating Simulated Emotional States of Robots by Expressive Movements

Ethical Approval Statement:
Declaration A

(i) I have studied the Ethical Approval section.
(i) [ have established that my study does not require additional human participation.
(iii) T agree to re-apply for approval if the nature or goals of my project change.

Declaration B
Project Goals involving human participation:

Observing the robot to see the change in motion with changing parameters.

Filling in the observed movements on various emotional models.

(i) I have studied the Ethical Approval section.
(ii) My study involves human participation through

o observation

o  questioning.
(iii) Participants will be selected without coercion (see Chart I).
(iv) I will obtain informed consent (see Chart 2) from each participant using Form C.
W) I have arrangements in place for the protection of personal data (see Chart 3).
(vi) I agree to re-apply for approval if the nature or goals of my project change.

&

Declaration C
My project does not fulfil the conditions for fast track Ethical Approval and I am applying separately to the
Ethics Commrittee.

Note: to make an application to the Ethics Committee, you need to complete
Form E - Application for Ethical Approval (download from http://tinyurl.com/sst-ethics)

0} O
Student Signature.... DAL U\(} .............. Date -07-20 '%

Supervisor’s Slgnatme%ZC//d%@’V’(Q._ Date.. 1 2-0%} ~ 20|,
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Consent form

Middlesex
University

Middlesex University School of Science and Technology

Research Informed Consent Form

This consent form, a copy of which has been given to you, is only part of the process of informed
consent. It should give you the basic idea of what the research is about and what your participation
will involve. If you would like more detail about something mentioned here, or information not
included here, please ask. Please take the time to read this form carefully and to understand any
accompanying information.

Research Project Title
Communicating Simulated Emotional States of Robots by Expressive Movements

Researcher
The team conducting this study are: Ms. Sara Baber Sial and Dr Aleksandar Zivanovic.

Experiment Purpose

The goal of the experiment is to explore how the participant’s grasps different emotional states of
the robotic arm based on its movements and gestures.

Participant Recruitment and Selection
University staff and students, healthy people.

Procedure

This experiment will take you about 15-20 minutes (including completing a simple questionnaire at
the end of the experiment):

Experiment:
The robotic arm will be moved several times with different emotions. The participants
have to mark the emotional state they think the robot has at that particular time on three
different models in the questionnaire. That gives the idea of how they perceive the motion
of robot in terms of its behavior.
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Data Collection

Participants will be assessed through a questionnaire using the methodology suggested by three
different models that are: Russell’s model of mood, Tellegen-Watson-Clark model and PAD scale,
to measure the emotional state of embodiment.

Confidentiality

You must supply your name and sign this form so that the university can keep a record of your
participation in this experiment. All results of this experiment are anonymous and your name does
not form part of the data.

Likelihood of Discomfort

Very unlikely you will feed any discomfort. You will be just observing a robot and marking its
gesture on the questionnaire without doing or touching anything.

Finding out about Results
[f you would like to find out the results at the end of the project, please contact the researchers.

Agreement

Your signature on this form indicates that you have understood to your satisfaction the information
regarding participation in the research project and agree to participate as a participant. In no way
does this waive you legal rights nor release the investigators, sponsors, or involved institutions from
their legal and professional responsibilities. You are free to not answer specific items or questions
in interviews or on questionnaires. You are free to withdraw from the study at any time without
penalty. Your continued participation should be as informed as your initial consent, so you should
feel free to ask for clarification or new information throughout your participation. If you have
further questions concerning matters related to this research, please contact the researchers.

Participant Date

[nvestigator/ Witness Date

A copy of this consent form has been given to you to keep for your records and reference.
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