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Abstract

Since social robots are aimed to be operated by untrained usg, interacting
with this type of robots should be very intuitive and natural . Since nothing
is more intuitive than our own communication skills, this new generation of
robots should be able to use and understand speech, facial pressions and/or
body language. These requirements have a direct impact on t design pa-
rameters. Together with the aim of social robots to be used inour daily lives,
which implies they need to be adapted to our environments andools, this typ-
ically results in robot designs with main human characterigics. Many social
robots are therefore humanoid robots. The fact that these rdots have similar
common outer features, does not imply that the internal mectanics are similar.
Di erent robot arms can have di erent degrees of freedom, wih various joint
con gurations. The dierence in joint con guration makes t hat motion pat-
terns de ned for a certain robot cannot be easily transferral to others. This
issue is known as the correspondence problem. When imitat@q copying, mim-
icking or learning from an agent, a correspondence betweerhé demonstrator
and imitator needs to be speci ed. When the agents have simdr bodies, the
mapping is obvious, however, when using agents with signi antly di erent
morphologies, this can become a di cult task. Therefore, in robotics, the cor-
respondence problem is often omitted by coding the gesturefor one specic
robot con guration. Sharing gestures between robots is notstraightforward
and therefore, when working with a new robot platform, new jant trajectories
to reach the desired postures need to be calculated and impieented.

In this thesis, we aim to provide a solution for the correspomlence problem
and make the implementation of gestures more e cient by devdoping a generic
method to generate gestures for social robots. The innovatie aspect of this
method is that it is constructed independently of any robot con guration, in-
stead, a human base model was used as a reference to constrtiee method's
framework. To calculate gestures for a desired con guratio, a limited set of
morphological information, inputted by the user, is used toevaluate the generic
framework. Since for di erent types of gestures, di erent features are impor-
tant, our method was designed to work in two modes. The block mde is

Vi



used to calculate gestures whereby the overall arm placemers crucial, like

for emotional expressions. The end e ector mode, on the othehand, is devel-
oped for end-e ector depending gestures, i.e. gestures whaby the placement
of the end-e ector is important, like for manipulation and p ointing. For the

latter type of gestures, the method provides the possibiliy of mood expression
by modulating the functional behavior into an a ective gesture, using a set
of modi cation parameters. Furthermore, a mode mixer was inplemented to

allow gestures calculated by the two modes to be combined it one blended
gesture. The dierent aspects of the gesture method were vadated on both

the virtual model as the physical model of di erent humanoid robots, including

NAO, ASIMO, Pepper and Romeo.

In a next step, the developed gesture method was used as a ndveol in
the design process of social robots. Since gestures can bdcodated for any
desired robot con guration with minimal e ort by the progra mmer, the e ect
of di erent design aspects on a series of postures can be stigdl by generating
a selected set of gestures for di erent morphologies and viglizing them on
a single virtual model. The gesture method proves its usefuless in the de-
sign process of social robots by providing insights in the inuence of specic
joints, their collocation and joint angle range, helping the designer to make
substantiated trade-o 's in the design process.

As an ultimate validation of both aspects of the method, namdy its usefulness
in generating gestures for a random robot con guration, as vell as its applica-
bility in the design process of a social robot, a new versionfahe social robot
Probo was developed. The resulting robot, called Elvis, hasn actuated arm
system, which was constructed semi-modular in order to allw for di erent con-
gurations to be studied. The joint con gurations, as well a s the exact design
of the di erent joint modules, resulted from an a-priori gesture study using the
developed software. Three morphologies, called Elvis-C&lvis-Cb, and Elvis-
Cc, were physically realized. To conclude, gestures were scessfully generated
for all three Elvis con gurations using the generic gesturemethod.

viii



Abbreviations

AU Action Unit

ASD Autism Spectrum Disorder

BAU Body Action Unit

CLIK Closed Loop Inverse Kinematics
CaGl Computer Generated Imagery
DOF Degree Of Freedom

DH Denavit-Hartenberg

GUI Graphical User Interface

HRI Human-Robot Interaction

JRA Joint Range Availability
MP Minimum Posture
RAT Robot Assisted Therapy

R&MM  Robotics and Multibody Mechanics
SDK Software Development Kit

val Valence

Symbols

a DH-parameter 1; link length
DH-parameter 2; link twist

d DH-parameter 3; link o set
DH-parameter 4; joint angle

Ja Analytical Jacobian

q Joint angle

G Angle of joint i

Onax Maximum joint angle
Omin  Minimum joint angle

Om Minimum posture angle
(oN A ective posture angle

Nomenclature



x <3

X

Rotation matrix

Motion speed

End-e ector pose

Desired end-e ector pose
Actual end-e ector pose
Transformed joint angle
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Introduction

1.1 Motivation

The focus of communication in robotics research made a majoswitch the past
decades. Traditionally, robots are designed for industrid applications, with
speci c tasks to be performed individually. There is no quesion of cooperation
with humans. On the contrary, for safety reasons, they are metly kept in cages
to avoid contact with humans. Communicating with these robots is typically
achieved by trained operators using touch screens or othenput devices. So-
cial robots, on the other hand, are aimed to work side by side \Wth humans, in
numerous tasks in our daily life. Since this new generation robots is aimed
to be operated by untrained users, including children, elddy people, therapists
and teachers, interacting with this type of robots should bevery intuitive and
natural. Since nothing is more intuitive than our own communication skills,
social robots should be able to use and understand speech andn-verbal com-
munication skills, such as facial expressions and gesture§hese requirements
have a direct impact on the design parameters. Together withthe aim of social
robots to be used in our daily lives, implying they need to be aapted to our
environments and tools, this typically results in robot desgns with main human
characteristics. Many social robots are therefore humanda robots. The fact
these robots have similar common outer features does not intp that the inter-
nal mechanics are similar. Di erent robot arms can have di erent degrees of
freedom (DOF), with various joint con gurations. Figure L1l illustrates this;
three humanoid robots with di erent joint con gurations ar e shown. Figure
[LTa shows the humanoid ASIMO |I|1]. ASIMO's arm contains 7 DOF whereof
3 are responsible for the shoulder movement, 1 for the elbowexion/extension
and another 3 for the wrist motion. Figure [L.Tb shows the robd Justin [Eﬂ.
Like ASIMO, Justin's arm contains 7 DOF. The joints are however positioned
in a di erent way. While for ASIMO, di erent joints are group ed more or less
into a joint complex for the shoulder and wrist, Justin's joi nts are all separated
from each other by links, except for the two latter wrist joints. The robot



NAO (gure 1.1¢) on the other hand, has an arm only consisting of 5 DOF.
In contrast to the two previous robots, only 1 joint is positioned in the wrist
zone.

This di erence in joint con guration makes that motion patt erns de ned for
a certain robot cannot be easily transferred to others. Thisissue is known
as the correspondence probIenﬂ[ﬂ[S]. When imitating, copgpg, mimicking
or learning from an agent, a correspondence between the demstrator and
imitator needs to be speci ed by identifying a correct mapping between the two
agents. When the agents have similar bodies, the correspoerdce is obvious,
however, when using agents with signi cantly di erent morp hologies, this can
become a dicult task. Therefore, in robotics, the correspondence problem
is often omitted by coding the gestures for one speci ¢ robotcon guration.
When working with a new robot platform, new joint trajectori es to reach the
desired postures need to be calculated and implemented. A geric method,
however, to generate gestures for di erent robot morphologes can be useful for
di erent research teams since it allows gestures to be shaebetween di erent
robots and minimizes the workload when implementing gestues on a new robot
platform.

1.2 Body language in human communication

1.2.1 Nonverbal communication

Nonverbal communication is a crucial feature in human intemaction. Facial
expressions, body posture and gestures all convey informian about a person's
internal state, and contribute to the overall e ectiveness of communication. At
least 60 percent of our total communication is realized nonerbally [@]ﬂ]. It
includes both concious as non-concious signs and reveals afiuinformation
about our personality, thoughts and feelings |IB]. Multiple nonverbal systems
contribute to human communication. The tone of our speech, he way we use
space, our posture and our eye behavior are only a few examgl®f nonverbal
cues that shapes how a person is perceived by others. In thishésis, we are
interested in kinesics; the language of body position and meément, or shortly,
body language [[6].

1.2.2 Classi cation of Body language and gestures

Ekman and Friesen's classi cation of body language is basedn the work of
Efron [d] and distinguishes ve categories|[10][11]:

Emblems have a set of precise meanings. They are socially learned and
therefore, culturally variable. Emblems can repeat a word n a conversa-
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Figure 1.1: A similar outer appearance does not imply simila internal me-
chanics. Three robots with di erent joint con guration are shown. (a) ASIMO

[1]. (b) Justin [2]. (c) NAO [3].



tion, replace it, provide a separate comment related to the werds said, or
occar in the absence of speech. A commonly used emblem, forample,
is the thumbs upsign, used to express approval or encouragement.

Manipulators , also calledadaptors , or touching behavior ], are
touching movements typically associated with internal states related to
arousal, anxiety or stress. They can be targeted toward the wn body,
objects, or other persons. Examples are twisting the hair, &pping a pen
and scratching the nose. Manipulators are movements that a& performed
on the edge of personal awareness and may thus serve unintémally as
clues to how a person is feeling.

lllustrators  are movements that illustrate speech. They are intimately
related to what is verbally said, usually augmenting the spden words.
Seven types of illustrators were de ned by Ekman and Friesen

{ Batons are used to emphasize a particular word or phrase. They
are closely coordinated with speech and do not convey any semntic
content.

{ |deographs are hand gestures that trace or sketch the speaker's
direction of thought. They are related to the logical structure of the
conversation

{ Deictic gestures, orpointing gestures point or refer to a person,
object or place.

{ Kinetographs  are hand gestures that depict a physical action.
They mimic the action being described. An example is stretch
ing the thumb and the little nger of a st to mimic talkingont he
phone.

{ Spatial illustrators depict a spatial relationship between di erent
objects or persons referred to in the conversation.

{ Pictographs are gestures that sketch what the speaker is referring
to.

{ Rhythmic movements illustrate the rhythm or pacing of an event.

Regulators are acts that have the purpose to regulate the ow of a
conversation by helping to initiate and terminate the speet of di erent
participants. Nodding the head during a conversation, for «kample, can
indicate understanding, and encourages the speaker to coinue.

Emotional expressions , also calleda ect displays , are signals that
display our internal a ective state. They are mostly involu ntary signals,
and thus often occur spontaneously. This category includegor example
bouncing to express happiness or raising the arms in front ofthe face
when expressing fear.
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In their categorisation, Ekman and Friesen do not specify thke term gesture
In our daily use, the word gesturerefers to a movement of the hands, face or
other body part to express an idea, meaning or feeIinE. In this perspective,
all of the ve described categories can be seen as gesturesorSe researchers,
however, maintain a more restricted meaning of the word. Kewdon uses the
term gestureto refer to body movements that are made to communicate partc-
ular messages and that can be used in conjunction with, or in face of speech
m]. Therefore, emotional expressions and manipulatorsra in his eyes not
considered as gestureﬂlm]. In his work, Kendon focuses orgjures found in
spoken interaction, gestures that are not interpretable inthe absence of speech.
This is what Ekman and Friesen clasi ed asillustrators. McNeill is interested
in the same category]. His classi cation is less detaittthan that of Ekman
and Friesen, and distinguishes four main categorieﬂllG]:

" lconic gestures display aspects of a concrete event, person or object
described in the conversation.

Metaphoric gestures  present an image of an abstract concept.
Deictic gestures are pointing movements, as discussed above.

Beat gestures are rhythmic movements that mark the speaker's concep-
tion of the discourse. A beat has no own semantic content but mphasizes
important aspects of the conversation.

Each of these categories coincides with one ore more illusttor types de ned
by Ekman and Friesen. Table[I.1 lists the correspondences.

Knapp [IE] uses a similar interpretation of the term gestureand distinguishes
two categories;
" Speech independent gestures , coincident with the emblemsde ned
by Ekman and Friesen.

Speech related gestures , coincident with the illustrators de ned by
Ekman and Friesen.

1.2.3 Important nomenclature used in this thesis

In this thesis, we will use the categorisation of Ekman and Fresen. The term
gestureis used to depict a wide range of hand, face, or body movementsn
addition, the term emotional expressionis used to describe an explicit, full
body action representing an internal emotional state. Ana ective gesture, on

Lhttps://en.oxforddictionaries.com, http://dictionary .cambridge.org



Table 1.1: Correspondence between the gesture categories ded by McNeill
and Ekman and Friesen's illustrator types (adapted from ).

Ekman and Friesen McNeill

kinetographs -
. iconics
pictographs
|deogr'aphs metaphorics
spatials
deictics deictics
batons
rhythmics beats

the other hand, denotes another type of gesture, such as anluistrator ges-
ture or emblem, that is performed in such a way that emotional content is
conveyed in addition to the meanings of the gesture. Importat features are
hereby, amongst others, the speed at which the gesture is prmed and the
amplitude of the postures. A ective gestures are a subset o& broad collection
of a ective functional behaviors, which contains, next to gestures, other ini-
tially neutral behaviors such as walking and grasping that ae modulated into
a ective motions.

1.3 Non-verbal communication in human-robot
interaction

1.3.1 Gestures for natural communication

The design of social robots is a challenging task. In contrado classical indus-
trial robots, which can be more thought at as tools, social rdots are aimed to
interact with people in an interpersonal manner ]. They ae used to achieve
social or emotional goals in di erent applications, such aseducation [18][19],
communication [20][21][2R], collaboration [23][24][25hnd health [E]%%].
An intensively explored research eld is the use of robots toameliorate or
enhance di erent types of therapy, called robot assisted tlerapy (RAT). One

of the promising applications is the use of RAT for autism therapies. The
robot Probo, for example, designed at the Robotics and Multbody Mechanics
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Research (R&MM) Group of the Vrije Universiteit Brussel to study human-
robot interaction with children, was used for several expeiments in this eld
[29][30][31]. Also other robots have been used in this reseh area [32][33].
Another interesting research project running at the R&MM gr oup is the EU-
project DREAM, whereof one of the challenges lies in buildigy a complete
platform-independent cognitive architecture. The capablities of this architec-
ture are to be evaluated in RAT with children with Autism Spec trum Disorder
(ASD). While the method discussed in this PhD thesis o ers the exibility of
automatically creating gestures for di erent robots, the DREAM project allows
to extend this exibility of changing between robot platfor ms for a complete
experimental protocol ]@ﬁ].

For humans and robots to be able to work closely together in eery day set-
tings, it is important to ensure a natural, intuitive intera ction. Instead of
controlling a robot with a keyboard, touch screen or similarinput device, using
human communication skills to guide the robot towards a taskwould be more
interesting and intuitive for all kinds of users. Therefore, social robots need to
be able to communicate using both verbal and nonverbal signs

The e ectiveness of using gestures for a uent and natural human-robot inter-
action was investigated by di erent research teams. In l[__3|73 a gesturing robot
was perceived as having a higher level of conversation proiency than a robot
using speech only. Furthermore, the use of gestures appear¢o have a positive
e ect on the familiarity and human-likeness of the robot. The positive e ect
of gestures on the likability and perceived anthorpomorphsm of a robot was
also investigated by Salem et al. |E8], while Breazeal et alfound promising
evidence that nonverbal communication does not only enhanes the likeability
of robots, but also improves the e ectiveness of human-robbteamwork [@].
Similarly, an experimental study conducted by Elprama et al. ] indicated
that factory workers are more eager to cooperate with a roboexhibiting social
cues.

Numerous research projects have been set up to investigate drent aspects
of gesturing in HRI. The recognition of human gestures by rolots comprises a
large domain. However, here, we focus on gestures performéy robots, and
speci cally, how they are implemented.

Emblems

In [@], the use of emblematic gestures was investigated. Aumber of emblems
were generated by a human and the humanoid robot NAO and the peception
of both gesture sets was studied. Nine frequently used emhbies were selected.
To generate the gestures for the robot, several representate key poses were
selected from the human's gesture and mapped to the robot'san guration.



Regulators

Chao et al. ] developed an architecture to control turn-gking in social
human-robot interaction, named CADENCE, and validated it on the robot
Simon (Meka Robotics). The implemented robot actions are spech, manipu-
lation, gaze and gestures. The gestures are pre-recorded iarations resulting
from human motion capture. To enable a range of social dynands for the
human-robot interaction, the model is parametrized. By marnipulating the
turn-taking parameters, di erent robot behaviors can be obtained. As a result,
di erent personalities are attributed to the robot by the in teraction partner.

Yokoyama et al. ] focused on the output timings of reguladrs. In a rst
step, the tendency of output timings in human interaction was analysed by
monitoring the timings at which the nonverbal cues appear inreference to the
start of the utterance. Afterwards, the use of di erent type s of regulators and
a variety of output timings were validated during a human-robot interaction.

Illustrators

In the category illustrators, most of the performed research is related to the use
of deictic gestures. Human interaction experiments perfomed by Gullberg ]
indicated that deictic illustrators are mostly used (56%), followed by iconics
(23%), metaphorics (11%) and beats (10%). This distributin was largely
con rmed by Allen [@, who experimentally found that deictic illustrators are
mostly used (68%), followed by iconics (20%), beats (11%), red metaphorics
(2%). Furthermore, deictic gestures are important features in establishing joint
attention, a crucial skill for language development and thetheory of mind in
children @]]. Considering their importance, it is notremarkable that this
type of illustrator gains most attention in human-robot int eraction research.

In [@], the perception of robotic deictic gestures was stuiggd. Four types of
deictic signals were implemented on the robot Bandit, name} pointing with
the head, with a straight arm, with a bent arm, and a combined head-arm
pointing gesture. As can be expected, pointing with synchraized combined
modalities appeared to outperform the single modalities. Erthermore, the
physical characteristics of the gesture (pointing with a straight or bent arm)
were proven to have an important in uence on the perceptual acuracy.

Sauppe and Mutlu [@] investigated the communicational e ectiveness of sev-
eral deictic gestures in di erent settings. Six types of getures, namely point-
ing, presenting, touching, exhibiting, grouping and sweemg, were performed
by NAO. To implement the gestures, the puppeteering technigie was used.
Here, the robot is manually put in position by the designer, while the joint an-
gles are saved by a capturing program at several keyframes. hese keyframes
are then used to generate arm-motion trajectories, which ag replayed during



CHAPTER 1. INTRODUCTION

interaction.

In [@], the use of deictic gestures in giving route directios was studied. The
e ectiveness of route directions given by the robot Roboviewas studied in a
setting with and without the use of pointing gestures. Next to an increase
in the correctness of the interpreted directions when usinggestures, also the
subjective evaluation of easiness and naturalness was ratehigher.

Emotional expressions

People may wonder why it is necessary for robots to express estions. While
deictic gestures, for example, are obviously "functional"gestures, the useful-
ness of implementing emotional expressions may not be strghtforward. The
primary reason of implementing emotion in robots, is that it helps in creating a
believable human-robot interaction @]]. It is a necesary feature for robots
to be socially acceptedZ]. Expressing emotions helps irrgating an illusion
of life in robots, and makes users attribute a personality an feelings to the
robot [@]. Furthermore, emotion provides feedback to the ser, indicating the
internal state, goals and intentions of the robot @l]. They contribute to the
transparency of the robot's behavior, and as such, facilitée the human-robot
interaction [17]. A robot that uses expressive cues, next taspeech and speech
accompanying gestures, is able to create a more cooperativelationship with a
human [_5_5]. In addition, results indicate that, if a robot has a compelling per-
sonality, people are more willing to interact and establisha relationship with
it [@][@]. Numerous robots with facial expression modaties have been devel-
oped, such as Kismet8], Probo@g], ROMAN@O] and WE-4RII[|E]. Next
to facial expressions, also body language has proven to beefsl in expressing
emotion @1@4]

The robot WE-4RII [ﬁ][@] was developed to study human-lile emotion. The
robot features a head with 24 DOF to successfully generate taal expressions.
Furthermore, the robot uses its waist, neck and 9 DOF arms to aitput emo-
tional expressions. Motion patterns were implemented for he six basic emo-
tions; happiness, sadness, disgust, fear and surprise andaduated through user
studies.

In [@], the emotional expressiveness of the robot KOBIAN isdiscussed. KO-
BIAN's head is based on that of WE-4RII, but only contains 7 DOF. In a
rst experiment, the di erence in perception of body emotio n expression, fa-
cial expression and the combination of the two features is inestigated. Results
showed that the expressiveness signi cantly increases wheusing a combina-
tion of body and facial expression. Since for the same emoty people use
di erent bodily expressions, in a second experiment, multple motion patterns
for the expression of seven emotions (happiness, sadnessarff, disgust, anger,
surprise and perplexity) were created and validated. Next b the original pat-



terns created by the researchers itself, additional expresons were created by a
photographer and a cartoonist. Both artists selected an opimal posture rep-

resenting the seven emotions. In a next step, a professionalctor was asked
to replicate these emotional expression. These movementseane recorded and
used to generate corresponding motion patterns for the robib

Beck et al. @] investigated the e ect of the head position m the recognizabil-
ity of emotional expressions. Six emotions were selectednger, sadness, fear,
pride, happiness and excitement. Expressive key poses weoenstructed for
NAO by using motion capture data from a professional actor pe&forming the
expressions. The experimental poses were created by systatitally altering
the head positions for the six key poses. Results showed thahe head position
has a strong e ect on the perception of the poses. Lowering tb head leads to a
decrease in perceived arousal and valence, while moving theead up increases
the dimensions. The in uence was so signi cant that, for example, the altered
anger display with the head moved was interpreted as happings.

Adaptors

Like emotional expressions, adaptor gestures can be used tacrease the alive-
ness of the robot. Aldebaran's Choreograph Suite, which caibe used to create
and play animations for NAO or Pepper, features a AutonomousLife option,
making the robot to wag slightly, alter its head position and blink. Similarly,
the robot Probo uses eye-blinking, changes its gaze randombnd aps his ears
regularly to create an illusion of aliveness.

Cuijpers and Knops found that a robot that uses idle motions, including a
number of adaptor gestures such as posture shifts and head rtions, is per-
ceived as more human-like, alive and empathidE6]. Estebaet al. investigated
the e ect of socially reactive behaviours, including interactive eye blinking, and
reactions to physical contact, and found that these featurehelp in achieve longer
interactions and a higher degree of engagemerﬂb?].

1.3.2 Implementing gestures for robots

1.3.2.1 The correspondence problem

As demonstrated above, a number of robots capable of gestur§ have been
developed and dierent aspects of robot gesture have been stlied. When
analysing the di erent research projects, an important feaure can be noted.
The gestures implemented in robots are mostly restricted toa set of gestures
necessary for the current research, and often limited to on¢ype of gestures.

The reason for this can be found in the way gestures are impleemted. Ges-
tures are mostly preprogrammed o -line for the current robot con guration.

10
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The created postures are stored in a database and are replageduring inter-
action. This is the case for, amongst others, Robovie|__[$8] ahHRP-2 [@].
In specic, the robot postures can be based on human video rexdings or
photographs. This technique was for example used for genetiag emblematic

estures for NAO @] and for constructing emotional expresions for Kobian
b]. As mentioned above, another possibility is the puppetring technique,
used in ] to create deictic gestures for NAO. Since the ceted postures com-
posing the gesture are dependent on the morphology, they areobot specic
and cannot be used for other robots with other con gurations. Another com-
mon way to generate gestures is by mapping human motion capte data to
the robot. This technique was used to create regulators for on ], and
emotional expressions for NAO in ]. Another example arette motions gen-
erated for Repliee Q2 |be], for which a marker-based motionapture system
is used. In m], both a marker-based (Vicon) as a markerlessiotion capture
system was used to reproduce human motion for the robot ARMARIIIb. An-
other possibility is to use the Kinect to perform skeleton tracking ]. When
transferring motion capture data to the robot, the mapping of the captured
data is robot specic. Therefore, also these resulting gestres are dependent
on the morphology and not usable for other robots. This issugs known as the
correspondence problem[[41[5]. When imitating, copying, nmicking or learn-
ing from an agent, a correspondence between the demonstrat@and imitator
needs to be specied. This means that a correct mapping betwen the two
agents has to be identied. When the agents have similar bodiés, the corre-
spondence is obvious, however, when using agents with sigeantly di erent
morphologies, this can become a di cult task. Therefore, in robotics, the cor-
respondence problem is often omitted by coding the gesturefor one specic
robot con guration, as shown in the examples above. When woking with a
new robot platform, new joint trajectories to reach the desired postures need
to be calculated and implemented. In this thesis, we aim to povide a solution
for the correspondence problem and minimizing the workloadvhen generating
gestures for di erent robot platforms by providing a method that automatically
calculates mapped gestures for a speci ed robot morphology

1.3.2.2 Coping with the correspondence problem

Di erent attempts are made to ease the animation of social rdots. [ﬁ] sug-
gested to use the knowledge of animation artists to generatdifelike robotic
motions by providing a generic software, whereby di erent types and combina-
tions of gestures can be created by keyframing or by 3D charaer articulation.

However, since the generated motions are still dependent othe used joint
con guration, this does not address the correspondence pitdem.

A possible solution lies in the eld of developmental robotics, by using neu-
ral networks to learn the correspondence between a posturend the robot's

11



joint angles ]. A technique to teleoperate a humanoid robt without an
explicit kinematic modeling by using neural networks was poposed by San-
ton et al.[@]. Mubhlig et al. ] eased the correspondencerpblem between
a human tutor and robot in imitation learning by representin g demonstrated
movement skills using a exible task space representation.Another approach
of addressing the correspondence problem in imitation learing was suggested
by Azad et al. ], by using a reference kinematic model, theMaster Motor
Map, to convert motion capture data to an arbitrary robot mor phology. This
is a similar strategy as we use to map target gestures from a dabase to a
robot con guration, which will be explained in chapter 8] In a later stage, the
Master Motor Map was extended with a dynamic model and improwed to allow
for on-line reproduction of human motion to a humanoid robot [@]. In [E],
a semi-general approach for generating natural arm motionsspeci cally for
manipulation tasks is presented. Their inverse kinematicsalgorithm is based
on neurophysiological ndings, and decouples the problem bcalculating joint
angles for the arm from calculating those for the wrist. The £nsorimotor trans-
formation model of [_8_9] is used to determine the arm posturewhile the wrist
angles are found by assuming a spherical wrist and using omgation inverse
kinematics.

To animate virtual and robotic characters, Ribeiro et al. [@] developed a
symbolic animation engine, called Nutty Tracks. The engineis based on com-
puter animation techniques (CGI) and provides a high exibility regarding the
design, blending and modulation of animations. Animationsare processed on
symbolic joints, which can be mapped to a single, or set of rdaobotic joints.
To control a specic robot with the engine, a corresponding aitput plugin
should be developed, containing the representation of theabot structure and
its joint speci cations. To allow an arbitrary kinematic ch ain to orient its end-
point towards a target, while at the same time providing expressive control
over the posture of the overall chain, a new inverse kinemads algorithm called
ERIK, based on di erent techniques from CGlI, was implemented.

In both [@] and @], a gesture framework initially develoged for virtual agents
is applied on a humanoid robot. In @], speech-accompanyingestures are gen-
erated for ASIMO by using the speech and gesture production radel initially
developed for the virtual agent MAX. For a speci ed gesture, the end e ec-
tor positions and orientations are calculated by the MAX sysem and used
as input for ASIMO's whole body motion controller [84]. Similarly, in [83],
speech-accompanying gestures are generated for NAO by ugirthe GRETA
system. The gestures are described independently of the eraldiment by speci-
fying features as the hand shape, wrist position and palm ogntation. However,
to obtain the corresponding joint values, a predetermined able listing values
for the shoulder and elbow joints for all possible wrist podiions is used. So
although the gestures are described independently of the kmt con guration,
mapping these gestures to the robot requires hard coded joirinformation.

12
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1.4 Objectives

The main objective of this research is to investigate how gdsres can be e -
ciently generated for social robots with di erent morphologies. We are inter-
ested in arm gestures and upper-body postures generated byumans, and how
similar motions can be generated for di erent morphologies using one single
generic method. The framework of the gesture method should & exible, in
a way that di erent types of gestures can be calculated. As dscussed above,
emotional expressions are crucial for creating socially aepted and uent robot
interactions. Additionally, deictic gestures appeared tobe the most used type
of illustrators, and have proven to be useful in human-robotinteraction as well.
Therefore, these two types of gestures were chosen to be inporated in the
research. Since in this work, the focus lies on the replicabiy of speci c human
gestures, the target group for which the method should be udale are robots
that have features in the upper body that can be modelled as hman-like ele-
ments, such as a head, arms, and/or an actuated torso. As meiined above,
because social robots are designed to operate in our daily einonment, using
human communication skills, many social robots are humanal robots. For
other types of social robots, such as zoomorphic designs, ¢hgesture software
should be usable to generate arm, body or head motions, on theondition that
the robot can be modelled as such.

Although speech and gesture are closely related to each othethe use of
speech is not incorporated in this research. In this thesiswe focus on how
the di erent postures composing a gesture can be achieved bgli erent robots.
The autonomous generation of gestures in conjunction with apoken utterance
falls out of the scope of this thesis. In addition, the incorporation of our system
into a global cognitive architecture, and therefore, the gaeration of gestures
as a result to external or internal stimuli, is not covered hae. For this, we refer
to the the EU-project DREAM.

A second objective is to investigate the usability of the mehod in the design
process of social robots. Can the method be used to achievesights in the
importance of specic design aspects? Can it help in making @stantiated
trade-0 's in the design process of new robots?

The nal objective of this research is to develop a new versia of the robot
Probo, which should serve as an ultimate validation of both a&pects of the
developed gesture method; namely its usefulness in genenag) gestures for a
random robot con guration, as well as its applicability in t he design process of
a new social robot.

13



1.5 Thesis outline

The work described in this dissertation is grouped into three major parts, ad-
dressing the three objectives discussed above. Part | comises chapterd P to
and discusses the development and validation of the di erat features of the
gesture method. As a global introduction to the developed sfiware, chapter
discusses the usability and overall characteristics of ta method. Since for
di erent types of gestures, di erent features are important, our method was
designed to work in two modes. Theblock mode which is used to calculate
gestures whereby the overall arm placement is crucial, likeemotional expres-
sions, will be handled in chapter[3. Chapter[4 discusses thesétures of the
end-e ector mode, developed for calculating end-e ector depending gesturg,
like pointing gestures. An interesting aspect of the methodis that, not only
di erent types of gestures can be calculated by providing two working modes,
in addition, these two modes can be used in combination to crate blended ges-
tures. Chapter[d covers how amode mixer is used to generate these combined
gestures. In some situations, it is desirable to express annetional condi-
tion through an ongoing functional behavior, such as a deidt gesture. How a
neutral behavior is modulated into an a ective motion by using a set of char-
acteristic performance parameters, is covered in the secdnpart of chapter Bl
Part Il of this thesis, containing chapter [7] focusses on thause of the developed
gesture method as a tool in the design process. As an ultimatgalidation of
both aspects of the gesture method, Part Il discusses the delopment of a
new social robot, Elvis, designed within the frame of the Prdo-project. Chap-
ter Bl handles how three di erent joint con guration are chosen and how they
are designed and physically realized, while chaptdr]9 lista number of gestures
generated by all three con gurations.
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Methodology

In robot animation, the correspondence problem is often onited by coding
gestures for one speci ¢ robot con guration. Sharing gestues between robots
is not straightforward and therefore, when working with a new robot platform,
new joint trajectories to reach the desired postures need tde calculated and
implemented. In this thesis, we aim to provide a solution forthe correspondence
problem and make the implementation of gestures more e ciert by developing a
generic method to generate gestures for social robots. Th@movative aspect of
this method is that it is constructed independently of any robot con guration,
instead, a human base model is used as a basis to construct treoftware's
framework. At runtime, the con guration of the robot is used as input to
evaluate the method's generic structure, and the joint angés needed to establish
a desired gesture are calculated. The framework is very eXle, allowing for
easy modi cations and improvements of the method, while adihg new gestures
to the database is also straightforward. In this chapter, the usability and global
characteristics of the method are discussed. The next chapts cover the speci c
working principles and calculation aspects of di erent fedures of the developed
method. An outline to this is given in section[Z. In sectionZ.2, we explain
how the generic aspect of the method is achieved by de ning Bdy Action Units
and a human base model. Finally, when a user wants to generatgestures for
a certain robot, its con guration is speci ed to the method by a certain set of
parameters. An example of how this is done is given in sectiog.3.
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PART |. DEVELOPMENT OF A GENERIC GESTURE METHOD FOR SOCIAL RO BOTS

2.1 Working modes of the gesture method

The aim of the developed method is to allow di erent types of gestures to be
calculated for various robot con gurations. An overview of the classi cation

of gestures was given in section TI12. Given their signi cane in creating mean-
ingful and natural human-robot interaction, emotional expressions and deictic
gestures were selected to be the two main gesture types of mtest. Since for
those two types of gestures, di erent features are importam, the developed
method will use di erent principles to generate them. For deictic gestures, es-
pecially the end-e ector placement is crucial; the combindion of the position

and orientation of the end-e ector determines to which point in space is referred
to. In their work, Salem et al. [@] indeed decided to work wit the end-e ector

pose and calculated task-space trajectories using inversgnematics to calcu-
lated speech-accompanied gestures, based on the ndings E]. On the other
hand, for emotional expressions, the overall pose of the armis very impor-
tant to convey the gesture. In ], experiments showed thatemotions can be
conveyed by body movements, even when the shape of the arm isimmised

by using point-light displays, which indeed implies that the relative placement
of the di erent bones or links, determining the overall shape of the arms, is
important to convey an emotional expression. To take those Wwo aspects into
account, our method was designed to work in two modes: thélock mode de-
veloped to calculate gestures whereby the overall arm plageent is crucial and
the end e ector mode, developed for end-e ector depending gestures.

The block mode of the method will be handled in chapter™B whilechapter
[ discusses the features of the end-e ector mode. An interéisg aspect of
the method is that, not only can di erent types of gestures be calculated by
providing two working modes, in addition, these two modes ca be used in com-
bination to create blended gestures. For example, a personitth an anxiety of,
let us say, spiders, can create an emotional expression ofdiewhen encounter-
ing one by moving the upper body backwards and raising a handn front of
the face, in combination with a pointing gestures towards the little creature
using the other hand. In our method, an emotional expressiorin the sense of
an explicit, full body action as calculated by our block mode can take place
in combination with a deictic gesture as calculated by our enl-e ector mode,
by assigning each gesture to other body parts. Chaptef]5 cove how these
blended gestures are generated. In some situations, it is dgable to express
an emotional condition in a di erent manner than by using explicit emotional
expression. In such cases it is possible to express an emat# state through
an ongoing functional behavior, such as a deictic gesture. déiv a neutral be-
havior is modulated into an a ective motion by using a set of characteristic
performance parameters, is covered in the second part of cpter
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e\Y\Od for gesture generauo”

Block Moge

€nd-e ffector mod®

Figure 2.1: This schema represents the methodology of the @eloped gesture
method, aiming to overcome the limitations of the current state of art where
gestures are implemented for a speci c robot. The method usea human base
model to store target gestures independently of any con guation in a database,
and to calculate a mapping at runtime, based on the robot conguration spec-
i ed by the user. Two modes are used to allow for di erent types of gestures
to be calculated. The block modeis used to calculate gestures whereby the
overall arm placement is crucial, like for emotional expresions, while the end-
e ector mode was developed for end-e ector depending gestures, like detic
gestures. The two modes can be combined to generate blendethetional and
deictic gestures. Furthermore, emotional states can be caryed by modulat-
ing functional behaviors into a ective motions. Robots: (a) WE-4RII ([ﬁj).
(b) KOBIAN ([64]). (c) NAO ([87]). (d) ASIMO ([88])] (e) Myon ([89]). (f)
HRP-2 ([od]).
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2.2 Achieving the generic aspect of the method

To ensure a generic method usable for di erent kinds of robos, the framework
was developed without using any kind of robot morphology. Irstead, a simpli-
ed model of the rotational possibilities of a human, the human base model,
is used as a reference to construct the method. To de ne this mdel, rstly, a
set of Body Action Units was developed. This approach is simar to the Facial
Action Coding System of Ekman and Friesen |f9|1], which de nesa number of
(Facial) Action Units to describe facial expressions. Whik the Facial AU's are
de ned as a muscle or a muscle group, our BAU's are based on thenatomical
terms of motion.

2.2.1 Motion of the human body

The anatomical terms of motion describe the di erent motion possibilities in
the human body. Most of the motions in the body are osteokinenatic motions;
angular movements of bones around a joint axis. Most motionshave an op-
posite, and are therefore often treated in pairs. The folloving major motion

types can be distinguished|[92][93][94]:

Flexion and extension are motions that take place in a sagittal plane; a
plane dividing the body into a right and left part. Flexion is the bending
movement that, in general, moves the body part forward. Extension, on
the other hand, involves the straightening movements, usubly directed
backwards, returning the body part into the neutral positio n after exion.

Lateral exion or lateral bending is the term used to describe the
sideways movement of the trunk.

Abduction is a movement away from the midline of the body in the
coronal plane; a vertical plane dividing the body into a ventral and dorsal
section. Adduction is the opposite motion that restores the body part
toward the midline.

Medial rotation , or internal rotation , is the movement of a body part
around its longitudinal axis, whereby the anterior surface rolls inward
towards the midline. In contrast, for a lateral rotation , or external
rotation , the anterior surface rolls outward, away from the midline. In
specic, to refer to the rotation of the forearm, the terms supination
and pronotation is used.

By listing the possible motions of the most important joints of the body, an
overview of the range of human movement can be obtained. In tis thesis, we
focus on upper-body motion. Table[2.1 lists the major upperbody movements,
together with an illustrative gure.
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Table 2.1: List of upper-body motions

Term of motion

Illustration

Flexion/extension  of
neck

Abduction/adduction
of neck

Rotation of neck

Flexion/extension  of
spinal column

Lateral exion  of
spinal column

Transversal rotation of
spinal column

Abduction/adduction
of shoulder girdle

Elevation/depression
of shoulder girdle

e
——S
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Flexion/extension of
shoulder

Abduction/adduction
of shoulder

Medial/lateral rota-
tion of shoulder
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Flexion/extension of
elbow

Pronation/supination
of elbow

/

(2

Flexion/extension of
wrist

Abduction/adduction
of wrist
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2.2.2 Body Action Units and the human base model

Table 2.1 forms the basis in de ning our human base model. Thdisted motions
were numbered, resulting into 15Body Action Units. All upper-body move-
ments executed by humans can now be taxonomized into the aatation of one
or more de ned BAU's. The de ned BAU's are listed in table 21 The units
are grouped into di erent blocks corresponding to one human joint complex,
such as the shoulder or the wrist. The grouping is based on théody part
where the motion takes place and therefore straightforward except for BAU
13. This Action Unit corresponds to the pronotation/supination of the elbow.
However, since in robots this motion is often implemented inthe wrist zone,
it was grouped into the wrist block. The de ned blocks can sulsequently be
grouped into three body parts, namely the head, body and armwhich we refer
to as chains. Using this structure, the base human model was de ned. The
model exists of four chains; the head, the body, the left arm ad the right arm.
The head chain consists of one joint block made up of the thregoints corre-
sponding to BAU 1 to 3. To get a reasonable model for the body, lte body was
modelled as consisting of three joint complexes, replacinghe 24 articulating
vertebrae of the spinal column. Therefore, the body chain cosists of three
similar body blocks, all including three joints correspondng to BAU 4 to 6.
The base model of the arm consists of four blocks; the clavielblock, consisting
of two joints corresponding to BAU 7 and 8, the shoulder and wist consisting
of three joints, corresponding respectively to BAU 9 to 11 amnl BAU 13 to 15,
and the elbow consisting of one joint corresponding to BAU 12 see table[Z2.2).
The structure of the human base model corresponds to the "uitnate' robot
con guration. Since it is an approximate model of the rotational possibilities
of a human, and most humanoid robots have a morphology that idess com-
plex, the human base model is a structure that comprises the @an guration of
most existing humanoid robots. To describe postures in a quatitative way,
a standard reference frame was de ned. The standard x-axis as chosen to
be in the walking direction, while the z-axis is the vertical pointing upwards.
Subsequently, a frame was assigned to each block. For the tom body block
(called body 1), the reference frame is the standard referare frame. The body
2 and body 3 axes are respectively, the body 1 and body 2 embedd axes.
The head and clavicle's reference axes are the body 3 embedtaxes. For all
other blocks of the arm, the axes are the embedded axes of thegvious block
when the model is placed in T-pose (Figuré_ZJ2).

2.3 Specifying the robot's con guration

When a user desires to generate gestures for a certain robot emmodel, its mor-
phological information is speci ed by inputting a limited a mount of rotational
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Table 2.2: The Body Action Coding System

Chain Block BAU Description
1 Flexion/extension of neck
Head Head 2 Abduction/adduction of neck
3 Rotation of neck
4 Flexion/extension of spinal column
Body Body 5 Lateral exion of spinal column
6 Transversal rotation of spinal column
Clavicle 7 Abduction/adduction of shoulder girdle
8 Elevation/depression of shoulder girdle
9 Flexion/extension of shoulder
Arm Shoulder 10 Abduction/adduction of shoulder
11 Medial/lateral rotation of shoulder
Elbow 12 Flexion/extension of elbow
13 Pronation/supination of elbow
Wrist 14 Flexion/extension of wrist

15 Abduction/adduction of wrist

information and the con guration's Denavit-Hartenberg (D H) parameters into

the program. A small introduction on the DH-convention is available in ap-

pendix [Bl To specify the con guration, the dierent joints o f the robot are

grouped into the chains and blocks of the human base model. T&nhuman base
model's main purpose it thus to provide a structure to code the framework of
the method. When the program is launched for a desired con guation, the

variables corresponding to the structure of the human base mdel, such as the
amount of chains, amount of blocks and joints per block, are ealuated corre-
sponding to the current joint con guration. As such, the method can be used
for any robot that consists at least of one arm, a body, or a hed.

Table 2.3 illustrates how a con guration is speci ed to the method by consid-
ering the case of the robot NAO I[__13]. For this process, the robbis placed in
T-pose; a pose whereby the agent is standing straight, the haal facing forward
and the arms lifted in an angle of 90with the body. The elbow's joint axis
is oriented vertically, and the hand palms are faced forward The top row of
table [Z.3 shows the actuated joints in the upper-torso of NAQ superposed on
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Shoulder Clavicle

Endeffector Wrist Elbow
z

z

Figure 2.2: A reference frame was assigned to each block. Fdne body 1
block, the reference frame is the standard reference frameThe body 2 and
body 3 axes are respectively, the body 1 and body 2 embedded ex. The head
and clavicle's reference axes are the body 3 embedded axearfll other blocks
of the arm, the axes are the embedded axes of the previous blo.c

the virtual model of the robot placed in T-pose. In a rst step, the available
joints are grouped into the corresponding blocks and chains The robot has
ve joints in the arm, whereof three are responsible for the $ioulder motion.
The rst three arm joints are therefore grouped into the shoulder block. The
next joint in the arm chain is responsible for the exion/ext ension of the elbow
and therefore makes up the elbow block. The last arm joint coresponds to the
pronation/supination of the lower arm and is the only joint t hat is to be placed
in the wrist block. Only one of the three possible wrist joints is available; we
call this an incomplete block NAO does not features any joint that can be
modelled into the clavicle block. Therefore, this block is ot available for this
con guration, which results in a left and right arm chain con sisting of only
three blocks; the shoulder, elbow and wrist. The head contais only two of the
three possible head joints; the joint corresponding to the &duction and ad-
duction is missing. So as for the wirst block, also the head lolick is incomplete.
Furthermore, the torso does not feature actuated joints andtherefore, the com-
plete body chain is missing. In a next step, suitable DenavitHartenberg (DH)
frames are assigned to each joint. Since no body chain is alable here, every
chain is treated separately. The end-e ector of the arm chan is placed in the
hand palm, while that of the head chain is situated at the leve of the eyes.
The corresponding DH-parameters can then be listed for evgravailable block
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Table 2.3: To specify a robot con guration to the method, the model is placed
in T-pose. The available joints are grouped into the di erent blocks and chains
of the human base model. DH-frames are assigned to each joinand the
corresponding DH-parameters are listed and used as input fothe method.
Furthermore, the relative orientation of the base frame of every available chain
with respect to the standard reference frame needs to be spieed.

Joint con guration

Chain Joint DH-parameters baseR . nd
a d
(rad) (cm) (cm) (rad)
0 1
1 00 0
Heaq Headl =2 0 0 010 05§
Head 2 0 5 0 =2 0 1 21
0 0O 1
Shoulder 1 =2 0 0 0 0 1
Shoulder 2 =2 0 0 0 (1) 8 (1) go
Right Shoulder 3 =2 0 10 0 i
B 10 O
Elbow =2 0 0 0 0 0 0 1
Wrist 0 0 17 0
Shoulder 1 =2 0 0 0 0 1
Shoulder 2 =2 0 0 0 01 g (1) go
Left Shoulder 3 =2 0 10 0 )
- 0 10 9
Elbow =2 0 0 0 0 0 0 1
Wrist 0 0 17 0
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in the present chains. This information is listed in the center columns in the
bottom part of table 23] Next to the DH-parameters, also the orientation of
the base frame of every available chain needs to be indicated'he orientations
are speci ed with respect to the standard reference frame, laced in the pelvis
of the robot. The relative orientation of the chain base frame and the standard
reference frameP2eRg g , for the three available chains is listed in the most
right column of table 223l

2.4 Conclusions

This aim of this thesis is to investigate how gestures can be exibly gener-
ated for di erent robot morphologies and to develop such a geeric method.
The developed method provides a framework to overcome the ceespondence
problem by describing target gestures independently of a amguration, and
calculating a mapping based on a random con guration choserby the user.
In this chapter, the global characteristics of the method wee discussed. Since
for di erent types of gestures di erent features are important, the method was
designed to work in two modes. The block mode is used to calcate gestures
whereby the overall arm placement is crucial, like for emotbnal expressions,
while the end-e ector mode is developed for end-e ector depnding gestures,
like deictic gestures. To achieve the generic aspect of the ethod, a human
base model was de ned to serve as a reference to construct theethod. This
human base model, consisting of several chains and blocks,an approximation
of the rotational possibilities of a human and therefore conprises most of the
available humanoid robot con gurations. To generate gestues for a certain
robot, the di erent robot joints need to be grouped into the b locks of the hu-
man base model. As such, the method can be used for any robot esisting of
a head, body and/or arm. The exact morphology is specied to the program
by inputting the Denavit-Hartenberg parameters of the con guration and a
maximum of four rotation matrices. The next chapters cover how the neces-
sary joint angles to establish a desired gesture are calculad for a specied
con guration.
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Generating emotional

expressions using the
block mode

To investigate the e ect of gestures in human-robot interadion, a number of
social robots capable of gesturing have been designed. Gasts are often pre-
programmed o -line or generated by mapping motion capture data to the robot.
Since these gestures are dependent on the robot's joint coguration, they can-
not be used for other robots. Therefore, when using a new roliglatform with
a di erent morphology, new joint trajectories to reach the desired postures
need to be implemented. The developed method discussed inithdissertation
aims to minimize the workload when implementing gestures ora new robot
platform and facilitate the sharing of gestures between dierent robots. This
chapter discusses the block mode of the method, which is usetd calculated
gestures whereof the overall arm placement is crucial, sucas emotional expres-
sions. To calculate a gesture for a certain con guration, the block mode uses a
set of target gestures listed in a database and maps them to #t speci ¢ con g-
uration. The method was validated on the virtual model of di erent robots and
an online survey was performed to evaluate the user's percéipn of the output
of the method. The results of this survey showed that the calalated gestures
for a certain robot con guration well resemble the target gestures, and thus
that our methodology to map gestures to di erent robot morph ologies gives
good results.

This chapter is based on the following publication:
Greet Van de Perre, Michael Van Damme, Dirk Lefeber and Bram \ander-

borght. Development of a generic method to generate upper-dy emotional
expressions for di erent social robots. Advanced Robotics 29(9):597{609, 2015.

29



PART |. DEVELOPMENT OF A GENERIC GESTURE METHOD FOR SOCIAL RO BOTS

Table 3.1: Examples of emotional expressions for anger, hamess and sadness.
Originating from the UCLIC A ective Body Posture and Motion Database l[_@ﬁ]

Anger Happiness Sadness

3.1 Methodology

The block mode is designed to generate gestures whereby theerall posture is

important, such as emotional expressions. As clari ed in setion [[.LZ.3, we use
this term to indicate a gesture whereby a full body posture isused to convey
an emotional state. Some examples of emotional expressioase given in table
3. These postures origin from the UCLIC A ective Body Posture and Motion

Database [95] and are recorded using human motion capture.

To calculate emotional expressions, the block mode uses atsef target ges-
tures listed in a database and maps them to a desired con guréon. To gener-
ate this kind of gestures by one generic method for robots wit di erent joint
con gurations and link lengths, it is not su cient to only im pose the pose of
the end-e ector. Inverse kinematics for robots with a di er ent con guration
and di erent relative arm lengths could result in unrecognisable global pos-
tures when only using the end-e ector pose. A good scaling, épending on the
robot con guration, is crucial to guarantee a natural and human-like overall
calculated posture. Therefore, to ensure a good overall ptisre, the orienta-
tion of every joint complex the robot has in common with a human needs to
be imposed.

3.2 Target gestures

The database lists a number of target gestures that are usedsaa reference to
calculate gestures for a speci c con guration. Since the sped of the movements
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contributes to the recognizability of gestures l@l@b] tke database does not only
speci es static postures but o ers the possibility of using motion sequences.
The target gestures in the database therefore consist of oner more important
postures, accompanied by a timing speci cation. The appro&h of starting from
expressive key poses to create convincing and believablesgiays is a common
animation technique @]].

Most of the target gestures were chosen by using the UCLIC A etive Body
Posture and Motion Database I@ﬁ]. This database consists af number of mo-
tion capture data sets for several emotional expressions. df every data set, an
expressive avatar was generated by selecting the static page from the mo-
tion sequence, that the actor himself evaluated as the most@ressive instant.
These static postures were subsequently labelled and rately a number of ob-
servers from three di erent cultures. For every emotion, the motion sequence
corresponding to one of the best-scoring postures was chaséor our database.
Because of the easily-extendable library and the exible famework, also other
gestures corresponding to the emotions can be incorporateifidesired, to allow
for some variance of the gestures during human-robot interetion.

The target postures are quantitatively described by specijing the orthopaedic
angles of every block of the human base model. Orthopaedic gies are similar
to Euler angles, but are de ned according to clinical terms sich as exion and
abduction [99]. Using the reference frames assigned to eadftock in section
222, the orientation of blocki is determined by the zyx-Eulerangles of frame
i +1 (the base frame of blocki + 1) with respect to frame i (the base frame of
block i) (see gure[Z2). The data is stored in the program as rotation matrices.

3.3 Mapping the gestures to a con guration

To make a model or robot perform a desired gesture, the targeposture se-
guences described in sectioh-3.2 are mapped to the joint coguration. The
method can be used for any robot or model whereof its con gurion consists
of one or more parts of the human base model, namely a head, a body, a left
and/or right arm. The joints of each chain must be grouped into the di erent
blocks composing that chain, whereby the number of driven jints placed in
a block cannot exceed the number of joints in the correspondig block in the
human base model.

To specify the robot's joint con guration in the program, th e Denavit-Hartenberg
(DH) parameters of every present block need to be speci ed. Aarget posture
is mapped to the con guration by imposing the orientation of the end-e ector
of the dierent blocks and calculating the corresponding joint angles. Miss-
ing chains or blocks are ignored. The robot Keepon 0] forxample, is a
snowman-like robot without arms. Therefore, the mapping ofa posture will be
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Table 3.2: This example illustrates the mapping of gestures Since dierent robot con gurations lead to dierent
Denavit-Hartenberg matrices, the mapped rotation matrices will di er as well.

T-pose (neutral position) Desired posture

Endeffector Wrist Elbow Shoulder Cla:

| 1dvd

<
©
o
S
[¢)]
0
©
m
100 100 100 100 100 100 00 100
010 010 010 010 010 010 01 010
001 001 001 001 001 001 10 001
Endeffector Wrist Elbow Shoulder Cld)
—d :
‘“\
==
—
c
g
=
]
o
>
[@2]
c
o 100 100 100 100 100 100 10 100
O 010 010 00 1 010 010 010 0 010
001 001 01 0 001 001 001 00 001

Od VIO0S "O4 AOHLIW FINLSTD JId3ANTO V 40 LINIFNJOTIAIA

s1od



CHAPTER 3. GENERATING EMOTIONAL EXPRESSIONS USING THE BLOC

Shoulder

—0Oo
-
o o

oo

[elal)
oo
—00

—0 O
o o
oo

Z uoneinb uo)n

K MODE

33



PART |. DEVELOPMENT OF A GENERIC GESTURE METHOD FOR SOCIAL RO BOTS

restricted to the body and head. Since the target postures ag stored in the
program under the form of Euler angles with respect to the stamdard reference
frame, they need to be transformed to the current Denavit-Hatenberg frames
to be able to calculate the correct joint angles. Thereforepesides the Denavit-
Hartenberg parameters, the rotation matrix between the standard and the DH-
base frame of every present chain needs to be speci ed as wéthaximum four
matrices) as input for the method. A simple example illustrating the mapping
is shown in table[32. The rst row displays the base model whie two di erent
arm con gurations, both consisting of 9 degrees of freedomare shown in the
second and third row. In the rst column, all the con guratio ns are in T-pose
and the relative orientation of all blocks with respect to their predecessor is
displayed. For the base model these are the assigned frames discussed in
section[ZZ2, while for the two con gurations these are theDenavit-Hartenberg
base frames of every block. The second column displays thergeted posture;
a stretched arm arm with the hand palm facing up. In order to reach this
posture, an outward medial rotation of the shoulder (BAU 11) around 90° is
necessary. For the base model, this means a rotation of -90%@und the y-
axis of the shoulder block reference frame. All the lower lyig blocks of the
arm (elbow and wrist) are included in this movement, and therefore only the
relative rotation of the elbow with respect to the shoulder will change. This
new rotation matrix, depicted in red in the Base modelrow of table [3.2, serves
as the target rotation matrix and will be mapped to the con gu rations to
calculate the desired posture. In order to correctly map thedesired orientation
to the current con guration, the orientation of the Denavit -Hartenberg frames
with respect to the standard frame of the base model needs tod considered.
The correct mapped matrix can be calculated as follows:

Ri =" Rg  Riges 'Rei (3.1)

Here, R; is the mapped rotation matrix for block i, ® R the rotation matrix
between the base frame of block i and the standard referenceaime, Ri.qes the
target rotation matrix in standard axes for block i, loaded from the database
and 'Re; the rotation matrix between the standard reference frame aw the
end frame of block i, i.e. the base frame of block i+1.

The mapped rotation matrices for the shoulder can then be calulated by
substituting the correct rotation matrices in Eq. Bl Since the Denavit-
Hartenberg frames are di erent for the two con gurations, t he rotation ma-
trices between these frames and the standard frame will di €, resulting in a
di erent mapped rotation matrix for the shoulder block. The dierence in ma-
trices is the reason why in the state of the art, gestures arelaays implemented
for one speci ¢ robot platform; only the mapped matrices for that robot are
speci ed. By using matrices de ned in a standard reference fame and scaling
them by using the Denavit-Hartenberg matrices correspondig to the robot's
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joint con guration, our method makes it possible to map gestures to di erent
robots. As described in sectior 3.2, the gestures listed inhe database consist
of a set of postures specied in time. For every posture, the rapped rota-
tion matrices are calculated as explained above. Dependingn the speci ed
time constraints, a set of intermediate postures is calculted by interpolating
between the current posture of the robot and the desired onei.e. the next pos-
ture speci ed in the gesture database. In that way, a uent motion with the
desired speed characteristics can be obtained. For every dtk, the necessary
joint angles to establish a desired posture can be calculatefrom the mapped
rotation matrix by using inverse kinematics.

3.3.1 Complete con guration

A full con guration is a con guration similar to the base mod el; consisting
of four chains, each containing a speci ¢ number of blocks, Wich are in turn
made up of a speci ed number of joints as listed in tabl€=ZP. Br each block, a
mapped rotation matrix is calculated as described in sectia [3.2. This matrix
is the necessary orientation the end-e ector of the block neds to adopt in
order to reach the desired overall posture. To calculate thecorresponding
joint angles numerically, an inverse kinematics algorithmis necessary. For each
block, the joint angles are calculated by the closed-loop imerse kinematics
algorithm shown in gure EEI[I@]. In a rst step, the time derivate of the
joint angles q is calculated:

a= J{(AD(xg + K(Xg  Xe)) (3.2)

Here, X4 is the desired end-e ector pose. Since the maximum number gbints
in one block is three, it is not necessary to use all six paranters of the pose;
the consideration of the orientation of the end-e ector is 2 cient. Therefore,
Xq is reduced to the zyx-Euler angles corresponding to the mapgd rotation
matrix. JX (d) is the Moore-Penrose pseudo inverse of the analytical Jadan
Ja(0), Xe the current end-e ector pose; i.e. the current zyx-Eulerargles, and
K a positive de nite gain matrix. The analytical Jacobian and the current
end-e ector pose are calculated as a function of the currenfoint angles.

The desired joint anglesq are then calculated by integrating g with the Runge-
Kutta algorithm [@. More information on how the inverse kinematics algo-
rithm is implemented in the gesture software and how the di erent terms can
be determined is available in appendiXB.

Since the complete con guration has the same rotational posibilities as the
human base model, it will always be possible to calculate a aeect set of joint
angles to generate the desired posture. The calculated areg are then sent to
a virtual model to visualize the posture. The loop of the algaithm is closed
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Figure 3.1: Schematic representation of the closed loop irrse kinematic algo-
rithm used to calculate the joint angles for the desired bodyposture ].

by calculating the new actual end-e ector orientation by direct kinematics (de-
picted by k() in gure 8I] and using it as input to determine the current
error.

3.3.2 Con guration with a reduced number of DOF

In most cases, the robot will have a simpli ed con guration, and will therefore
not have the same amount of degrees of freedom as the human leasmodel. The
robot WE-4RII [@ is one of the few robots having a complete DOF arm with

an actuated clavicle. Most other robots will miss the BAU's corresponding to
the clavicle. This is for example the case for iCublm3] and 8IMO ]
Joints in the wrist are also often omitted. NAO [105] and QRIO [106] for
example, have no possible wrist movements except for the pr@tion/supination

corresponding to BAU 13. Working with incomplete con gurations implies
that some desired orientations will not be reachable for ceain blocks, and
therefore the exact desired posture cannot be established.In that case, a
good approximated posture needs to be calculated. Mappinghte Facial Action

Coding System onto an incomplete robot face, is relatively asy. The Facial
Action Units correspond to “stand alone' joints and hence, nissing Action Units

can be ignored without disturbing the placement of the other Units. In our

Body Action Coding System, the Body Action Units are grouped in blocks
whereof the end-e ector's orientation is speci ed. When a @mplete block is
missing, this problem becomes similar to that for a missing Bcial Action Unit

and the entire block can be ignored. However, in the case of @omplete blocks
(i.e. blocks with one or two missing joints), the mapping bemmes complicated
since a missing joint in a block will have an in uence on the vdues of the
other joints and can therefore not be simply ignored. Consiér, for example,
a con guration whereof the joint responsible for the elevaion and depression
of the shoulder girdle (BAU 8) is missing. If a targeted gestue includes both
the adduction/abduction and elevation/depression of the shoulder girdle, the
desired orientation matrix for the clavicle can never be obtined from only
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the one joint in the con guration. In that case, the method wi Il calculate the
necessary joint angles in order to perform an overall postug as close as possible
to the target posture. In order to do so, virtual joints are added to the blocks
when necessary. The virtual joints are chosen so that they aoplete the current
block, making the rotational possibilities equal to those d the corresponding
block of the human base model. Then, as for the complete con gration, the
correct joint angles needed to establish the desired postercan be calculated by
the inverse kinematics algorithm depicted in gure 3. After the calculation,
the angles corresponding to the real and virtual joints are sparated; only the
real joint angles are sent to the virtual model to visualize the posture. Figure
332 summarises the program's work ow to calculate the corret joint angles
for a desired posture.

For each chain present

Y

For each block present

Add (n_max - n)
virtual joints

Calculate mapped
rotation matrix

!

Calculate joint angles

!

Send (real) angles to
robot/model

Figure 3.2: Schematic representation of the program ow. Fa every block
present in the con guration, a mapped rotation matrix is cal culated. The
corresponding joint angles are calculated by inverse kineatics and sent to the
virtual model or robot.
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3.4 Results

3.4.1 Emotional expression of happiness for di erent con-
gurations

The method was validated on several con gurations. Table['33 shows a calcu-
lated posture for di erent arm con gurations. To generate t he renderings, the
joint trajectories calculated by the method were loaded to the corresponding
virtual model in Autodesk 3DS MAX. The top row shows the targeted posture,
in this case the end posture for the emotional expression fohappiness The
posture is visualised using a human virtual model, purchase from the Rock-
etBox Libraries [@]. In the second row, a complete con guation is shown,
with a 9 DOF arm, 3 DOF head and 9 DOF body. In this con guration , all
the blocks are complete and therefore, a set of joint anglesan be calculated
for every block wherefore the corresponding overall poste equals the target
posture. The same human model was used to visualize the posti calculated
for this complete con guration. Con guration 2 shows the ASIMO robot [[].
This virtual model was downloaded from the tf3dm-website @] and adapted
to our speci c needs. The robot ASIMO has a 7 DOF arm, with a conplete
3 DOF shoulder, 1 DOF elbow and 3 DOF wrist, only the clavicle Hock is
missing. The head chain is complete, since it constains allhree joints that
make up the head block. ASIMO's body contains only one joint @rresponding
to BAU 6, so the body chain is modelled as consisting of one sgie body block,
body 1, containing one joint. For the head, shoulder, elbow ad wrist blocks,
a set of joint angels can be calculated to reach the desired mmtation of the
blocks. But since the body 1 block is incomplete, virtual jonts needs to be
added to calculate an approximate solution. When observingthe calculated
posture, one can see that, although this is not a complete coguration, the
obtained posture is very recognizable. Notable is the loweplaced left arm,
because of the lacking of a clavicle block and the possibilitof lateral exion of
the body. Con guration 3 shows the Justin robot [2]. The virt ual model is an
original le from the designers at DLR Robotics and Mechatronics Center. The
robot's body contains three joints and can be modelled as caisting of three
incomplete body blocks, each containing only one joint coresponding to BAU
4; exion and extension of the spinal colunm. Also the head bbck is incom-
plete. It consists of two joints, corresponding to BAU 1 and 3 while the joint
corresponding to the abduction and adduction is missing. Jstin has a 7 DOF
arm, with a complete 3 DOF shoulder, 1 DOF elbow and 3 DOF wrist similar
to ASIMQO's arm con guation. The same remarks for the calculated posture as
for ASIMO can be made. In addition, the exact orientation of the head di ers
from that of the target posture, because of the missing jointresponsible for the
abduction and adduction of the head. The last con guration is that of NAO
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[B]. The virtual model was shared online by Aldebaran. NAO'shead has a

similar con guration as that of Justin. However, no joint is located in the body
and therefore, the complete body chain is missing. NAO's arnmconsists of 5
joints; composing a complete shoulder and elbow. The wristioly consists of one
joint, therefore, to calculate an approximate solution, two virtual joint needs

to be added to complete the wrist block. In the resulting posure, especially
the absence of a joint responsible for exion and extension fothe wrist has an

in uence on the resulting wrist placement.

The calculated joint trajectories for the left arm chain for the four con gu-
rations listed in table when going from the T-pose to the @d posture for
the expression forhappinessare plotted in gure 83] For the human con g-
uration, a trajectory is calculated for each joint. But since missing blocks are
ignored by the method, no trajectories are calculated for tte clavicle block for
the three robot con gurations. Because the joint con guration of the shoulder
is di erent in the four examples (for Justin and ASIMO, the r st shoulder joint
is placed at a di erent angle), four di erent trajectories a re calculated to reach
the same end orientation of the end-e ector of the shoulder tock. Since the
elbow block is the same for the four con gurations, the same gint trajectory
is obtained for all four models. However, the trajectory for the human con-
guration is biased from the others because of a di erence inDH-parameters.
Concerning the wrist block, the calculated trajectories fa ASIMO and Justin
are the same, since they have a similar joint con guration. As NAO's wrist only
contains one single joint, two virtual joints are added to the block to calculate
an approximate solution. The trajectories of the virtual joints are depicted by
dotted lines.

3.4.2 Survey

To validate the output of the method, an online survey was peformed. The
trajectories for the gestures corresponding to the six basi emotions were cal-
culated for three robots, namely ASIMO, Justin and NAO. A separate movie
for every robot performing each gesture and six additional novies showing a
human virtual model performing the target gestures were ma&. These movies
and the link to the online survey can be found on the Probo-webitd]. The
end postures of the gestures can be found in table—3.4. The suey's objective
was to investigate the quality of the mapped gestures, so tolweck whether the
calculated gestures for di erent con gurations can be correctly matched to the
initial target gestures. Therefore, in the rst part of the s urvey, the six target
gestures, labelled with the emotion they convey, were shownin the next part
of the survey, the videos showing the di erent gestures by tle three robots were
shown in a randomized order. After watching every video, theparticipant was

Lhttp://probo.vub.ac.be/GestureMethod/BlockMode.htm
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Table 3.3: Results of the method for di erent arm con gurati ons. The rst col-
umn shows the joint con guration, while the second column slows the mapped
end posture for the expression ohappinessfor that con guration.

Con guration Calculated posture

ASIMO full cong Base model

Justin

NAO
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asked to match the shown gesture with one of the target gestwes by means of
a multiple choice form ( gure B4). This methodology is similar as the strategy
used to evaluate the expressive behavior of Kismet, where bjects were asked
to perform a comparison task between the robot's expressivéaces and a series
of line drawings of human expression@g].

73 participants with origins from six di erent countries an d ages varying from
18 to 82 years old lled out the survey. The recognition rates expressed in
percentage, are listed in tableZ3.b. The overall rates for tk correct linking of
the gestures are relatively high, whereof we can conclude #t the calculated
gestures in general well resemble the target gestures fromhé database and
therefore, that our methodology to map gestures to di erent robot con gura-
tions gives good results. Especially the gesture fosadnessgave good results:
a recognition rate of 99 percent for Justin and NAO, and even 100 percent
for ASIMO was obtained. This can be attributed to the fact that the sad-
nessgesture is a very distinctive one. Also the gestures fodisgust fear and
happinesshave high recognition rates for all three con gurations. Striking is
the low recognition rate for the mapped gesture correspondig to surprise for
ASIMO; only 55 percent of the participants correctly linked this gesture to the
corresponding target gesture, 31 percentage linked it to tke target gesture for
disgust The mapped gesture forsurprise signi cantly di ers from the target
gesture fordisgust Therefore, we assume that the cause for this low recogni-
tion rate lies in the choice of the target gesture. Probably,not all our subjects
recognized this gesture as an expression faurprise and let the recognition of
the mapped gesture as a certain emotion prevail over the linkge of it with one
of the target gestures.

3.5 Conclusions

In this chapter, the block mode of our developed gesture methd was described.
This mode is used to calculate gestures whereby the overallgse is important.
To generate gestures for a desired con guration, a set of taget gestures, stored
in a database is mapped to the con guration. The target gestues are described
by the orthopaedic angles of every block of the human base madi that was de-
ned in the previous chapter. Based on this information and the speci cations
of the chosen robot con guration, a mapped rotation matrix is calculated for
every block. The inverse kinematics problem for every avaible block is solved
by imposing the mapped rotation matrix as end-e ector constraint. The block
mode was validated on di erent con gurations, including th ose of the robots
ASIMO, Justin and NAO, with arm con gurations ranging from 9 DOF to
only 5 DOF. The results are visualized by sending the calculted joint trajec-
tories to a virtual model. To evaluate the user's perceptionof the output of
the method, an online survey was performed. The aim of the swey was to
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Figure 3.3: This gure shows the calculated joint trajectories for the left arm

chain for the four con gurations listed in table B:3lwhen going from the T-pose
to the end posture for the expression forhappiness As missing blocks are
ignored by the method, no trajectories are calculated for tle clavicle block for
the three robot con gurations. As NAO's wrist only contains one single joint,

two virtual joints are added to the block to calculate an approximate solution.

The trajectories of the virtual joints are depicted by a dotted line.
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Table 3.4: End posture of the gestures used in the survey. Thast column

shows the end posture of the target gestures for expressindné six basic emo-
tions, while columns 2, 3 and 4 respectively show the calcutad end posture
for the robots ASIMO, Justin and NAO.

Target posture

ASIMO

Justin NAO

Sadness Happiness Fear Disgust Anger

Surprise

)
*’L‘\v
il
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Anger

Figure 3.4: The answer form used in the survey. The participat is asked to
link a shown robot gesture with one of the target gestures preiously shown
in the survey. The end posture of every gesture is depicted @ether with its

label.

Table 3.5: Results of the survey with 73 participants. The carect recogni-
tion rates of the mapped gestures for the six basic emotionsra expressed in

percentage match.

ASIMO Justin NAO
Anger 76 76 82
Disgust 87 86 87
Fear 90 94 94
Happiness 86 99 88
Sadness 100 99 99
Surprise 55 81 87
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check whether the calculated gestures are recognizable frothe initial target
gestures. Therefore, subjects were asked to link a series cédlculated gestures
with the set of target gestures by means of a multiple choicedrm. The results
of this survey showed that the mapped gestures resemble theatget gestures
well, and thus that the block mode successfully generates geures for di erent
robot morphologies.
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Calculating reaching and

pointing gestures using
the end-e ector mode

Since the implementation of gestures for a certain robot geerally involves the
use of speci ¢ information about its morphology, these gesires are not eas-
ily transferable to other robots. To cope with this problem, we proposed a
generic method to generate gestures, constructed indeperdtly of any con-
guration and therefore usable for di erent robots. This ch apter focuses on
the end-e ector mode of the method, which is used for gesture whereby the
placement of the end-e ector is crucial. In some situations for example when
reaching for an object, the exact position of the end-e ecta is important and
speci ed by the user. This situation is called the place-at condition. On the
other hand, when pointing towards an object, several end-e ector poses are
possible to achieve a pointing gesture to the speci ed targe In the pointing
condition, an optimal solution is selected from the collecton of postures ful-
lling the pointing constraint. When working with end-e ec tor positions, an
important feature to consider is the workspace of the robot. When a desired
position is speci ed by the user, the method veri es if this point is in reach
of the robot, by using an approximation of the robot's workspace. If the de-
sired position is in range of the robot, a suitable trajectory towards this point
is calculated. The end-e ector mode was validated on sevetacon gurations,
including those of the robots ASIMO, NAO and Justin.

This chapter is based on the following publication:
Greet Van de Perre, Albert De Beir, Hoang-Long Cao, Pablo Gimez Esteban,
Dirk Lefeber, and Bram Vanderborght. Reaching and pointing gestures calcu-

lated by a generic gesture system for social robotsRobotics and Autonomous
Systems 83:32{43, 2016.
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4.1 Place-at condition

4.1.1 Calculating a posture for a specied end-e ector
position

In the place-at condition, the user imposes the desired en@-ector position for
the left and/or right arm. The end-e ector is in this case loc ated in the middle
of the hand palm. A set of joint angles corresponding to the psitional con-
straint can be calculated by solving the well-known inversekinematics problem.
The interesting feature of our method is that the framework is constructed very
generally and independent of any con guration. Mapping information is only
calculated during runtime by using the DH-parameters and a &t of rotation
matrices speci ed by the user. The desired end-e ector pogion is speci ed
by de ning its Cartesian coordinates in the standard reference frame. The
corresponding position in the arm base frame - depending onhie con gura-
tion, this is most probably the clavicle or shoulder base frane (see gure[2.2)
- can be calculated by taking into account the current orientation of the body
chain. This position Xxg can then be used as input for the same closed-loop
inverse kinematics algorithm as used in the block mode to callate a set of
joint angles. Firstly, the derivative g of the joint angles is calculated lLl_Qll]:

=@+ K(xa X))+ | IX(DIa(d) @ (4.1)

Here, 3} (q) is the Moore-Penrose pseudo inverse of the analytical Jadian
Ja(@). Since in this mode, we only impose the positional coordinges in Xq,
Ja(Q) is reduced to its translational part only. X is the current end-e ector
position, and K a positive de nite gain matrix. In the highly probable case of
an arm chain consisting of more than three degrees of freedgnthe functional
redundancy is used to guide the con guration into a natural posture. In that
case; the term ( JX(9)Ja () will di er from zero, activating the in uence
of gy on the calculated joint speeds. ¢ _introduces the cost function w(q) (see
section[4.1.2):

]
w= ko OF0 (4.2)

with ko a positive weight factor. The desired joint anglesq are calculated by
integrating g with the Runge-Kutta algorithm [102]. More information on h ow
the inverse kinematics algorithm is implemented in the gestre software and
how the di erent terms can be determined is available in appadix Bl
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4.1.2 Natural postures

In case of redundancy, the cost functionw(q) will push the con guration into
a natural, human-like posture. The optimization of arm motions using cost
functions is widely studied and di erent types of functions were proposed in
the literature. Possible optimization criteria are minimal work [110], jerk [111],
angular dispacement (MAD) m] or torque mihnn' O]JAnother possibility
is to use the joint range availability (JRA) criterion [ . Here, the algorithm
will try to nd an optimal humanlike posture by keeping the jo ints close to
their central position, away from their limits [ :

X )2
JRA = Woi (G i) .
i=1 (Gmaxi  Omin;i )

(4.3)

where g is the current value of joint i and ¢ its center value. Gmaxi €N Gnin:i
are the maximum and minimum joint limits, and wp.; a weight factor for joint
i.

Cruse et al. E’V] intensively studied the control of arm moements in the
horizontal plane. He observed that the strategies used by hman subjects
to control the shoulder, elbow and wrist could be simulated ly assigning a
cost function to each joint and selecting the arm con guration corresponding
to the minimized sum of the costs. The cost functions appear@ to consist
of two parabolic branches that could have di erent slopes. The minimum of
the cost function for respectively the horizontal exion of the shoulder, elbow
exion and exion of the wrist were 0 , 80 and 10, which are referred to as
minimum posture angles. In our method, we simpli ed the joint cost functions
to parabolic functions, which basically comes down to usinghe JRA criterion
with minimum posture angles instead of center values:

X0 12
W= Wos (G i) .
i=1 (Gmaxi  Omin;i )

(4.4)

The minimum posture anglesqgy, used in our method are listed in table[4.].

4.2 Range of the robot

4.2.1 Approximation of the workspace

Before calculating a possible trajectory to the speci ed eml-e ector position,
the possibility of reaching this position by the current con guration needs to
be checked. To decide whether a certain position is reachad] the method uses
an approximate calculation of the workspace. The workspacés modelled as
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Table 4.1: Minimum posture (MP) values for the joint cost functions. The
angles are de ned in the reference frames connected to the man base model
(see gure[Z2) and relative to the standard T-pose.

Block BAU Description MP angle ( )
Clavicle 7 Abduction/adduction of shoulder girdle 0

8 Elevation/depression of shoulder girdle 0

9 Horizontal exion/extension of shoulder 0
Shoulder 10 Abduction/adduction of shoulder 70

11 Inward/outward medial rotation 0
Elbow 12 Flexion/extension of elbow 80

13 Pronation/supination of elbow 0
Wrist 14 Flexion/extension of wrist 0

15 Abduction/adduction of wrist 0

a part of a hollow sphere whereof the origin coincides with tle origin of the

shoulder block base frame. The approximate workspace can #n be described
by using a maximum and minimum value for the three spherical oordinates

specifying the sphere part. Figurd 4.l shows an example of agsible workspace
of a right arm. All reachable points in the workspace are locted between a
minimum radius rmin, and a maximum radius rmax . The polar angle and

azimuthal angle are specied in a reference frame parallel to the standard
reference frame, placed in the origin of the shoulder blockAs for the radius,

a maximum and minimum value is speci ed.

The six parameters specifying the workspace are calculatedt the launch of
the program. rmax corresponds to the maximum distance of the chain's end-
e ector with respect to the shoulder base frame (see gureZ). With other
words, it is the length of the chain when placed in the T-pose nmus the length
of the clavicle links. Since the use of joints correspondingo the clavicle block
is rare in today's robotics and in any case, the range of the awesponding
joint angles is limited, resulting in a negligible contribution to the workspace
compared to that of the shoulder block, the clavicle block isignored in this
calculation for simplicity reasons. A similar strategy is used for calculating
the inner radius of the sphere;rmin is the minimal distance of the end-e ector
with respect to the shoulder base frame. This distance can beetermined by
selecting the angle for the elbow joint that results in a maximum exion, next
to the T-pose angles for the other joints, and calculating the distance between
the shoulder base and hand end-e ector (gure[4.8). To spedy the minimum
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Figure 4.1: Example of an approximated workspace.

Figure 4.2: Determination of the maximum radius rnax : the maximum reach-
able distance of the end-e ector, measured from the shouldebase frame origin.

Figure 4.3: Determination of the minimum radius rpy, : the elbow joint is
placed in maximum exion while the other joint angles correspond to the T-
pose angles. The distance between the shoulder base framedaand-e ector
corresponds tor i -
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Figure 4.4: Calculation of the minimum and maximum value for ; the arm is
placed in respectively, maximum abduction and maximum addction and the
angle formed by the end-e ector is calculated.

and maximum polar angle , we respectively look at the e ect of the maximum
abduction and adduction of the shoulder joint on the position of the end-e ector
of the arm (gure £4). In a similar way, the minimum and maxim um values
for the azimuthal angle is calculated by considering the maximum horizontal
extention and exion of the shoulder joint.

This approximation however includes a portion that is not included in the real
workspace; when the shoulder approaches it maximum horizdal extension, not
the whole area between the maximum and minimum radius can beeached.
When observing the horizontal plane crossing the shoulder &se frame, the
points covered by a circle with the centre point located in the elbow base frame
and radius equal to the length of the lower arm needs fall outhe workspace (see
gure fL5). For most robots, the shoulder joint block is composed of two joints
with an in-line axis, separated by a joint with an axis perperdicular to the
link. In this case, the unreachable points in the 3D workspae are gathered by
a sphere with an elbow-base centre point and a radius of the lger-arm length.
Since this is the most common case, it is taken as a reference talculate the
approximate workspace. Therefore, next to the values forr, and , also
the length of the lower-arm is calculated and used in the detamination of the
range.

Figure[2d shows axy andxz cross section of the workspace of NAO. The
blue dots indicate the real workspace, while red dots indicte the calculated
approximation. Uncovered blue dots in the left part of gure [48 result from
not taking into account the con gurations involving elbow exion for maximum
horizontal shoulder exion/extension. The eliminated cir cle around the elbow
is clearly visible in the right bottom corner of the xy cross section (left of
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Figure 4.5: View of the calculated workspace in the horizorél plane crossing
the shoulder base frame. The area covered by a circle with theentre point
located in the elbow base frame and radius equal to the lengtlof the lower
arm (dotted surface) needs to be subtracted from the workspee (grey surface).
N.b: this gure shows the calculated workspace used in the pmting-condition,
where the end-e ector is the nger.

gure £.6). However, some blue dots are visible in this regia. They origin from
non-human like postures and do not contribute to proper natual trajectories.
In the right part of gure 4.6.lthe posture of Nao reaching maximum extension is
superimposed on thexz  cross section passing the shoulder base frame. For the
speci ¢ con guration and joint limits of Nao, a small region of reachable points,
highlighted by a black circle, is neglected by the approximae calculation. These
are however points that are not of great interest for pointing and reaching
gestures, since most probably, such a gesture is directed wards the space
in front of the body. Other uncovered blue dots result from can gurations
involving elbow exion for maximum exion/extension and do not contribute
to natural human postures.

4.2.2 Evaluation of speci ed end-e ector positions

Since only four variables are used to describe the approxinta workspace, the
method can rapidly evaluate if a certain end-e ector position lies within the
possible range of the robot. In order to do so, the parameters, and
corresponding to the speci ed end-e ector position need tobe calculated. The
radius r can easily be determined by calculating the norm of the vectostarting
at the shoulder base frame and ending in the speci ed point. B projecting
this vector respectively in the yz-plane and the xy-plane, the angles and
can be calculated. To check whether the point is in the range bthe robot,
these values are compared to the limit values of the approxirate workspace. In
case the desired position indeed lies within the hollow splre-part, the method
checks if the position is located inside the non-reachablephere centred around
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Figure 4.6: Calculating an approximate workspace. Blue do$ indicate the
real workspace, red dots the approximation. Left: xy-crosssection passing the
shoulder base frame. Uncovered blue dots in the top right radt from not taking
into account the con gurations involving elbow exion for m aximum horizontal
shoulder exion. The same applies for the dots in the left botom corner. The
uncovered blue dots located in the circle around the elbow bse (right bottom
corner) origin from non-human like postures and therefore @ not contribute
to proper natural postures. Right: xz-cross section passig the shoulder base
frame. A small region of reachable points, highlighted by a kack circle, is
neglected by the approximate calculation. Other uncoveredblue dots result
from con gurations involving elbow exion for maximum exi on/extension and
do not contribute to natural human postures.

the elbow. In order to do this, the desired position is rewriten in the elbow
base frame when positioned in maximum horizontal extensionand its norm is
compared to the lower-arm length.

4.3 Trajectory generation

When the desired end-e ector position is located within the workspace of the
robot, a trajectory towards this position needs to be calcuhted. Dierent

research has shown that, when asked to perform a point to poirhand gesture,
humans tend to move their hand along a straight path m]]].
Therefore, a logical rst trial for the path is a linear inter polation between the
start and end position. However, even if the start and end pont fall within

the workspace, it is possible that a part of the trajectory fals outside the
reachable range. For a human, this is for example the case whereaching a
point close to the chest, starting from the T-pose. ] reprted that, when
a subject was required to produce curved hand trajectoriesa curve with low
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curvature elements was tried to be approximated. To verify f a linear trajectory
is possible, our developed method checks a set of points, tlikuted along
the trajectory, to lie in the workspace. In case one of these gints fall out
of the range, a curved trajectory to reach the desired locathn is calculated.
This trajectory consists of a circular arc connecting the sart and end position
of the end-e ector, whereof the exact shape, i.e. the radiusand mid-point
corresponding to the circular arc, depends on in which amounthe straight

path is situated in the non-reachable zone. If only a small setion of the straight
path is not reachable by the con guration, a small correction with respect to the
linear trajectory is possible. However, when a large portio of the straight path

falls in the non-reachable zone, to be able to reach the desid end position,
the corresponding arm chain needs to go around this zone, reking in a path

with higher curvature. Using this methodology, a trajectory with a minimal

amount of curvature, as close as possible to the linear pathis calculated for
the speci ed gesture. More information on how the trajectory is calculated in
the gesture software is available in appendix B.

Figure 4.7 schematically summarises how a place-at gesturss calculated:
rstly, the necessary end-e ector position in the arm base fame is calculated,
starting from the desired position specied by the user. After verifying the
reachability of this point, a suitable trajectory is calcul ated. For every step in
this trajectory, the joint angles can be determined by usingthe inverse kine-
matics algorithm discussed in section 4.1.

4.4 Pointing condition

The pointing condition is used in situations whereby the robot is aimed to point
towards a certain speci ed position. In this case, no direct constrant is imposed
on the end-e ector; a series of con gurations with a speci ¢ combination of
end-e ector position and orientation can ful | the pointin g constraint. In the
pointing condition, the end-e ector is the index nger, in ¢ ontrast to the hand
itself, as used in the place-at condition. In our software, he index nger is
positioned in line with the hand and the length of the nger is added to the
length of the last wrist-link in the corresponding DH-parameter. When pointing
to an object, the index nger is directed towards the object. This implies that
for a certain position of the end-e ector, the orientation is chosen along the
connection line between the object and the last wrist joint. Or with other words,
the extension of the end-e ector needs to pass the selecteaiget position. This
is illustrated in gure 4.8. To calculate all the possible postures that ful | the
pointing constraint, the end-e ector is gradually virtual ly extended and the
pointing position is imposed on the virtual end-e ector. As such, the problem of
nding the postures ful lling the pointing constraint for t he real con guration
is reduced to nding a posture fullling a place-at constraint for a series of
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Read desired position

Calculate mapped position

Position in workspace?

No—>1 Switch to pointing mode

No—> Calculate curved trajectory

For every step in
trajectory

Calculate joint angles

'

Send angles to
robot/model

]

Figure 4.7: Schematic representation of the work ow for the place-at condi-
tion.

con gurations, having a virtual end-e ector with consecut ive di erent lengths.
The minimum and maximum amount of possible virtual extension depends on
the robot's con guration and joint angle limits. For every v irtual length, the
optimal con guration is calculated using the algorithm discussed in section
4.1. The previously described cost function nally selectsthe optimal result
by comparing the total cost of every con guration from the resulting collection
of postures. Figure 4.9 gives a schematic representation diis process. When
the optimal posture is selected, a trajectory towards the nal (real) end-e ector
position is calculated and the joint angles for each step oftie trajectory can
be determined.

4.5 Gazing

The method supports the possibility of gazing towards a choen position, or
along with a deictic gesture imposed on the right or left arm. The position,
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Figure 4.8: When pointing to an object, the index nger is directed towards
the object. This implies that for a certain position of the end-e ector, the

extension of the end-e ector needs to pass the selected taeg position. To
calculate all the possible postures that ful | the pointing constraint, the end-
e ector is gradually virtually extended and the pointing po sition is imposed on
the virtual end-e ector. As such, the problem of nding the p ostures ful lling

the pointing constraint for the real con guration is reduced to nding a posture

fullling a place-at constraint for a series of con guratio ns, having a virtual
end-e ector with consecutive di erent lengths.

speci ed in the standard reference frame by the user, shoulde converted to
the necessary orientation the head should adopt to correcyl gaze towards the
desired direction. In order to do so, the position is rst rewritten in the DH-end
frame of the head chain, situated at the level of the eyes. Tld in contrast to the
previous two conditions, where the position was converteda the base frame of
the chain of interest. The vector, going from the origin of the end frame of the
head chain towards the speci ed gazing position, serves as laasis to de ne a
new coordinate frame, which will indicate the desired head dentation. More
speci cally, the vector indicates the direction of the x-axis. Since we don't aim
for abduction/adduction of the neck, the y-axis is chosen to stay parallel to the
standard xy-plane. By choosing thez-axis perpendicular to the previous two
axes and assuring the vector is oriented upwards, the coordate frame, and
therefore, the necessary head orientation is unambiguougldetermined. The
rotation matrix corresponding to this orientation is used as a constraint for
calculating the correct joint angles using the the block moa, as explained in
the previous chapter (chapter 3).

A simpli ed diagram of the complete work ow of the program is visualized
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real end-effector
position reachable?

No

Save end pos

Figure 4.9: Schematic representation of the work ow for the pointing condi-
tion.

in gure 4.10. The method rstly veri es which mode the user w ould like to

use. When using the block mode, the orientation informationfor the desired
gesture is loaded from the database and mapped to the selecteeon guration,

whereafter the corresponding joint angles are calculateddr every intermedi-
ate posture. When using the end-e ector mode, for every avdable chain, the
method checks whether the user has inputted a desired posi@n. In case a
gazing position was speci ed, the corresponding head orig¢ation is calculated.

The calculation of the joint angles is further processed by he block mode.
In case a position was speci ed for an arm chain, the method vees which

condition is enabled. When a pointing gesture is desired, th optimal end
posture according to the principle of minimal deviation from the neutral pos-
ture is rstly determined, whereafter a suitable trajector y towards this posture
is calculated. In case of a place-at condition, the trajectoy to the mapped
end-e ector position is calculated immediately, provided that the position is

situated in the workspace of the robot. If the position is not reachable by the
robot, the pointing-condition will be enabled and a pointing gesture towards
the position is calculated.
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Figure 4.10: Simpli ed work ow of the complete method.
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Figure 4.11: Calculated trajectory for a place-at task for the right hand with a
start position of (0; 76; 48) cm and end position of (34 23;45) cm. Left: start
pose. Right: end pose. Middle: plot of the calculated end-eector position
with respect to the time.

4.6 Results

4.6.1 Results for the Place-at condition

The method was validated on dierent con gurations. An example of the
calculated trajectory for a place-at task for a 9 DOF arm is sfown in gure
4.11. The arm consists of a 2 DOF clavicle, 3 DOF shoulder, 1 D® elbow and
3 DOF wrist. The initial pose (left side of the gure) corresponds to an end-
e ector position of (0;76;48) cm. The middle gure visualizes the calculated
end-e ector position with respect to the time when reachingfor an end-e ector
position of (34; 23;45) cm. The resulting end posture is shown at the right side
of the gure. Figure 4.12 shows anxy-view of the same trajectory (blue line),
superposed on thexy-cross section of the right arm workspace for the place-
at condition (grey zone). As mentioned in section 4.3, a rst attempt for the
trajectory is a straight path. In this example however, the straight line between
the start and end-e ector position passes a non-reachableane. Therefore, a
curved trajectory was used to reach the desired end-e ectoposition.

4.6.2 Results for the Pointing condition

As discussed in section 4.4, an optimal posture correspondj to a desired
pointing position is determined by extending the end-e ector gradually between
two prede ned boundaries, calculating the corresponding ad postures, and
selecting the optimal posture according to the cost-functon. In this section,
we discuss a pointing gesture to the position (60 20;30) cm performed by
the robot NAO [3] with the T-pose as the starting posture. Figure 4.13 shows
the calculated end posture for the di erent iteration steps. The end-e ector
is virtually extended between a minimum and maximum value. The minimal
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Figure 4.12: Top view of the calculated trajectory for a plae-at task for
the right hand with a start position of (0 ;76;48) cm and end position of
(34; 23;45)cm, superposed on they-cross section of the right arm workspace.

extension corresponds to the di erence of the norm of the vetor going from
the shoulder base frame to the speci ed pointing position ai the maximum
length of the arm. The maximum extension, on the other hand, s the di erence
between the norm of this vector and the minimum length. Figure 4.13a shows
the calculated end posture for the minimum virtual extension whereby the
pointing position is visualized by a sphere. Figure 4.13d \sualizes the end
posture for the maximum virtual extension, while gure 4.13b and gure 4.13c
correspond to two intermediate values of extension. The cdgunction selected
posture (d) as the optimal end posture.

4.6.3 Place-at condition imposed on di erent con gura-
tions

Table 4.2 shows the calculated end posture for a place-at gese at (34; 34;38)
cm for four di erent con gurations. The rst column shows th e joint con gu-
ration, while the second column shows the calculated postw for that con gu-
ration. The desired end-e ector position is visualized by asphere. In the top
row, a 9 DOF human arm is shown, while con guration 2 shows theASIMO
robot [1]. For both ASIMO and the human model, the targeted end-e ector po-
sition was reachable, and a suitable end posture could be aallated, as shown
in the second column. Con guration 3 is that of the NAO robot [3]. NAO is
considerably smaller than the previous models, and as a rekuthe maximum
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@ (b)

(© ()

Figure 4.13: In the pointing condition, an optimal posture corresponding to a
desired pointing position is determined by extending the ew-e ector gradually
between two prede ned boundaries, calculating the correspnding end postures,
and selecting the optimal posture according to the cost-fustion.(a) Minimum
virtual extension. (d) Maximum virtual extension. (b) and ( c¢) Intermediate
values of extension. The cost function selected posture (das the optimal end
posture.
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CHAPTER 4. CALCULATING REACHING AND POINTING GESTURES USIN G THE
END-EFFECTOR MODE

Table 4.2: Results of the method for di erent arm con gurati ons. The rst
column shows the joint con guration, while the second colunm shows the end
posture for a place-at gesture at (34 34;38) cm.

Con guration Calculated posture

ASIMO full cong

NAO
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reachable distance is smaller. The desired position is loéad out of the range
of the robot. Therefore, the pointing condition is activated, and a suitable
posture for a pointing gesture towards the speci ed point iscalculated.

4.7 Conclusions

In this chapter, the working principles and calculation aspects of the end-
e ector mode were covered. This mode is used for gestures wieby the posi-
tion of the end-e ector is crucial, like for deictic gestures, while the block mode,
discussed in the previous chapter, was developed to calcutagestures whereby
the overall pose is important, like for emotional expressios. To overcome the
correspondence problem, the framework of the method is cotrsicted indepen-
dently of any con guration, and mappings are only calculated at run-time,
based on the morphological information of a robot chosen by tlie user. The
end-e ector mode allows calculating postures for two di erent conditions; the
place-at condition, whereby the user speci es the positiorof the hand, and the
pointing condition, whereby the user speci es a pointing paition towards the
robot should point. The end-e ector mode was validated on a &t of con gu-
rations, including those of the robots NAO, ASIMO and Justin. The following
chapter covers how the two working modes of the method can be ixed to
generate blended gestures and how an initially neutral deitic gesture can be
modulated into an a ective gesture.
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Generating blended

gestures and a ective
functional behaviors

Since for di erent types of gestures, di erent features areimportant, our method
was designed to work in two modes. Thélock modeis used to calculate gestures
whereby the overall arm placement is crucial, like for emotbnal expressions.
The end e ector mode, on the other hand, is developed for end-e ector depend-
ing gestures, i.e. gestures whereby the position of the end-ector is important,
like for manipulation and pointing. The working principles and results of the
block and end-e ector mode were presented in detail in the pevious chapters.
This chapter covers how the two developed modes are combinei generate
blended deictic gestures and emotional expressions, and Wwdnformation about
the current emotional condition can be used to modify functional behaviors,
calculated by the end-e ector mode, into a ective motions. The new implemen-
tations were validated on virtual models with di erent con gurations, including
those of the robots NAO and Justin.

This chapter is based on the following publication:
Greet Van de Perre, Hoang-Long Cao, Albert De Beir, Pablo Gmez Este-
ban, Dirk Lefeber, and Bram Vanderborght. Generic method fa generating

blended gestures and a ective functional behaviors for soal robots. Au-
tonomous Robots 1{12, 2017.
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5.1 Blended gestures

5.1.1 Priority levels

In natural communication, humans use and combine di erent types of gestures.
By combining the two modes of our method, it is possible to gearate blended
emotional expressions and deictic gestures. In order to daos priority levels for

each chain are assigned to both gesture types and@ode mixer was designed.
If the mode mixer is turned o, all gestures are treated sepaately; starting a

new gesture entails a previously started gesture to be aboed. By enabling
the mode mixer, di erent gestures are blended by considerig for every chain,
only the end-e ector condition(s) corresponding to the gesure with the highest

priority level. The priority levels are de ned using a number of rules:

" For an emotional expression, the priority level for each chain is set on
level 1

" A deictic gesture has a higher priority than an emotional ex pression:
the chain corresponding to the pointing/reaching arm receves a higher
priority level; level 2

"~ Similarly, gazing has a higher priority than an emotional e xpression: the
head chain receives a higher priority level; level 2

This is summarized in table 5.1.

For every separate chain, the highest priority level presendetermines which
gesture needs to be considered for that chain. The correspding calculation
principles (see table 5.1) are enabled, and the required catraints are loaded
for the di erent chains: orientational information for eve ry block composing the
chain for the block mode, or the desired end-e ector positim for the complete
chain for the end-e ector mode.

When, for example, an emotional expression is performed inambination with
a left handed deictic gesture, the left arm chain has a level Yriority for the
emotional expression but a level 2 for the deictic gesture, @can be seen from
table 5.1. Therefore, for that chain, the pointing position is imposed and the
end-e ector mode will calculate the corresponding joint argles. For the other
chains, only priority level 1 is present. Therefore, the blak mode will calculate
the joint angles for all blocks in the remaining chains.

Figure 5.1 schematically summarizes how the mode mixer andhie priority
levels determine the imposed constraints, while gure 5.2 isualizes the work
ow of one iteration, depending on the priority levels.
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BEHAVIORS
Table 5.1: Priority levels
Emotional Deictic gesture Gazing
expression Left arm Right arm
priority level
Body 1
Head 1 2
Arm right 1 2
Arm left 1 2
Calc. principle block mode end-e ector mode block mode

No For each chain present Set priority level of chain to L1

Yes T

For each chain present

motional expression
activated?

For each block present

Load gesture info from
database

Calculate orientation for gaze

Calculate end-effector position

[
v Set priority level of chain to L1

Set priorit level of chain to L2

|

Figure 5.1: Schematic representation of how the end-e ecto constraints are

determined by the motion mixer and the priority levels.
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For each chain present

priority level = 2 No priority level = 1 No

Yes Yes
Calculate nexpl For each block present
end-effector position
\ 4 Y
Calculate joint angles Calculate next
end-effector orientation

i

Calculate joint angles

Figure 5.2: Work ow of one iteration, depending on the priority levels

5.1.2 Examples of blended gestures

Figure 5.3 illustrates the calculation of a blended gesturefor both the robots
NAO and Justin. The left part of the gure shows the joint con guration of
the robots. NAO has an actuated head, and a left and right arm d 5 DOF.
Justin's arms, on the other hand, contain 7 DOF, with a remarkable di erent
con guration. In addition, Justin has an actuated body consisting of 3 DOF.
The middle of gure 5.3 displays the end posture for the emotonal expression
of fear, calculated by the block mode. For the right part of gure 5.3, the
mode mixer was enabled and a combination of gestures was demded. Next
to the expression offear, a pointing gesture with the right arm was desired,
accompanied by gazing towards the pointing location. As exfained above,
the priority levels determine which calculation principle is activated for every
chain, and which corresponding end-e ector conditions ned to be used. For
the emotional expression, all present chains have priorityevel 1. However, the
priority of the pointing gesture for the right arm is higher since it has level 2.
Therefore, for the right arm chain, the end-e ector mode is activated, whereby
the end-e ector condition is determined by the desired poirting position. For
all the other chains present, the block mode is activated. Sice the priority of
gazing towards a speci ed position for the head overrules tat of the emotional
expression, the necessary rotation matrix to obtain the deged gazing direction
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(b)

Figure 5.3: Example illustrating the calculation of a blended gesture for (a)
NAO (b) Justin. Left: Joint con guration of the robot. Middl e: Calculated
end posture for the emotional expression ofear. Right: Calculated end posture
for a combination of a pointing gesture with the right arm, and the emotional
expression offear.

is imposed. For the left arm chain, and body chain in case of Jstin, the mapped
rotation matrices, calculated using data from the gesture étabase, are imposed
as end-e ector condition for every present block in the coresponding chains.

5.2 A ective functional behaviors

5.2.1 Expressivity models

In some situations, it is desirable to express an emotionalandition in a di er-
ent manner than by using explicit bodily expressions as calglated by the block
mode. It is possible, for example, that both arms are involve in a functional
behavior, and therefore not available for performing an emaonal expression.
On the other hand, the recognizability of an emotional expression can decrease
severely when one arm is used for a deictic gesture. In such $@s it can be
useful to express an emotional state through an ongoing furimnal behavior by
modulating it, using a certain set of characteristic performance parameters. In
literature, di erent expressivity models have been develped to reach that goal.
Amaya et al. [123] proposed a model to generate an emotionahamation from
neutral motions by calculating an emotional transform basel on the di erence
in speed and spatial amplitude of a neutral and emotional moion. In [124],
six parameters, namely spatial extent, temporal extent, uidity, power, overall
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activation and repetition were used to modify behavior animations for the vir-

tual agent Greta. Yamaguchi et al. [125] found that the amplitude, position

and speed are relevant parameters in modifying basic motiasto express joy,
sadness, angriness and fear, while Lin et al. [126] found th&he sti ness, speed
and spacial extent of the motion can e ectively generate em&onal animations

from an initial neutral motion. Xu et al. [127] proposed a method for bod-
ily mood expression, whereby a set of pose and motion paramets modulate
the appearance of an ongoing functional behavior. Resultsndicated that the

spatial extent parameters, including hand-height and ampitude, head position
and the motion speed are the most important parameters for radable mood
expressions [128]. Since in all these discussed expredsivhodels, the motion

speed and the amplitude are important recurring factors, wedecided to focus
on these modi cation parameters in our method.

5.2.2 Generating a ective gestures by in uencing the mo-
tion speed

In both [128] and [125], it was experimentally con rmed that the motion speed
in uences the perceived level of both valence and arousal; dast motion is
associated with a hight arousal and valence, while a slow main is attributed
to low arousal and valence values. By considering the emotits as vectors
in the two dimensional emotion space of valance and arousabased on the
circumplex model of aect [129], we obtained an appropriate speed scaling
factor for each emotion (see gure 5.4). When calculating a eictic gesture
with the end-e ector mode of our method, a suitable trajectory between the
initial posture and the end posture is generated by calculaing intermediate key
frames. The timing between two consecutive frames is xed, bt the amount
of frames, and therefore the total duration of the gesture isdetermined by the
speed scaling factor. As such, a ectional content is addedd the deictic gesture
by in uencing the motion speed.

5.2.3 Generating a ective postures using the nullspace

The second modi cation parameter, the amplitude of the motion, refers to the
spatial extent; the amount of space occupied by the body. Xu eal. [128] found
that this parameter is only related to the valence; open postires with a high
amplitude are coupled with a ective states with high valence, while closed, low
amplitude posters are related to states with a low valence. Aso this relation
is represented on the circumplex model of a ect in gure 5.4. As discussed in
section 4.1, the necessary joint angles to reach a desired gtore are calculated
by the inverse kinematics algorithm of equation B.24 with ascost function w,
a slightly adapted form of the joint range availability crit erion (equation 4.4).
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Arousal

T

Fear
7/

Anger
/

Disgust

\

Sadness

Happiness

Valence

Figure 5.4: Dependency of the modi cation factorsmotion speed {motion ) and
Amplitude (Amp) on the valence and arousal value, depicted on the circumplex
model of a ect ([129]).

In that way, an optimal humanlike posture is calculated by keeping the joints
g close to a selected set of minimum posture anglegy . Instead of using
the xed minimum posture angles, it is possible to express tlem as a function
of the current valence level. Hence, the resulting calculad posture becomes
dependent of the current a ective state. The Body Action Units mostly in u-
encing the openness of a posture are BAU 10 and 13; the units wesponding
to the abduction/adduction of the shoulder and the exion/e xtension of the
elbow joint (see table 2.2). For the joints corresponding tothese BAU's, a
linear function of the valence is provided instead of the xed minimum posture
angle as used before. When scaling the valence levehl for each emotion as
read on the circumplex model of a ect (see gure 5.4) between0O and 1, the
following linear function can be used to select the current @propriate value for
the minimum posture angle, which we now call thea ective posture angle q; :

Gai = Gaimin + val  (Caimax Caizmin ) (5.1)

The minimum value gmin  Of the a ective posture angle corresponds to the
value associated to the minimum valence value, i.e. a valueemerating a closed
posture with low amplitude. The angle value is de ned in the corresponding
reference frame connected to the human base model, and refegly to the T-
pose as visualized in gure 2.2. Therefore, for BAU 10, a vale of 90 is a
suitable choice, since it corresponds to a posture wherebyhe upper arm is
touching the ank of the body. Regarding BAU 13, a small amplitude posture
is reached when keeping the forearm as close as possible teethpper arm. A
value of 170 is therefore an appropriate choice. Similarly, the maximumvalue
Guimax  Of the a ective posture angle corresponds to the value assdated to
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the maximum valence value; the value generating an open poste with high
amplitude. This should be a posture whereby both the elbow ad wrist are
located far away from the body. A suitable choice is therefoe 0 for BAU 10,
and 80 for BAU 13.

5.2.4 Example: deictic gesture during di erent states of
aect

Figure 5.5 illustrates the results of the two subsections dicussed above. A
right-arm reaching gesture during di erent states of a ect was calculated for
two di erent con gurations; a human virtual model with a9 DO F arm, depicted

in gure 5.5a , and the robot Justin, depicted in gure 5.5b.

The right top of both sub gures shows the corresponding joirt con guration
of the used models, while the main of the gures visualizes aet of calculated
postures for every a ective state on a time line. As discusse in subsection
5.2.2, the total timing of the gesture is in uenced by the speed factor, of which
the value is determined by the current a ective state. Sincethe motion speed
increases with both valence and arousal, a high value is obtaed for the happy
state, resulting in a short total timing of the gesture of 0:75s. For the same
pointing gesture performed during a sad state, a low speed &or and thus long
duration (1:5 s) is calculated, while for the fearful state, the values are dcated
somewhere in between (duration of 10 s).

The in uence of the amplitude modi cation factor is visible when comparing
the end posture for each a ective state. Since the amplitudeof the posture
increases with higher valence values, an open posture is calated for the
happy state, whereby the elbow is located far away from the bdy. For the
sad state, the elbow is placed close to the body, generating elosed posture
as expected. Since the valence values for fear and sadnese alose to each
other, as can be seen from gure 5.4, the di erence in postureduring the the
corresponding states is small (a di erence of approximate @ for BAU 10).
Here, the total timing of the gesture is the main di erentiat or.

5.3 Conclusions

In this chapter we discussed how the two working modes of the ethod can be
combined to generate blended emotional expressions and déc gestures. To
achieve this, a mode mixer was developed, and for every modeyiority lev-

els were assigned to each chain. The priority levels decidehich end-e ector
constraints need to be considered for each chain. In that waywhen gestures
with di erent priority levels are selected with the mode mix er enabled, the
imposed end-e ector conditions originating from the di er ent gestures result
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Happiness

(@)

Fear

Sadness

0 0.25 0.50 0.75 1.00 1.25 1.50 time (s)

Happiness

(b)

Fear

Sadness

0 025 050 0.75 1.00 1.25 150 time(s)

Figure 5.5: Example illustrating expressing a ect during a functional behavior
for (@) a human virtual model (b) the robot Justin. A reaching gesture was
calculated during di erent a ective states: happiness, fear and sadness. Right
top: corresponding joint con guration. Main gure: Time li ne showing a set
of postures for every a ective state, illustrating the e ect of the motion speed
modi cation factor on the calculated gesture. The e ect of the amplitude
modi cation factor is visible when comparing the end postures for every mood.
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in a blended posture. In some cases, it can be interesting toxpress an emo-
tional condition not by using explicit bodily expressions as calculated by the
block mode, but through an ongoing functional behavior. We mplemented
the possibility of modulating a pointing or reaching gesture into an a ective

gesture by in uencing the motion speed and amplitude of the psture. The
new functionalities of the method were illustrated using se&eral virtual models,

including those of Justin and NAO. The next chapter covers the validation of

the method on physical robots.
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physical robots

To overcome the di culties in transferring joint trajector ies to di erent robots,
we proposed the use of a generic method to calculate gesturés social robots.
The developed software allows the calculation of di erent ypes of gestures, in-
cluding emotional expressions and deictic gestures, as wels combinations of
both types and mood expressions through functional behavics. In the previous
chapters, the di erent modalities were discussed and validted on the virtual
model of di erent robots. In this chapter, the innovations m ade to the method
to successfully use it on physical robots are discussed. Téiincludes the im-
plementation of an inverse kinematics algorithm with a joint angle limitation
module. The selection of the necessary optimal parameterof our method is
illustrated through an example. Furthermore, a joint speed limitation module
was added to the method to guarantee a smooth performance ofhe calculated
joint trajectories. For the validation, a test scenario including di erent types of
gestures was generated for a set of robots with di erent morpologies, namely
NAO, Pepper and Romeo.
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6.1 Adjusting the method for physical robots

6.1.1 Joint angle limits

When using the method on physical robots instead of on virtud models, me-
chanical constraints become important issues to considerA rst factor that
can entail major implications on the calculated gestures ae the joint limits of
the considered robot. A joint angle limitation module needsto be implemented
in the algorithm to enable the physical robot to perform the calculated ges-
ture without violating the physical constraints. Dierent strategies have been
used in literature to implement joint limitation in existin g algorithms. A well
know method to avoid mechanical joint limits for redundant manipulators is
the Gradient Projection Method (GPM) introduced by Legeo is [130]. Here,
null space motion is used to guide the joint angles away from heir limits.
When applied on a closed loop inverse kinematics (CLIK) algathm, this is
similar as what we use to guide the con guration into a natural (section 4.1.2)
or a ective posture (section 5.2.3). The only di erence is the choice of the cost
function w(g). To guide the calculated joint angles away from their bound
aries, w(q) is specied as a function of the distance from the joint limits. In
case of a redundant manipulator, this method guides the soltion to the center
of the joint range, away from the limits, but does not guaranty that no limit
is crossed. Furthermore, since our gesture method is aimedtwork for any
robot con guration, including non-redundant ones and in both the block- end
end-e ector mode, this is not a satisfying solution. We opted to work with an
algorithm proposed by Drexler and Harmati [131]. Their methodology guar-
antees no violation of the joint limits by transforming the j oint variables g to
a set of ctive joint variables z. The transformation for every joint should
be continuous, monotonously increasing and open on the inteal between the
lower and upper limit value so that can be written:

G = i(z) (6.1)

whereby the domain of equals[1 ;1 ], whereas its range iSGmin:i ; Gnax:i 1-
A proposed transformation is the tangent function, wherebya linear mapping
scales the range to the appropriate limit values:

Omax;i Omin;i

g = tan 1(Zi)+ Onax;i + Omin;i

. (6.2)

By expressing the kinematic equations in terms of the ctive variablesz;, and
calculating the real joint values g by equation 6.1, the resulting values will
always stay between the imposed boundaries. Their proposealgorithm works
as follows: in a rst step, the joint velocities are calculated in a conventional
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way, in our case by using equation B.24, whereafter they areransferred to the
transformed joint space:

z=d *2)a (6.3)

with d the diagonal matrix formed by d ; = %. Then, the transformed
variables z are calculated by integrating z. In our case, this is done by using
the implemented Runge-Kutta algorithm. Finally, the joint anglesq can be
acquired by using equation 6.1. Using this technique, the jmt limits cannot
be violated. However, when reaching a boundary, the derivatve of the corre-
sponding function ; approaches 0, causing the problem to get ill-conditioned.
To invert the matrix d , one proposed method is to use the Pseudoinverske Y

based on singular value decomposition with truncation at lav singular values:

( £ if QL

Y o o1 (6.4)
0 else

To regain manipulability in such a situation, a secondary task vectory in the

transformed joint space is introduced, that aims to drive the joint away from

the boundary. So instead of using equation 6.3 to calculatehe transformed

joint derivatives, an extended formula is used:

z=dY(z)a+ | dY(2)33ad (2) ¥y (6.5)

The two terms in this equation are in what follows denoted as espectivelyz;
and z;:

1=+ 2
. ( z;=d Y(2)q (6.6)
Wt = 1 4 Y@Ilaad (2) y
6.1.1.1 Determination of the optimal task vector y for our method

In [131], a linear function of z is proposed for the task vectory, which is only
activated in case of low singular values:

m; z; if d i <

Yi= o else 6.7)

with m; a suitable weight factor for joint i. By de ning the task vect or using
the same parameter as used as truncation bound for the calculation of the
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pseudoinversed Y, the second part of equation 6.5 £;), which is responsible
for guiding the joint away from its limits, is only activated when the rst part
(z1), responsible for guiding the joint towards the necessary &lue to reach the
desired end-e ector pose, equals zero and vica versa.

The illustrative example in [131] proposes the following véues for the con-
stants: m; =1, =10 0. For our rst attempts, the same parameters were
implemented in our method. This however did not give optimal results for our
method. Since is very small, the joint angles are allowed to approximate tre
joint limits very closely, generating very high values for z. Depending on the
trajectory, this can result in big jumps of joint angle values when the respon-
sible term for the calculation of z switches from the second to the rst part of
equation 6.5. An illustrating example of this is shown in the following gures.
Consider the joint con guration shown in gure 6.1. For this example we only
consider the right arm chain, which consists of a clavicle lck composed of 2
joints, a shoulder and wrist block, both consisting of 3 joirts, and an elbow
block, composed of 1 joint. The desired trajectory is as fobbws; the model's
starting posture is the T-pose. From there, the emotional eyression ofsad-
nessis activated, a gesture with a total duration of 1.5 seconds.Immediately
after reaching the nal posture for this gesture, the emotional expression of
happinessis imposed. This gesture has a duration of 0.75 seconds. Bothes-
tures are calculated by the block mode. The end-e ector ori@atations for every
block necessary to reach the end posture of both expressioase calculated by
combining information from the database with the morphological speci cations
entered by the user, as explained in chapter 3. The path betwen the start and
end posture is determined by interpolating between the coresponding orienta-
tions for the total duration of the gesture. For every key frame, the necessary
joint angles to reach the desired posture can then be calcutad using the joint-
constrained inverse kinematics algorithm, in combinationwith Runga Kutta.
The trajectory of the rst clavicle joint is visualized in g ure 6.2a, while gure
6.2b shows the calculated trajectory of the corresponding ransformed joint
variable z, together with the values of z; and z,. From the starting point until
t =1:27s, the rst part of equation 6.5, z;, pushes the joint angle valueq from
its initial value towards the upper joint limit. When reachi ng the joint limit,
the values forz; become very large sincel approaches zero, which results in

a corresponding large value forz. The point were % = is depicted by a red

dot on gure 6.2b. There, the pseudo-inversed Y is set to zero, causing the
result z no longer be determined by termzy, but by term z,. The algorithm
successfully keeps the joint at its boundary, while gradudl decreasingz. At
t =1:5 s, the emotional expression othappinessis activated. The term z, con-
tinues in lowering z until % again equals . At this point, denoted by a purple
dot, z; is again activated, trying to guide the joint angle to a value necessary
to reach the desired end-e ector orientation. Here, the algrithm fails; because
of the current high value of z, and therefore high value of Y, z; immediately

78



CHAPTER 6. GENERATING GESTURES FOR PHYSICAL ROBOTS

Figure 6.1: Joint con guration of the model used for the exanple in gure 6.2,

6.3 and 6.4. Relevant for this example is the 9 DOF right arm, onsisting of
a clavicle block (2 joints), a shoulder block (3 joints), an ébow block (1 joint)

and a wrist block (3 joints).

drives z to a high negative value, projecting the joint angle g from its upper
boundary to its lower boundary. This results in a direct switch of activation
from z; to z, to prevent the joint angle q from crossing its lower limit value.
The algorithm doesn't manage to lower the value ofz enough to reactivate
Z;. The desired end-e ector orientation of the clavicle blockis therefore not
reached.

In order to solve this problem, a rst possibility is to decrease the value of .
Figure 6.3a shows the calculated joint trajectory for the r st clavicle joint for
exactly the same con guration, desired gestures and paranters except for ,
which is now set to 10 3. The corresponding transformed joint trajectories and
the contributions of z; and z, are visualized in gure 6.3b. The initial trajectory
of z is similar as for the previous example, however, the since is smaller, the
term z, is activated considerably sooner. This point is again denatd by a red
dot. The joint angles q are forced to keep a bigger distance from the upper
boundary, and the correspondingz-values will stay signi cantly smaller. For
the resulting duration of the sadnessgesture, the joint values are kept around
this value by switching between the two contribution terms of z; rstly, z, will
attempt to lower the value of z, until the % again equals . Then, z; will
continue to try to guide the joint to a value corresponding to the desired end-
e ector orientation, which results in a slight increase of z. This alternation
continues until the second gesture, the emotional expressn of happiness is
activated. The point where the z-value is low enough to activatez; again lies
at time t = 1:54 s and is denoted by a purple dot on gure 6.3. From there,
the algorithm guides the joint angle towards a lower value, orresponding to
the necessary value to fulll the current end-e ector constraint. In contrast
to the previous example, the desired end orientation could b reached by the
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Figure 6.2: Calculated trajectory for the rst clavicle joi nt of the con guration

visualized in gure 6.1, for the execution of the emotional epression for sad-
ness followed by that for happiness y; = z and =10 1°. (a) Trajectory

for the real joint angle g. (b) Trajectory for the transformed joint variable z,
accompanied by the contributions ofz; and z,.

80



CHAPTER 6. GENERATING GESTURES FOR PHYSICAL ROBOTS

2
e Switch'zto 2

e Switch'zto z

Figure 6.3: Calculated trajectories for the rst clavicle joint of the con gura-

tion visualized in gure 6.1, for the execution of the emotional expression for
sadness followed by that for happiness y; = z and =10 3. (a) Trajectory

for the real joint angle g. (b) Trajectory for the transformed joint variable z,

accompanied by the contributions ofz; and z,.

algorithm in this case, resulting in a correct solution for the joint angles.

One minor feature that could still be improved is the reaction time necessary
to respond to a change in end-e ector constraint when lockedaround a joint
limit. As can be noted from gure 6.3, 40 ms are necessary for the algorithm
to lower the z value under the threshold to activate z; after starting the
expression ofhappinessat t = 1:5 s. Since a tangent function (equation 6.2)
was used to serve as transformation , its di erential is proportional to the
inverse ofz?:
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@i(z axii in;i 1
@(z) _ On G T (6.8)

z; is therefore proportional to z2, while z, is only proportional to z, when
selecting equation 6.7 for the task vectoly. When, as in the previous example,
an alternation between z; and z, exists to keep the joint angle close to its
boundary, more iterations are necessary to guide to its threshold to switch
from z, to z; then vice versa. This is clearly visible in the region betwer the
two dots in gure 6.3. To solve this issue, the following fundion can be used
for y instead of equation 6.7:

Sigl’l(Zi)kiZi2 if d;<

Yi= o else (6.9)

In gure 6.4, the calculated trajectories are plotted for the same example as
before, but with using the alternative function for the task vector. Since both
z; and z, are now proportional to z2, the alternations in contributing factors
for z follow each other in a similar time span. Therefore, when adtating the
emotional expression forhappiness a reasonable shorter time is necessary to
push the joint angle away from its limit and guide them towards the necessary
value corresponding to the desired end-e ector orientatian.

6.1.2 Joint speed limits

A second important limitation factor to take into account wh en working with
physical robots are the joint speeds. To ensure the speeds t&tay within their
boundaries, a saturation on the joint speed calculated by egation B.24, G,
is included in the algorithm:

qE;aIc if Omax Cealc Omax (6.10)
Sign(Gaic ) Gmax else

As discussed in section 3.2, the time span in which an emotial expression
should be nished is speci ed in the database. For pointing aad reaching, the
total duration of the gesture is dependent of the current a ective state (see
section 5.2.2). However, when limiting the joint speedsq,_it is possible that
the desired end pose cannot be reached in the specied time ap teng. In
order to give the algorithm the possibility of reaching the desired posture, if
necessary, the reference time span is extended until the aallated joint angles
have converged. For time steps exceeding the reference tingpan, the desired
end-e ector pose is kept to its desired nal value:

q_:

tk >tend

if
Abs(Xet,  Xet, ,) > error

Xd(tk) = Xd;tend (611)
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e Switch'zto 3

e Switch'zto z

Figure 6.4: Calculated trajectory for the rst clavicle joi nt of the con gura-
tion visualized in gure 6.1, for the execution of the emotional expression for
sadness followed by that for happiness y; = sign(z)z? and =10 3. (a)
Trajectory for the real joint angle g. (b) Trajectory for the transformed joint
variable z, accompanied by the contributions ofz; and z,.
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To illustrate the e ect of the joint speed limitation in the a Igorithm, a right-
handed reaching gesture for the robot Romeo was calculatedlable 6.1 contains
the necessary robot speci cations that serve as input for tle method. The top
left shows the joint con guration of the robot. Relevant for this example is the
right arm chain, consisting of a 3 DOF shoulder block, 1 DOF ebow and 3
DOF wrist. In the bottom right, the speed limits for the arm jo ints are listed.
When calculating the speci ed gesture with the joint speed imitation disabled,
the limit for the rst wrist joint was crossed. Figure 6.5a sh ows the calculated
speedsq for that joint, together with its boundaries, while gure 6. 5b shows
the corresponding end-e ector trajectory. The full line denotes the calculated
end-e ector position Xx;.e, while the dotted line shows the desired end-e ector
position X;.q , calculated by the trajectory function (see section 4.3) aml imposed
on the inverse kinematics algorithm. Except for thex coordinate at the very
start of the gesture, the calculated end-e ector position bllows the desired
trajectory perfectly.

Figure 6.6 visualizes the same quantities for the same reaafy gesture, but
now calculated with the joint speed limitation enabled. Figure 6.6a shows how
the speeds for the rst wrist joint are kept within the impose d boundaries.
As for the case without limitation of the speeds, the desiredtrajectory is fol-
lowed very closely as can be noted from gure 6.6b. For this ggture example,
the algorithm succeeds in calculating a solution for the desed gesture in the
imposed time span, so no time extension is necessary.

6.2 Experimental results on physical robots

To illustrate the capabilities of our developed method, a sé of gestures was
created for di erent physical robots. To provide context to the gestures, they
were integrated into a little story told by the robot. To high light the exibility

and usability of our method, we opted to work with a set of con gurations
with signi cant di erences; from over-actuated arms to und er-actuated, and
all having di erent joint con gurations and link lengths. | n a previous stage,
the method was already validated on the virtual model of, amagst others,
a highly actuated human model with 9 DOF arms, and the robots ASIMO
[104] and Justin [2], both having 6 DOF arms, but however with considerably
di erent morphology. For this validation on physical robot s we worked with
the robots Romeo [132], Pepper [133] and Nao [3]. All three tmwts have a
di erent morphology. The speci cations for Romeo are grouped in table 6.1.
The left top shows Romea's joint con guration. The robot has a 1 DOF actu-
ated body, a 3 DOF head, and an over-actuated right and left am consisting
of 7 DOF. The joints of the arm chain are grouped into the dierent blocks,
which results in a 3 DOF shoulder and wrist, and a 1 DOF elbow bbck. To
calculate the DH-parameters, rstly a DH-frame is assignedto each joint. The
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Joint speed limitaon disabled
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@ +- Qmax
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Figure 6.5: Output for a right-handed reaching gesture calalated for the robot
Romeo without using the joint speed limitation algorithm. ( a) Calculated speed
for the rstwrist joint, together with its boundaries. (b) E nd-e ector trajectory
of the wrist block. The full line denotes the calculated ende ector position Xi.e ,
while the dotted line shows the desired end-e ector positiom X .

Joint speed limitaon enabled
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Figure 6.6: Output for a right-handed reaching gesture calalated for the robot

Romeo using the joint speed limitation algorithm. (a) Calculated speed for the
rst wrist joint, together with its boundaries. (b) End-e e ctor trajectory of

the wrist block. The full line denotes the calculated end-e ector position X,

while the dotted line shows the desired end-e ector positiom X .
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frames corresponding to the rst joint of each chain, the chan base frames, are
visualized in the middle top of table 6.1, together with the sandard reference
frame XsYyszs placed in the pelvis of the robot. The orientation and position of
these chain base frames with respect to the standard referee frame are neces-
sary inputs for the program and are speci ed under the form ofhomogeneous
transformation matrices. The bottom part of table 6.1 lists the remaining speci-
cations that are used as input for the method, namely the DH-parameters, the
joint angle limits and the joint speed limits. For the body bl ock, three sets of
DH-parameters are speci ed; theBody-set corresponds to the DH-parameters
calculated for the body joint with as end-e ector frame, the base frame of the
head chain. For the Body left- and Body right-set, the base reference frame
of respectively the right and left arm are used. This is used & determine the
current orientation of the base reference frames of the headnd arm chains in
case of body motion. To make the connection between the bodyojnts and the
arm base frames in determining the DH-parameters, an extranon-actuated
joint was added. Table 6.2 lists the same speci cations for he robot Pepper.
This robot conists of a 2 DOF head, a 1 DOF body and a 5 DOF left aml
right arm. When grouping the joints into the di erent blocks , this results in
a 3 DOF shoulder block, and a 1 DOF elbow and wrist. The speci @tions
for the robot NAO are grouped in table 6.3. Unlike the two previous robots,
NAO does not feature an actuated joint in the body. The robot does have a 2
DOF actuated head, and a right and left arm consisting of 5 DOFE Grouping
the arm joints in blocks results in a 3 DOF shoulder, and a 1 DOFelbow and
wrist block.

The test scenario was designed to group a number of di erent motional ex-
pressions, calculated by the block mode, and both pointing ad reaching ges-
tures, calculated by the end-e ector mode. The robot tells astory about how
it helped a lost boy in the supermarket nding back his mother. A number
of calculated postures for all three robots are listed in gue 6.7. The type of
gesture, the used calculation mode (B M: Block mode or EE M: End-e ector
mode) and the context are added below each posture. Taking ionsideration
the di erences in joint angle range for the di erent robots, for some gestures,
other end-e ector positions were chosen to guarantee a suessful calculation
of the trajectory. The video's of the complete gesture sequece for each robot
were grouped on the Probo-websité This validation was performed when the
joint speed limitation was not yet implemented in the method. For the robots
NAO and Pepper, no speed-related problems occurred. Howekesince Romeo
has more strict speed limits (see table 6.1), a number of caldated gestures
violated these limits. The calculated joint trajectories were rescaled in time
to be able to be performed by the robot. As a result, the resuling gestures,
and therefore the total duration of the test scenario is conglerably longer for

Lhttp://probo.vub.ac.be/GestureMethod/PhysicalRobots .htm
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Romeo then for the other two robots. Afterwards, the joint speed limitation
was added to the method and the same scenario was ran by the nieid to re-
calculate the joint trajectories for Romeo. Since the phystal robot was not any
more available, the calculated gestures were visualized otie virtual model of
the robot. The corresponding video was added to the same webgge as those
of the physical robots. Furthermore, a video grouping the fair gesture sets
was provided to visualize the timing of the calculated gestues for the di erent
cases. When using the joint speed limitation algorithm, for most gestures of
the test scenario, an alternative trajectory could be calcuated for the Romeo
con guration whereby the desired time span was not violated Only for the
rst gesture, associated with the text Hello, I'm Romeo and calculated using
the place-at condition of the end-e ector mode, the time span was slightly
extended. Figure 6.8 visualizes the timing of this gesturedr Romeo, how it
was implemented on the real robot and how it is optimally calalated using
the joint speed limitation, visualized on the virtual model, together with the
desired timing, obtained for the robot NAO. At t = Os, the robot stands in
a neutral pose. The desired duration of the gesture is :bs. As already men-
tioned above, suitable joint trajectories to full this tim ing constraint could
be calculated for the NAO robot. For the validation on the physical model of
Romeo, joint trajectories were calculated without the joint speed limitation.
The resulting trajectories were rescaled in time to be able ® be performed by
the robot, which resulted in a total gesture duration of 2:67s. When using
the joint speed limitation algorithm, a duration of only 1 :67s was necessary
to reach the imposed end-e ector position. Since for all otler gestures of the
scenario, a suitable trajectory could be calculated withinthe desired time con-
straints, the overall timing of the resulting test scenario calculated using the
joint speed limitation algorithm, is similar to that obtain ed for the robots NAO
and Pepper, while the one used on the physical model of Romes unnecessary
long.
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Table 6.1: Speci cations for the robot Romeo.

Joint con guration DH-base frames
baseRstand
Body Head Right Left

0 1 O 1

0 1 0 O 0O 1 0 091 042 0 0:91 0:42 0 8
%o 0 1 %§ %1 0 0 %8 0:16 099 § 007 016 099 43

17 0 O 0O 0 1 089 0:17 042 089 0:17 97

O 0 0 1 0O 0O 0 0 0 1
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Joint DH-parameters Joint limits Onax (rad/s )

() a(cm) d(cm) () min( ) max( )
Head 1 -90 0 9.5 -90 -180 0 4
Head 2 -90 0 0 -90 -110 -50 1.9
Head 3 0 9.3 0 0 -20 20 1.5
Body 0 0 51 0 -45 45 1.5
Body right 90 0 41 -90 -135 -45 1.5
0 0 19 0
Body left 90 0 41 90 -135 -45 15
0 0 19 0
Shoulder 1 -90 0 0 0 -127 80 2.2
Shoulder 2 90 0 0 0 0 95 4
Shoulder 3 -90 0 21.5 0 -120 120 3.7
Elbow 90 0 0 0 0 90 4
Wrist 1 90 0 19 90 -30 210 1.1
Wrist 2 90 0 0 90 65 115 2.6
Wrist 3 0 11 0 0 -55 55 3.8
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Table 6.2: Speci cations for the robot Pepper.

90

DH-base frames

Joint con guration

Left

stand
Right

baseR

Head

Body

o

BOTS

oo o

o oo

OO0

i e)




16

Joint DH-parameters Joint limits Omax (rad/s )
() a(cm) d(cm) () min( ) max( )

Head 1 90 0 38.8 90 -29.5 209.5 7.3

Head 2 0 5 9 -90 -130.5 -53.5 9.2

Body 90 24.4 0 0 -29.5 295 2.3

Body right -90 24.4 0 -90 -119.5 -60.5 2.3
0 -7.2 15 -90

Body left -90 24.4 0 -90 -119.5 -60.5 2.3
180 7.2 -15 90

Shoulder 1 -90 0 0 0 -119.5 119.5 7.3

Shoulder 2 81 0 0 0.5 0.5 89.5 9.2

Shoulder 3 -90 -1.5 18 0 -119.5 119.5 7.3

Elbow 90 0 0 0.5 0.5 89.5 9.2

Wrist 0 3 22 0 -104.5 104.5 17.4
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DH-base frames

Table 6.3: Speci cations for the robot NAO.
baseRstand
Right
1
o

Joint con guration

O O O

Head

[l NeNe]

10@0
o
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Joint DH-parameters Joint limits Onax (rad/s )
() a(cm) d(cm) () min( ) max( )

Head 1 90 0 0 0 -119 119 8.2
Head 2 0 5 0 -90 -126 -61 7.1
Shoulder 1 -90 0 0 0 -119 119 8.2
Shoulder 2 90 0 0 15 15 100 7.1
Shoulder 3 -90 0 10 0 -119 119 8.2
Elbow 90 0 0 2 2 88 7.1

Wrist 0 0 17 0 -193 14 19

€6
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Figure 6.7: Postures captured from the gestures calculatedby the method for the robots Romeo, Pepper and NAO.
Below every posture, the type of gesture, the used calculadn mode (B M: Block mode or EE M: End-e ector mode)
and the context in the story are added.
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k2
2

Figure 6.8: Timing of the rst gesture of the test scenario far Romeo, how
it was implemented on the real robot without using the joint speed limitation
and by rescaling the resulting joint trajectories, how it is optimally calculated
using the joint speed limitation algorithm, visualized on the virtual model, and
the result obtained for the robot NAO, having the desired gesure duration.

6.3 Conclusions

To ease the sharing of gestures between di erent robot morpblogies, we pro-
posed the use of a generic gesture method. In the previous opirs, the dif-
ferent modalities of the method were validated on the virtud model of several
robots. To guarantee a good performance of the calculated geures on physical
robots, a number of adjustments were made to the method. Firdly, the im-
plemented closed loop inverse kinematics algorithm was eghded with a joint
angle limitation module. To guarantee the joint angles to stay within their
boundaries for every robot con guration, both redundant and non-redundant
ones, we opted to work with an algorithm proposed by Drexler ad Harmati
[131]. Through an illustrative example, the optimal parameters for this algo-
rithm are discussed. Furthermore, a joint speed limitation module was im-
plemented to keep the speeds within their specied limits. To highlight the
exibility and usability of the method, it was used on a set of robots with
signi cant di erences in morphology. For the validation on physical robots,
gestures were calculated for the robots NAO, Pepper and Ronme All three
robots have di erent joint con gurations, going from over- actuated to under-
actuated arms, di erent link lengths, and di erences in joi nt angle and speed
limits. The test scenario was designed to combine di erent ypes of gestures,
both emotional expressions calculated by the block mode ofhte method, as
well as pointing and reaching gestures, calculated by the efre ector mode.
The necessary inputs for the method were discussed and joirttajectories were
successfully generated for the three robots.
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Designing social robots using
a generic gesture method






Studying design aspects
using a generic gesture
method

Since social robots are meant to interact and communicate viih humans in a
natural way, while operating in our daily environment, their design should be
adapted to this. Although many social robots are for that reason more or less
based on the human model, the exact morphology of the robot deends on
its speci ¢ application. In this chapter, we discuss how ourdeveloped gesture
method, introduced in part I, can be useful in the design of n& social robots.
The software was designed to cope with the correspondencegislem when gen-
erating gestures for di erent robot platforms, resulting in a generic framework
that is evaluated at runtime using a small set of morphologi@l information.
As such, gestures can be calculated for a desired robot conugation with a
minimal e ort of the programmer. By generating a set of gestures for di erent
morphologies, the importance of speci ¢ joints and their inuence on a series of
postures can be studied. The gesture method proves its usdfess in the design
process of social robots by providing an impression of the messary amount
of complexity needed for a speci c task, and giving interesing insights in the
required joint angle range.

This chapter is based on the following publication:
Greet Van de Perre, Hoang-Long Cao, Albert De Beir, Pablo Gmez Este-
ban, Dirk Lefeber, and Bram Vanderborght. Studying design apects for

social robots using a generic gesture methodInternational Journal of Social
Robotics, In review.
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7.1 Introduction

The design of social robots is a challenging task. In contrdsto classical in-
dustrial robots, which can be considered more as tools, sairobots are aimed
at interacting with people in an interpersonal manner [17]. For humans and
robots to be able to work closely together, it is important to ensure a natural,
intuitive interaction. Therefore, social robots need to be able to communicate
using both verbal and nonverbal signs. This, together with the aim of social
robots to be used in our daily lives, implying they need to be aapted to our
environments and tools, typically results in robot designsthat are more or less
based on a model of the human body. A number of developed sotieobots
therefore feature 7 DOF arms, consisting of a 3 DOF shoulderl DOF elbow
and 3 DOF wrist. This is the case for, amongst others, ASIMO ( gure 7.1a)
[1], ARMAR-III (gure 7.1b) [134], WABIAN-2 (gure 7.1c) [1 35] and iCub
(gure 7.1d)[103].

() (b) (c) (d)

Figure 7.1: Visualization of the joint con guration of a num ber of robots
featuring 7 DOF arms. (a) ASIMO [1]. (b) ARMAR-III [134]. (c) WABIAN-2
[135]. (d) iCub.

When designed for a certain application, some robots may ha a di erent
morphology to optimally ful | the desired tasks. An interes ting arm con gu-
ration of 7 DOF is that of the robot Pyene (gure 7.2a) of the TALOS series,
aimed for applications in industrial settings. To guarantee a maximum ma-
nipulability in the front of the robot, the rst shoulder joi nt is oriented along
the yaw axis, instead of the pitch axis like the previously naned robots. An
additional advantage of this placement is the compactness fothe robot when
the arms are folded to the front, allowing it to pass narrow se&tions in its work-
ing space [141]. The robot WE-4RII [61], on the other hand, wa developed
to study human-like emotion. Humans feature a scapula joint allowing us
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(@) (b) (

(e) (

Figure 7.2: Visualization of the joint con guration of a num ber of robots with
di erent arm morphologies. (a) Pyene. (b) WE-4RII [136]. (c) Robovie [137].
(d) KHR-3 [138]. () NAO [3]. (f) R1 [139]. (g) ARMAR-IV [140] .

to shrug or square the shoulders; motions that convey impornt information
concerning our current internal state. Therefore, next to a3 DOF shoulder
part, 1 DOF elbow part and 3 DOF wrist part, the robot was designed with
an additional 2 DOF base shoulder part, enabling the robot to create more
human-like emotional expressions (gure 7.2b). Robovie'd137] design is more
minimalistic. Its applications were mostly focussed on obgct indication and
route direction-giving, and thus, mostly deictic gestureswere aimed to be used.
The robot features 4 DOF arms, consisting of a 3 DOF shoulder art and a 1
DOF elbow ( gure 7.2c). Other robots with less articulated arms are KHR-3
[138] and NAO [3]. Both robots feature a 3 DOF shoulder and 1 D@ elbow.
But while NAO's wrist only consists a roll-joint ( gure 7.2d ), KHR-3's wrist
consists of a yaw and pitch joint ( gure 7.2e). An important r equirement of the
recently developed robot R1 was the possibility of manipuléing and carrying
objects. Given the advantages of a parallel mechanism, nanhethe high pay-
load an structural sti ness, combined with the lightness of the platform, this
solution was used for the wrist actuation. The parallel mectanism consists of a
base, three linear actuators and a platform, allowing for the exion/extension
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and adduction/abduction of the wrist joint, as wel as a translational motion.
For the shoulder, a traditional collocation of 3 serial joints is used. Together
with the joints provided for the elbow exion and internal ro tation of the fore-
arm, this results in a robotic arm of 8 DOF ( gure 7.2f)[139]. Another example
of a robot featuring 8 DOF arms is ARMAR-IV. To achieve more dexterity in
bimanual manipulation, the typical 7 DOF arm was extended with the stern-
oclavicular joint ( gure 7.2g) [140].

It is di cult to investigate if the chosen arm morphology is i ndeed the best
possible solution for the robots discussed above. Existingobots dier from
each other in a large range of aspects; they have, for exampléi erent joint
angle limits, dierent relative link lengths, a dierent co llocation of joints,
and thus, a di erent overall outer appearance. Because of te wide range of
di erences, it is di cult to isolate the in uence of one spec i ¢ design parameter.
To give insights in the e ect of di erent design aspects on the performance of
speci ed motions and help in making substantiated trade-o 's in the design
process of new robots, we propose a methodology based on thaleulation of
gestures for di erent morphologies and their visualization on one single virtual
model. In part | of this thesis, we proposed a solution for thecorrespondence
problem by designing a generic method to generate gesturesifsocial robots.
The framework of the software was constructed using a human &se model,
representing the rotational possibilities of a human. Sine most humanoid
robots are based on the human body, but in general less actuat, the human
base model comprises the majority of available social robat and thus, the
software can be used for this set of robots. At runtime, the gaeric framework
is evaluated using a minimal amount of morphological data, nputted by the
user. As such, gestures can be generated for di erent morpHogies with a
minimal e ort of the programmer, which makes the method interesting as a
tool to study the in uence of di erent design aspects of socal robots on a set
of prede ned behaviors.

7.2 Methodology

When building a new robot, the designers experience a huge amant of design
freedom. The global appearance of the robot will in uence tre users' expectan-
cies and acceptance towards the robot. The number of jointstheir placement
and their range have a direct in uence of the dexterity and manoeuvrability of
the robot. A more articulated robot will have a broader functionality, but will
also result in a higher complexity, and, not unimportant, a higher cost. With
our proposed design methodology, we provide a tool to give sights in di erent
design aspects, which can help to make substantiated trade-'s in the design
process.
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Figure 7.3: Virtual model of the Probo character, constructed using the 3DS
MAX Biped.

For social robots designed for a certain application, a set foessential gestures
can be selected. By generating this set of gestures for di @nt con gurations
and visualizing them on a single virtual model, the importance of speci ¢ joints
and their in uence on the performance of the mapped gesturexan be inves-
tigated. Di erent collocations of joints can be tested, and also the in uence
of di erent joint speed and joint angle limits can be studied. The latter can
be interesting for a design using actuators whereof the rangis limited. This
is, for example, the case for servomotors, but also for a ramgof series elastic
actuators (SEA) and variable sti ness actuators (VSA) [142][143][144]. Using
this methodology, an optimal placement of the actuator's naitral point can be
determined, which can in some cases cancel the need of an atiginal gearbox.

In what follows, we will illustrate this idea by using the vir tual model of the
robot Probo. Probo was designed by the Vrije Universiteit Brussel to study
human-robot interaction with children. The rst prototype of the robot focused
on the use of facial expressions for a natural interaction, ésulting in a 19 DOF
actuated head [145][59]. Now, in a second iteration, we aimat build a new
version of the robot, extended with actuated arms. More infemation about
this can be found in the next chapters (chapter 8 and chapter 9.

The virtual model of the robot was constructed in Autodesk 3DS MAX and
rigged as a 3DS MAX Biped (see gure 7.3). The Biped is a standed feature
in this software and represents a customizable skeleton carsting of several
bones, linked together by following the human anatomy.

Di erent joint con gurations can be assigned to the virtual model, by asso-
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ciating the di erent joints to the available bones of the Bip ed and specifying
the corresponding rotation axes. For every con guration, d erent gestures can
then be calculated as follows:

step 1: calculate the Denavit-Hartenberg parameters of the con gua-
tion, specify the joint limits and o er them as input for the m ethod.

step 2: use the method to calculate a set of desired gestures.

step 3: the calculated gestures can be visualized by loading the cali-
lated joint trajectories into the virtual model using 3DS MA X.

Figure 7.4 gives a schematic representation of the work ow bthis methodol-
ogy. In what follows, the three main steps of the process areigcussed in more
detail.

Step 1

In the rst step, the chosen con guration is quantitatively described by identi-
fying the corresponding Denavit-Hartenberg parameters [46]. Table 7.1 illus-
trates this for a randomly chosen 5 DOF arm and 2 DOF head con giration.
The rst column visualizes the chosen joint con guration, superposed on the
robot's virtual model. The dierent arm joints are grouped i nto a shoulder,
elbow and wrist block and DH-axes are assigned to the di erenjoints. The
remaining columns list the names of the available joints in he con guration,
together with their corresponding DH-parameters. Next to the DH-parameters,
a set of joint angles and joint speed limits can be speci ed. he parameters
are stored in text- les and saved in a dedicated directory, fom where they are
loaded as inputs by the gesture method at runtime.

Step 2

In the next step, a set of gestures can be calculated. The grdgical user interface
of the gesture software allows to easily chose between a nurab of emotional
expressions, or to specify a desired position for a pointingr grasping gesture.
The method's output is a series of data les containing the cdculated joint

trajectories.

Step 3

The last step consists of visualizing the calculated gestwes. This can be done in
Autodesk 3DS MAX by rotating the Biped's bones according to the calculated
joint angle values. A correct mapping between the chosen joit con guration
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Chose a virtual model Select number of morpholgies Select number of gestures
to study to study
Y
> For all morphologies

!

Determine DH parameters
and specify joint limits

.

»< For all gestures to be studied

|

Use method to calculate
joint trajectories

Visualize gesture on model

Y

Compare gestures performance
for the different morphologies

Figure 7.4: Flowchart visualizing the process of the proposd design method-
ology.
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Table 7.1: In a rst step, the con guration's Denavit-Harte nberg (DH) param-
eters are calculated. This tabel shows the DH parameters foa 5 DOF arm and
2 DOF head assigned to the virtual model of the robot Probo. Fist column:
visualisation of the chosen joint con guration. Second colmn: list of the avail-
able joints in the con guration (head joints ranked from bot tom tot top, arm

joints ranked from right to left). The remaining columns list the corresponding
Denavit-Hartenberg parameters.

DH-parameters
Con guration Joint a d

() (em) (em) ()

Head 1 -90 0 0 0
Head2 O 18.8 0 -90

Sh 1 -90 0 0 0
Sh 2 90 0 0 0
Sh 3 -90 0 17.7 0
- L Elbow 90 0 0 0
Wrist 1 0 0 245 0

and the Biped's speci cations provides the necessary rotabn axes. The map-
ping for the joint con guration discussed above is illustrated in table 7.2. The

rst column shows the virtual model with the Biped bones and their corre-
sponding reference frames. The second and third columns nesctively list the

di erent joints of the chosen con guration and the availabl e bones in the 3DS
MAX Biped. The last column shows the correct Biped rotation axes that need
to be used in combination with the calculated joint trajectories to visualise the
desired gestures in 3DS MAX.

7.2.1 E ects of joint con guration on a set of emotional
expressions

To illustrate the use of the developed gesture method to stug the e ects of dif-
ferences in joint con guration, the methodology discussedabove was followed
for a series of con gurations. Table 7.3 shows a set of resudtfor 7 di erent
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Table 7.2: For visualizing the gestures, a correct mapping btween the chosen
joint con guration and the speci cations of the 3DS MAX Bipe d needs to be
calculated, in order to correctly identify the necessary rdation axes. First
column: reference frames of the Biped's Bones. Second colamjoints of the
chosen con guration. Third column: available bones of the S MAX Biped.
Fourth column: Biped axes corresponding to the joints' rotation axes.

3DS MAX model Joint 3DS MAX joint linking

Bone rotation axis
Head 1 Head X
Head 2 Head z
X" sh1 UpperA
o & pperArm X
j & OQQ“‘\% Lz Sh 2 UpperArm -z
X X X x—f & Sh 3 UpperArm X
j j A—ZIOQ Elbow  ForeArm -z
Wrist 1 Hand X

morphologies, with arm con gurations ranging from 9 to 4 DOF. Di erent emo-
tional expressions were calculated for each of the 7 morphogies, whereof the
end postures are shown in table 7.3. From left to right, the en posture, and
thus the most expressive posture foranger, digust, happinessand sadnessis
shown. Con guration 1 consists of a 9 DOF arm, composed of a 2 DF clavicle,
3 DOF shoulder, 1 DOF elbow and 3 DOF wrist. The head also consits of 3
DOF. For every arm and head block, the maximum amount of joints is present
in this con guration. Therefore, it can be seen as acomplete con guration and
thus, the calculated end postures can serve as a referencer fomparing the
end postures calculated for other con gurations. Next to a d erent colloca-
tion of the joints, the main di erence of con guration 2 is th e missing clavicle
block. When observing the end postures, it can be noted thatdr this virtual
model and the chosen gestures, the in uence of the claviclelbck is negligi-
ble. The third and fourth column show two con gurations with dierent 2
DOF wrists. The in uence of the speci ¢ missing joints can be observed from
the small di erences in the placement of the hand in the calclated postures.
Evidently, these di erences become larger when eliminatiig more joints, as in
con guration 5 and 6, where only 1 joint is present in the wrist. Con guration
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Table 7.3: End postures for di erent emotional expressions calculated for 7 di erent joint con gurations.

Joint con guration Anger Disgust Happiness Sadness
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5 only features the exion/extension joint in the wrist, whi le in con guration

6 only the pronation/supination is present. While the end postures calculated
for con guration 6 resemble the reference postures well, tbse for con gura-
tion 5 dier signi cantly, which demonstrates the importan ce of the prona-
tion/supination motion for this type of gestures. The last column shows an
arm con guration with only 4 DOF, consisting of a 2 DOF shoulder, 1 DOF
elbow and 1 DOF wrist. By choosing the collocation of the shoider joints

properly, i.e. by providing an internal rotation, followed by a joint causing
an adduction/abduction motion, the calculated postures resemble the refer-
ence postures relatively well. Only for the emotional exprssion ofdisgust the
placement of the hand signi cantly di ers from that in the re ference posture,
however, the intended emotional state can still be recognied. Therefore, this
con guration can be interesting for generating emotional epressions when,
for example, cost or low complexity is highly important. Of course, for other
types of gestures, like accurate pointing gestures or manigdation purposes, this
con guration is less interesting because of the reduced degrity.

Using the gesture method in this way is mainly interesting fa giving insights
in the in uence of joints on di erent gestures. It gives an impression of the
necessary amount of complexity needed for a speci ed task. df robots intended
to perform a variety of di erent tasks, not speci cally described in advance, a
more complex robot of course gives more freedom regarding ¢hmotions to be
performed. But for a robot designed for a speci ¢ task or appication, such as,
for example, a robot companion for children in the hospital tased on emotional
interaction (like the Huggable [147]), or a route direction-giving robot, a careful
consideration of di erent morphologies can help in nding an optimal design
for a desired degree of complexity, cost and expressibility

7.2.2 Eects of joint angle limits on a set of emotional
expressions

Another interesting aspect that can be studied is the in uence of joint angle
limits. In designs using motors with a limited range, an optimal placement of
the neutral position can diminish the complexity of the design by reducing the
transmission. Table 7.4 and gure 7.5 illustrate the use of hie gesture method
for this application, for con guration 6 shown in table 7.3, while considering
the same gestures as above. The rst row of table 7.4, set (a)shows the end
postures calculated using a wide joint limit range, namely 180 to 180 for all
joints, except for the elbow joint, which only goes to 0. These joint limits are
represented by dots on the graphs shown in gure 7.5a. Herehe rst column
represents the right arm, while the second represents the fe The calculated
joint angles, necessary to reach the desired end posture fahe gestures are
visualized in the same graph. From these results, a rst consiction of the
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joint angle range can be tested. For the joints in the right am, the boundaries
are set such that they include the values calculated in the rst trial (a), except
for the rst shoulder joint. Here, the range is limited from 100 to 20,
constraining the initial value of 30 for the expression ofanger and 133 for
that of disgust The new limits, together with the corresponding calculated
joint angles are visualized in the second row of gure 7.5. Tle e ect of the new
constraints can be noted from the di erence in placement of he forearm in the
second row of table 7.4. For the left arm, a similar joint range was chosen. For
the 3 DOF shoulder block, this resulted in a di erent joint an gle set to reach a
quasi-identical arm placement. The calculation of the angés for the elbow and
wrist joint was not in uenced by the restriction in angle lim its.

A second trade-o that can be made is a similar constriction d the third
shoulder joint. By setting the limits from O to 120 , instead of to 150 as in
trial (b), the calculated values will fall in the range of most servomotors, which
can be a practical advantage. The results for these limits a& shown in the third
column of table 7.4, and the corresponding calculated angteare visualized in
gure 7.5c. This second constriction only has an e ect on theright arm, since
for the left arm, all calculated angles for trial (b) already fell in this range. For
the right arm, again a di erence in placement can be noted forthe expressions
of anger and disgust While a similar restriction can highly simplify the design,
the e ect on the predetermined set of gestures is minimal. Itcan therefore be
interesting to perform similar studies in the design proces, in order to predict
and anticipate on the expected joint angle range.

7.3 Conclusion

In this chapter, we proposed the use of the developed gestunmethod, intro-
duced in part |, as a tool in the design process of social robst The framework
of the software is constructed very generic, and is only evakhted at runtime
using a minimal set of morphological information speci ed by the user. There-
fore, gestures can be created for numerous con gurations Wi a minimal e ort,
which makes the method interesting for design purposes as \We For robots
designed to achieve prede ned tasks, a number of essentialegtures can be
nominated in advance. Generating these gestures for di enet morphologies
can give interesting insights in the necessary design comgity for the desired
task, which can be useful to make a correct trade o in cost, sinplicity and per-
formance. An example of the in uence of both the collocationof the di erent
joints, and the joint angle range was illustrated using the nodel of the robot
Probo. Since also the joint speed limits are a necessary inpdor the gesture
method, also this in uence can be studied. As such, the geste method can
be a practical tool in the design process of social robots anbelp in generating
an optimal design regarding cost, complexity and expressitity.
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Table 7.4: To study the e ects of the joint angle range, emotional expres-
sions for anger, disgust happinessand sadnesswere created for con guration
6 visualized in table 7.3, using di erent sets of joint anglelimits.

Set Anger Disgust Happiness Sadness

(b)

©
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Figure 7.5: Calculated joint angles for the expression ofinger, disgust hap-
piness and sadnessfor con guration 6 visualized in table 7.3, for di erent set s
of joint angle limits.
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Design of Elvis; a new

social robot

This chapter discusses the design of Elvis, a new social robthat was devel-
oped in the frame of the Probo-project. This project aims to gudy cognitive
human-robot interaction and the possibilities of robot asssted therapy (RAT),
with a special focus on children. The initial version of the mbot consists of
an actuated head with 19 DOF, and uses facial expression in cabination
with speech to establish an intuitive communication with the user. Probo was
used as facilitator in several robot assisted therapies fochildren diagnosed
with autism spectrum disorder (ASD). The new prototype of the robot, named
Elvis, is designed based on the experiences and conclusiodiawn from these
experiments. The main novelty in this development stage is he implemen-
tation of actuated arms. To achieve an optimal morphology fa the targeted
applications of the probo-project, an a priori study using the developed generic
gesture method was performed on both the joint con guration and the joint
range. This resulted in three interesting con gurations that were investigated
in more detail and nally, physically developed.

This chapter is based on the following publications:

Greet Van de Perre, Hoang-Long Cao, Albert De Beir, Pablo Gmez Esteban,
Dirk Lefeber, and Bram Vanderborght. Development of Elvis, a new social
robot for a ective and functional gesturing. IEEE Robotics and Automation
letters, In review.

Greet Van de Perre, Hoang-Long Cao, Albert De Beir, Pablo Gmez Esteban,
Dirk Lefeber, and Bram Vanderborght. Designing the social obot Elvis: how
to select an optimal joint con guration for e ective gestur ing. International

Journal of Robotics Research, In review
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8.1 The Probo-project

Probo is a huggable social robot, developed to study cogniie human-robot
interaction with children. The project initially focused o n hospitalized chil-
dren; since a stay in the hospital can be a frightening expegnce for children,
the robot Probo would be their robotic friend, and could comfort and inform

them about their stay in the hospital, possible interventions and the use of
medication.

The rst prototype of the robot was released in 2009. To avoid users from
having speci c expectations towards the behavior of the rolmt, Probo was de-
signed as an imaginary animal, based on the ancient mammothsBecause of
the trunk, it is very recognizable and distinct from other social robots. Human
social cues and communication skills are used to guaranteaantuitive commu-
nication and natural interaction between a child and the robot, whereby for the
rst prototype, the focus was laid on the use of facial expresions as non-verbal
communication modality. The robot has an actuated head conisting of 19
DOF, including movable eyes, eyelids, eyebrows and ears aral movable neck,
trunk and mouth. Since the robot was designed to work in closanteraction
with children, special attention was paid to the huggable ard safe nature of the
robot. Compliant actuators are used for all driven joints, in combination with
the use of soft and exible materials [148][145]. The comple mechanical sys-
tem is covered with a fabric jacket to provide a soft and huggale appearance.
Figure 8.1a shows the uncovered head of the robot, while gug 8.1b shows the
covered prototype in interaction with a child.

() (b)

Figure 8.1: The social robot Probo. (a) Uncovered prototype (b) Probo in
interaction with a child.
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To control the robot, a software architecture consisting ofseveral subsystems,
including a perceptual, emotional and motor system, was desloped. The gen-
erated facial expressions were validated through severakcognition tests [59].
Figure 8.2 visualizes the facial expressions for the basicn®tions happiness
surprise, sadness anger, fear and disgust

(a) (b) (©

(d) (e) ®

Figure 8.2: The 6 basic emotions, expressed by the robot Prab (a) Happiness.
(b) Surprise. (c) Sadness. (d) Anger. (e) Fear. (f) Disgust.

After the development, the research team had the opportuniy to evaluate the
robot's use in RAT for children with autism spectrum disorder, which resulted
in a switch from hospitalized children as main target group towards this pop-
ulation. In a rst study, the e ectiveness of employing Prob o as facilitator in
an existing intervention, called Social Story telling, wasinvestigated [149][150].
In addition, the team investigated whether the robot can be useful in teaching
children with ASD to identify situation-based emotions [151]. In a later stage,
two interaction studies investigated if children with ASD b ehave di erently
when interacting with a robot or human during a play task, by analysing the
performance of the task, the frequency of certain social anésocial behaviors
and the children's ability to elicit interaction with an acc ompanying adult and
collaborative behavior [29][30].

By performing these experiments and observing the interadbns of children
with Probo, several aspects that could improve the robot andits applicability
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for RAT could be noted;

" The robot's big trunk covers a large portion of the mouth. Si nce children
with ASD mostly focus on the mouth to read facial expressions this
was sometimes perceived as disturbing. Therefore, a smatleunk would
bene t the recognizability of the displayed emotions.

" When the touch screen in the belly was used, the child's attention was
completely focused towards it, while the robot's face was pactically ig-
nored. This entails that the robot is not any more consideredas an
embodied agent, but rather as a standard screen.

" The variety of therapies that could be investigated would signi cantly
increase if the robot would be equipped with actuated arms. Kamples
are interventions stimulating joint attention and imitati on games. Of
course, the use of gestures would increase the aliveness bétrobot in a
large extent, and bene t the interaction in all respects.

" The fact that it is positioned upright can raise the expecta tion that the
robot can walk. Therefore, a possible improvement can be to mke the
robot sit.

8.2 Elvis

Based on these considerations, a new version of the robot waeveloped. Since
the outer appearance of the robot signi cantly changed fromthe initial Probo
character, we decided to change the name as well and called¢mew developed
robot Elvis. Regarding its identity, Elvis can be seen as Probo's littlebrother.
In this development stage, we mainly focused on the design ahe actuated
arm system. The head of the robot only contains a neck module fo3 DOF,
designed by colleague Albert De Beir. In a later stage, the an system will be
combined with a complete re-design of the head, resulting ira fully actuated
system.

8.3 Joint con gurations

To select a suitable joint con guration for the arms to be desgned, the de-
veloped gesture method, discussed in part |, was used to stydthe e ect of
several morphologies on a set of gestures. Since the robotagmed to interact
with children on an emotional level, the ability of expressing a ective states is
a rst important constraint. Therefore, the gesture study w as performed by
evaluating the performance of a set of emotional expressiafor 7 di erent arm
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con gurations. The end postures of the calculated gesturesvere discussed in
the previous chapter (chapter 7) and listed in table 7.3. To ese the discussion
below, the list was repeated as table 8.1 in this chapter. Thee joint con gu-
rations appeared to be interesting to consider in more detdi Con guration 6
proved to have a good performance of the calculated gesturgfor a relatively
low complex arm chain of 5 DOF. Con guration 5 only di ers fro m con gura-
tion 6 by the replacement of the joint responsible for pronaton/supination of
the forearm by one generating a exion/extension motion. This con guration
appeared to be less interesting to generate the emotional gxessions ofanger,
disgust and sadness However, for other types of gestures, such as a number
of emblems, the exion and extension of the wrist is importart to realize the
gesture. Examples are the hand movement foistop, or clapping the hands.
By choosing the initial placement of the wrist dierently, i t can become an
interesting morphology for generating emotional expressins too. Finally, con-
guration 7 also gave a reasonable performance versus congdity ratio. For
a con guration of only 4 DOF, consisting of a 2 DOF shoulder, 1 DOF elbow
and 1 DOF wrist, recognizable gestures could be generated.

To be able to study all three joint con guration physically, the arm system was
designed semi-modular, allowing several joint modules to & switched to result
in the di erent morphologies. The realisation of the three joint con gurations
are denoted, respectively, as Elvis-Ca, Elvis-Cb and ElvisCc.

8.3.1 Elvis-Ca

Figure 8.3a shows the joint con guration of the arm used for Hvis-Ca, super-
posed on the virtual model of the original version of Probo. The con guration
consists of a 3 DOF shoulder block, 1 DOF elbow and 1 DOF wristcontaining
the joint responsible for the pronation/supination of the forearm. This specic
collocation of joints equals that of the robot NAO. As for most available servos,
the range of the used motors is limited to 120. By studying the joint trajec-
tories of the generated gestures, an optimal placement of & neutral position
of the motor can be achieved. In the previous chapter, more sgci ¢ in section
7.2.2, the developed gesture method was used to study the imence of di erent
sets of joint angle limits on the calculated end posture for aseries of emotional
expressions. For every joint, it was possible to select an dpnal neutral posi-
tion of the motors, resulting in a good performance of the catulated gestures
when only using a joint range of 120. As such, no additional transmission is
needed to increase the joint range.

8.3.2 Elvis-Cb

Elvis-Cb is based on joint con guration 5 of the gesture study. The resulting
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Table 8.1: End postures for di erent emotional expressions calculated for 7 di erent joint con gurations. (lterated
from table 7.3.)

Joint con guration Anger Disgust Happiness Sadness
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(a) Elvis-C

(b) Elvis

(c) Elvis-

Figure 8.3: Joint con guration of the arm used for (a) Elvis- Ca, (b) Elvis-Cb,
(c) Elvis-Cc.

end postures of the calculated emotional expressions, listl in table 8.1, sug-
gest that the missing joint responsible for the pronation ard supination of the
forearm, is important for a good performance of the gesturesFor a number of
other gestures, however, the exion and extension of the wst is a necessary
motion to naturally execute the arm movements. Therefore, t is worthwhile
to take a deeper look into this joint con guration. For the re sults visualized in
table 8.1, the joint con guration was linked to the virtual m odel when standing
in T-pose, the hand palm facing out. By altering the hand orientation of the
robot's model after coupling it to the con guration, a dier ent robot appear-
ance, and therefore, di erent end postures can be reached. able 8.2 visualizes
this for 5 di erent angles. In the rst column, the model is pl aced in T-pose,
while the other columns visualize the calculated end postugs for, again, the
emotional expression ofanger, disgust happinessand sadness The rst row
shows the morphology used in the previous chapter; the modek placed in
T-pose with the palm facing out. In the second column, a prongion of 30 is
imposed on the right and left forearm of the virtual model after coupling it to
the joint con guration. Therefore, there is a constant deviation of the hands'
orientation with respect to the rst row. The remaining rows similarly feature
morphologies whereby the hand is rotated around the forearris midline, with
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Table 8.2: By altering the hand orientation of the robot's model after coupling
it to the con guration of Elvis-Cb, a di erent robot appeara nce, and therefore,
di erent end postures can be reached.

Hand ori Anger Disgust Happiness Sadness
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an angle of, respectively, 45, 60 and 90 . The calculated end postures show
that a pronation of 60 with respect to the original T-pose is a good option for
the chosen emotional expressions. In addition, positionig the hand according
to this angle allows a good performance of a number of emblemegtures, such
as the stop-gesture, and clapping the hands ( gure 8.4). Figure 8.3b v$ualizes
this speci ¢ con guration, used for Elvis-Cb, superposed m the virtual model
of Probo.

(b)

Figure 8.4: Positioning the hand according to a pronation of60 with respect
to the original T-pose after coupling the con guration Elvi s-Cb to the virtual
model, allows a good performance of a number of emblem gests, such as (a)
the stop-gesture, and (b) clapping the hands.

Since in the block mode of the gesture method, the joint angle are calculated
separately for each block, and this joint con guration only di ers from con gu-
ration Elvis-Ca by a di erent wrist, the necessary joint angle range to calculate
the aforementioned emotional expressions corresponds thé one designated to
the previous con guration, except for the wrist joint. Figu re 8.5 visualizes the
necessary joint angles to reach the end postures of the callaied emotional
expressions. In section 7.2.2, a suitable neutral positiotior the shoulder and
elbow servos could be found, ensuring a proper performancd the calculated
gestures for a joint angle range of 12Q Observing gure 8.5 learns that for the
wrist joint, for both the left and right arm, the calculated j oint angles lie in a
range of 120. By choosing the maximum position of the right wrist's servo at
35 with respect to the T-pose, and the minimum at 85, the gestures can
be calculated without approximations or the need of additional transmission
ratios.
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Figure 8.5: Calculated joint angles for the expression ofinger, disgust hap-
piness and fear, together with the chosen joint angle limits, indicating the
maximum and minimum reachable position of the servos.

8.3.3 Elvis-Cc

The last morphology, Elvis-Cc is based on con guration 7 of Table 8.1 and
features an arm con guration consisting of only 4 DOF (gure 8.3c). In the
state of the art, social robots predominantly feature shoutler modules with 3
DOF, which makes this speci ¢ con guration with a 2 DOF shoul der a unique
test case. The gesture study performed in the previous chagt resulted in a
reasonable performance of the postures, and therefore, thimorphology can be
interesting to realize in physical form.

8.4 Design principles

In contrast to the original version of Probo, which uses reldively expensive
Maxon motors and custom made aluminium parts, Elvis was degjned using
low cost techniques. Firstly, for the actuation, only widely available servo
motors were used. To achieve a compliant behavior, the use afervo savers
was investigated. Servo savers are used in radio controlleRC) cars to protect

the motors in case of a collision. They are small elements thaare placed
between the driving servo and the output link and contain a sging intended to

absorb a possible impact. Secondly, the arm system is, excefor the bearings,

completely 3D printed in Polyamide (PA). Next to the cost-related bene ts

of this technique, compared to the milling and turning of metal parts, the

use of a plastic as main working material contributes to a lidntweight design.

Additionally, to keep the structure light, the shaping of th e arm is achieved by
the structural parts itself, instead of providing a structu ral framework that is

covered by shields to shape the nal look.

In what follows, the di erent joint modules are discussed in detail.
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8.5 Design of the di erent modules

8.5.1 Shoulder

The complete shoulder, shown in gure 8.6, consists of thregoints, whereof
the rst and third are twisting joints. The arm is connected t o an aluminium
frame by a casing that holds the bearings for the rst twisting joint. The

joint is actuated by a servo attached at the bottom of the cashg, by means
of a belt (gure 8.7a). The servo for the second joint, respoible for the
exion/extension and abduction/adduction motion, is loca ted inside the casing,
and positioned between the two bearings supporting the twiing motion. Again

a belt is used to connect the servo and the output link (gure 87b). While

the mechanics of the rst two joints are merged to a certain exent, the last
joint of the shoulder is realized as a separate module. As shg if desired, it
can be replaced by a rigid structure to realize the con guraton of Elvis-Cc.
The module houses the servo, that directly drives the interral rotation of the

upper arm, together with the bearing supporting this motion ( gure 8.7c). The

speci cations of the used servos, together with those of theother modules are
listed in table 8.3.

Figure 8.6: Complete shoulder of Elvis, consisting of thregoints.

8.5.2 Elbow

The elbow module connects the output of the third shoulder jant to the robot's
forearm. As for all other non-twisting joints, the output li nk is actuated by
the servo using a belt. Figure 8.8a shows how the servo and thdrive shaft are
positioned in the design, while gure 8.8b shows the shieldé module.

128



CHAPTER 8. DESIGN OF ELVIS; A NEW SOCIAL ROBOT

(b)

(CY (©

Figure 8.7: Shoulder design of Elvis; internal mechanics. &) Shoulder 1:
twisting joint. (b) Shoulder 2: exion/extension and abduc tion/adduction
motion. (c) Shoulder 3: internal rotation of upper arm.

(@) (b)

Figure 8.8: Elbow design of Elvis. (a) Internal mechanics, b) Shielded.
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Table 8.3: Speci cations of the servos used in Elvis.

Joint module  joint Servo name  Nom. torque Nom. speed

Ncm s/60

1 BMS-L530MG 243 0.12

Shoulder 2 BMS-L530MG 243 0.12
3 BMS-630MG 146 0.15

Elbow BMS-630MG 146 0.15
Wrist BAU 13 BMS-630MG 146 0.15
BAU 14 BMS-380MAX 46 0.14

Fingers BMS-380MAX 46 0.14

8.5.3 Wrist

As mentioned before, two dierent wrist modules were develped for Elvis.
Elvis-Cb features the joint corresponding to BAU 14; the exion and extension
of the wrist. A drive shaft joins the hand module with the stru cture of the
forearm, and is connected to the driving servo, situated in he lower part of
the forearm, by means of a strong wire. The servos providing tte motion of
the ngers (see section 8.5.4) are located in the top part of he forearm ( gure
8.9a).

The joint corresponding to BAU 13, the pronation and supination of the
forearm is used in Elvis-Ca and Elvis-Cc. This module is intechangeable with
the previous one, and uses a rectangular shaped rod to rigidlconnect both
parts instead of a drive shaft. The joint, situated in the mid dle of the forearm,
is directly driven by the servo motor. The lower part is in thi s case used to host
the nger-servos. Figure 8.9b shows the printed forearm fetring this joint.

8.5.4 Hand module

The design of the hand is based on the appearance as it is commlyg used in
cartoons; consisting of a thumb and 3 ngers. To allow the rolot to accurately
point towards a certain direction, the index nger is actuat ed separately. This
is especially useful in, amongst others, therapies involvig joint attention. In
contrast, NAO's ngers are actuated as a whole, which makestimore di cult
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(CY

(b)

Figure 8.9: Forearm design of Elvis. (a) Forearm containingBAU 14, used for
Elvis-Cb. (b) Forearm containing BAU 13, used for Elvis-Ca.

(@) (b )

Figure 8.10: Hand design of Elvis. (a) Back of the hand, unstelded. (b) Hand
palm.
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to accurately point to a certain position. The thumb is actuated separately as
well, which makes it possible to use, for example, the emblerthumbs up The
remaining two ngers are actuated together. The ngers are tendon driven; thin
wires, originating from the ngertips are guided through th e wrist, allowing to
position the servos in the forearm. Figure 8.10 shows the hahmodule of Elvis.

8.6 Elvis's new look

The two arms, consisting of the di erent modules discussed hove, were 3D
printed and mounted on an aluminium frame, together with the neck mod-
ule provided by colleague Albert De Beir. To obtain a characeristic huggable
Probo-look, a special jacket from fabric was designed to car the complete
mechanical system. A soft, brown faux-fur was chosen, in cohination with
a blue eece fabric for details in the ears, paws and trunk. Ths color combi-
nation contributes to the imaginary aspect of the character As suggested by
the experiences with the original version of Probo, Elvis wa put in a sitting
position, the touch screen was omitted and the trunk was shaened. To give
the robot a more gentle and cute appearance, the head and abdwen were
rounded, resulting in a chubby creature. Additionally, the shape and size of
the ears were altered to the resemblance of elephant ears. €hresult is shown
in gure 8.11.

8.7 Conclusions

In this chapter, the development of the social robot Elvis was discussed. The
robot was designed within the frame of the Probo-project, wlich aims to study
human-robot interaction with children and the possibiliti es of a natural com-
munication using human verbal and non-verbal communication skills. Elvis
was designed, based on the ndings and conclusions drawn fno several exper-
iments with the robot Probo. Where the initial version of Probo focused on
the use of facial expressions as non-verbal communication adality, Elvis was
equipped with actuated arms to enable the use of gestures andody language.
To guarantee an optimal morphology for the aimed purposes othe robot, the
developed gesture software was used to perform an a-prioroint study. Be-
cause the expression of a ective states is of major importace in this project,
a selection of possible con gurations was made by studyinghte performance of
a set of emotional expressions for di erent morphologies ugsg the developed
gesture method. Three di erent con gurations were selectal to be studied in
more detail, and later physically realised. The robot is deggned semi-modular,
allowing certain modules to be switched in order to obtain the three di erent
morphologies. The design of the di erent modules was discused, whereafter
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Figure 8.11: The social robot Elvis. Left: non-covered probtype, featuring
con guration Elvis-Ca. Right: covered prototype.

the complete assembled prototype was presented. The next elpter focusses
on generating gestures for the robot Elvis.
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Generating motions for

Elvis

The previous chapter described how three di erent con gurations where se-
lected and physically realised for Elvis. Using the developd software discussed
in part | of this thesis, gestures were generated for a seriesf morphologies,
whereby the e ect of di erent joint collocations was investigated. To obtain an
optimal design, the joint range and the exact positioning ofthe servomotors
was studied as well. By designing the arm system semi-modulaspeci c joint
modules can be switched to result in the three di erent joint con gurations.
As a nal step, this chapter presents a number of gestures gesrated for the
three Elvis variants. The emotional expressions, used in te aforementioned
gesture study, as well as a set of additional gestures, weresgerated by both
the uncovered and the covered robot, and discussed in detail

This chapter is based on the following publications:

Greet Van de Perre, Hoang-Long Cao, Albert De Beir, Pablo Gmez Esteban,
Dirk Lefeber, and Bram Vanderborght. Development of Elvis, a new social
robot for a ective and functional gesturing. IEEE Robotics and Automation
letters, In review.

Greet Van de Perre, Hoang-Long Cao, Albert De Beir, Pablo Gmez Esteban,
Dirk Lefeber, and Bram Vanderborght. Designing the social obot Elvis: how
to select an optimal joint con guration for e ective gestur ing. International

Journal of Robotics Research, In review
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9.1 Controling the robot

The 19 servomotors located in the arms and head are driven by raArduino
and two Adafruit 16-Channel 12-bit PWM/Servo Driver boards . The necessary
software to control the robot's motion was provided by colleague Hoang-Long
Cao and is schematically represented in gure 9.1. The systam uses Naoqi,
developed by Softbank Robotics, as a middleware to enable &ware to com-
municate with a virtual robot model, regarding motion, speech and sensors.
The behavior of the virtual model is mapped with that of the physical robot
through a bridge using a serial communication with the Arduino. As such, the
robot can be controlled using software developed in Choreagphe (Softbank
Robotics) or other SDKs. For all three Elvis con gurations, a set of gestures
was calculated using the developed gesture method. The reliing joint trajec-
tories were loaded in Choreographe, from where they, throug the middleware,
could be sent to the robot as animations. Additional gestures could be created
using Choreographe's timeline, by manually putting the di erent joints of the
virtual model in the desired position.

SOFTWARE ROBOT
MIDDDLEWARE

Figure 9.1: Schematic representation of the di erent software units used to
control the robot.

9.2 Results

9.2.1 Uncovered model

Table 9.1 lists the end posture for a number of emotional expessions, gener-
ated by the uncovered model of the three di erent robot con gurations Elvis-
Ca, Elvis-Cb and Elvis-Cc. The video's of the gestures were mpuped on the
Probo-website'. For this initial validation, the elastic elements connected to
the servos, the servo savers, were removed to eliminate anyopsible in uences
of the gravity and inertia on the performance of the gestures The results are
in line with the expectations raised by the gesture tests usig the virtual model

Lhttp://probo.vub.ac.be/GestureMethod/Elvis.htm
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of the initial Probo, discussed in the previous chapter (sedable 8.1 and 8.2).
Because Elvis-Cb misses the joint responsible for the interal rotation of the
forearm, a di erence in arm placement can be noted for this ca guration. In
the previous chapter, an optimal value for the constant handdeviation with
respect to the original T-pose was determined, resulting ina pronation of 60
as optimal results. As predicted by the tests with the virtual model, the results
in table 9.1 con rm that for the neutral pose and the emotional expression for
sadness only a slightly di erence in hand placement can be noted, whle the
e ect is the largest for the performance ofhappiness Regarding Elvis-Cc, the
e ect of the 2 DOF shoulder module mostly manifests itself in the emotional
expression ofdisgust and anger.

A number of other gestures are listed in table 9.2, includingthe T-pose and
a pointing gesture, calculated by the gesture method as wellln addition, the
table includes the stop gesture, waving and the emblemthumbs up These
gestures were generated by manually steering the di erentqints in the desired
position to reach a suitable posture. For the T-pose, the reslting posture is
di erent for all three con gurations. Con guration b has a ¢ onstant inward
medial rotation of the forearm, resulting in an altered T-pose. Because of the
di erent joint con guration, the placement of the shoulder for Elvis-Cc dif-
fers from that of the other con gurations. Large di erences in posture can be
noted for the stop-gesture. Both the Elvis-Ca and Elvis-Cc con guration lack
the joint responsible for the exion/extension of the wrist, which makes it dif-
cult to create a recognizable posture for this gesture. Theresulting postures
show great similarities with the hello-gesture. For Elvis-Cb, the wrist allows to
approximate the characteristic stop-gesture, with outstretched arm and bended
wrist, the hand palm facing out. For the hello and thumbs upgesture, a suit-
able posture could be achieved for all con gurations, howeer, for the latter,
the range of possibilities to position the thumb upwards with a natural arm
position was limited for Elvis-Ch, because of the missing rtational joint in the
wrist. On the other hand, this was the only con guration for w hich a clapping
motion could be generated. Pointing/placing motions could be generated for
all con gurations, but because of the lower articulated conguration, Elvis-Cc
typically resulted in less natural con gurations. Regarding the importance of
the wrist, the exion/extension motion in Elvis-Cb does not signi cantly con-
tributes to the pointing capabilities of the robot, while th e internal rotation
of the forearm enables the hand to be well positioned for a p@&ntial grasping
motion.

9.2.2 Covered model

The same gestures were created for the covered robot. The etimmnal expres-
sions are listed in table 9.3, while the other gestures can bfound in table 9.4.
For the internal rotations, the fur was created as two separae pieces to guaran-
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Table 9.1: Set of emotional expressions, generated by the aovered prototype
Elvis-Ca, Elvis-Cb and Elvis-Cc. The rst column visualize s the robot's arm
con guration.

Elvis-Ca Elvis-Cb Elvis-Cc
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Table 9.2: Set of additional gestures, generated by the una@red prototype
Elvis-Ca, Elvis-Cb and Elvis-Cc. The rst column visualize s the robot's arm
con guration.

Elvis-Ca Elvis-Cb Elvis-Cc

ofofo o—F=zfa - o —o0

Cong

Thumbs up Stop Hello T-pose

Point

Clapping
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Table 9.3: Set of emotional expressions, generated by the wered prototype
Elvis-Ca, Elvis-Cb and Elvis-Cc. The rst column visualize s the robot's arm
con guration.

Elvis-Ca Elvis-Cb Elvis-Cc
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Table 9.4: Set of additional gestures, generated by the coved prototype Elvis-
Ca, Elvis-Cb and Elvis-Cc. The rst column visualizes the robot's arm con g-
uration.

Elvis-Ca Elvis-Cb Elvis-Cc

o
5 oo Fo 0—F—F o—F—ow
S
O
®
(2]
o
>
'—
o
©
I
Q.
2
n
o
=
(2]
Q
S
>
e
'—

Place

141



PART Ill. ELVIS, A NEW SOCIAL ROBOT

tee an optimal freedom of movement. For the elbow and middle Isoulder joint,
however, the fur consists of one single piece. Especiallyrfthe elbow joint, the
tight cover resulted in a restriction of the motion and obstructed the servo to
reach large angles. Instead of a joint range of 120as for the uncovered model,
only an angle of 90 could be reached. Higher angles could not be realised by
the servo and resulted in a extreme heating of the motor becase of the high
currents. In general, the thick cover impedes the heat regwltion of the robot,
with the danger of overheating the servos.

The consequences of the diminished joint angle range for thelbow are clearly
visible in the expression ofanger and disgust (table 9.3), as well as in thethumbs
up gesture for Elvis-Cb (table 9.4). The other gestures could b successfully
generated by the covered robot. The fur masks a large portiowf the di erences
in posture generated by the three dierent con gurations. T he neutral and
sad postures are quasi identical for all three versions. The dierence in hand
position for the happinessgesture performed by Elvis-Cb, clearly visible for the
uncovered model in table 9.1, is less notable for the coveremhodel. Likewise,
the di erences in arm placement for emotional expressionsdr disgustand anger
are less prominent. Also, the di erences in shoulder placemnt for Elvis-Ca and
Elvis-Cc are concealed by the fur, resulting in almost idenical postures.

9.3 Conclusions

In this chapter, a number of results for the three Elvis con gurations were listed.
As a rst set of gestures, a series of emotional expressionsas calculated using
the developed gesture method. For the uncovered robot, theariations in pos-
ture resulting from the di erences in joint con gurations a greed with what was
expected from the precedent gesture study, discussed in chter 8. A number
of additional gestures were created by manually steering th joints in a desired
position to reach an optimal posture. For a certain set of gesures, including
the stop gesture andclapping, the presence of BAU 14 in Elvis-Cb contributed
to the performance of the gesture. BAU 13, on the other hand, Bows to ori-
entate the hand independently of the placement of the elbowwhich can, in
speci ¢, be interesting for grasping movements. For the coered robot, some
issues were encountered. Whereas there is no problem for thiacovered model,
the fur impedes the heat transfer of the servos, causing theno heat up sig-
ni cantly. Furthermore, the tight cover around the elbow jo int obstructed the
motion in a certain degree, resulting in a reduced joint angé range. For the
generated emotional expressions, this mainly resulted in dower performance
of the expressions ofinger and disgust In general, the cover masks some of the
variances in arm placement resulting from the di erences injoint con guration.
The con guration of Elvis-Cc, featuring only 4 DOF in each arm, performs sur-
prisingly well for the tested gestures. Only for pointing and reaching gestures,
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this morphology is less interesting because of the reducededterity, often lead-
ing to less natural postures. In the scope of the Probo-projet, we believe that
Elvis-Cb could be the optimal con guration, seen its performance of the tested
emotional expressions, and the possibility of successfyligenerating additional
gestures, such aglapping and the emblemhigh ve, while keeping the design
relatively low-complex with a total of 8 servos per arm.
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Conclusions

The way we communicate with technology is changing; from theuse of a key-
board or touch screen, designers now aim to focus more on humaentered
designs. Instead of asking the user to adapt its communicatin skills to the
possibilities of the technological object, a more natural interaction is aimed
for. Especially for robots that are aimed to operate in our daly lives, in our
houses and workspaces, assisting us in a wide range of appliions and, most
importantly, collaborating with us in close interaction, i t is crucial to guaran-
tee intuitive communication possibilities. Therefore, saial robots are designed
with features supporting human communication skills and saial cues. Several
robots, capable of using speech, facial expressions or gests have been devel-
oped. Dierent robots can feature di erent morphologies, and here, the corre-
spondence problem comes into the picture. Traditional mettods of implement-
ing gestures use the robot's morphology to specify the motio patterns. Often,
gestures are preprogrammed o -line for the speci ed con guation, stored in
a database and replayed during interaction. Human video reordings or pho-
tographs can serve as a reference to create human-like posés, or the pup-
peteering technique can be used, whereby the physical robas manually put
in the desired position. Another commonly used technique tocreate motion
patterns is by mapping motion capture data to the robot. Because the ges-
tures are speci ed for a certain robot, the motion patterns cannot be used for
other robots, which makes it di cult to share gestures, and more general, share
control architectures in which gestures and motions are usg The aim of this
thesis was therefore, to investigate how gestures can be gerated in a generic
way for di erent morphologies, to develop a software for this objective, and
validate its di erent aspects.
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10.1 A generic gesture method for social robots

10.1.1 Development of the gesture method

Seen their importance in both human-human and human-robot nteraction, de-

ictic gestures and emotional expressions were selected ascfis group. While
emotional expressions are explicit, full body actions repesenting an internal af-
fective state and crucial features for creating socially acepted and uent robot

interactions, deictic gestures are, as pointing gestureghe most common type
of illustrator gesture. To successfully generate deictic gstures, a correct posi-
tioning of the end-e ector is crucial. However, to convey enotional expressions,
the relative placement of the arm links, and therefore, the werall placement
of the arm is important. To allow the gesture software to calailate both types

of gestures, two working modes were developed; thend-e ector mode for the
rst type of gestures, the block mode for the latter.

To ensure the generic aspect of the method, the framework otie software was
constructed using a human base model, representing the rotenal possibilities
of a human. Since most social robots are built to the resembiace of a human,
however less actuated, this base model comprises most of ttavailable social
robots. By evaluating the framework at runtime, using a limited set of param-
eters specifying the robot's con guration, inputted by the user, the software is
therefore usable for the aforementioned set of robots.

A central feature of the method is a closed loop inverse kinewtics algorithm
that calculates the necessary joint angles for a selected gtire and robot con-
guration. The correct constraints to achieve the gesture are calculated and
imposed by the corresponding working mode. To generate hummalike postures
in the end-e ector mode, the available null-space motion isused to guide the
joint angles to a prede ned set ofminimum posture angles, while generating af-
fective deictic gestures is achieved by coupling these angg to the valence value
of the current emotional state. As such, the openness of the gsture is used as
a rst modi cation parameter to convey emotional content th rough an initially
neutral behavior. Additionally, the speed at which the gesture is executed was
coupled to both the valence and arousal value of the current &ctive state.

To verify whether a desired end-e ector position is locatedin the robot's reach,
a methodology to calculate an approximate workspace was impmented. By
providing a mode mixer, the two developed working modes can & combined
together to generate blended deictic gestures and emotiohaxpressions. To
guarantee a good performance of the gestures by physical rots, the inverse
kinematics algorithm was equipped with a joint angle constrining feature, as
well as a joint speed limitation.
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10.1.2 Validation of the developed software

The di erent aspects of the method were validated on severakobot models.
The block mode proved to successfully generate emotional pressions for dif-
ferent con gurations. For this validation, the morphologi es of, amongst others,
a fully actuated human model and the robots ASIMO, NAO and Justin were
used. An online survey showed that the mapped gesture well e2mble the
target gestures.

In the end-e ector mode, the implemented inverse kinematics algorithm was
successfully extended with a cost function, responsible tguide the con gura-
tion into a natural or a ective posture. Both grasping and po inting gestures
could be generated for a series of con gurations, and the e et of the modula-
tion parameters clearly resulted into readable emotional &tes.

The implementation of the mode mixer and priority levels allowed to mix
di erent types of gestures, to generate blended gestures. RAis feature was,
similarly as for the aforementioned modalities, validatedusing the virtual model
of di erent robots, including ASIMO, NAO and Justin.

The implemented joint limitation algorithm was tuned to gua rantee optimal
results for our software, and allowed to validate the complée developed gesture
method on the physical model of several robots. The di erentpossibilities of
the method were assembled into one validation, by a scenariovhereby the
robot tells a little story, while using di erent types of gestures calculated by
the method. The story was performed by NAO, Pepper and Romeo.

10.1.3 Limitations and possible improvements of the method

Because of the highly generic aspect of the method, a large mber of variables
and variable structures are passed through the di erent furctions of the soft-
ware. This makes the method computationally very heavy, andtoo slow to be
used in realtime calculations.

The developed gesture method is presented in this thesis as separate soft-
ware module, that allows the calculation of joint trajector ies for gestures chosen
from a graphical user interface. In theory, the software cold be incorporated
in a cognitive behavior controller, whereby the gestures ag initiated as a result
to external and internal stimuli. However, because of the hgh computational
workload it is not straightforward to integrally integrate it into such an ar-
chitecture. The EU-project DREAM, whereof the Robotics and Multibody
Mechanics Research Group is a partner, aims to develop a cortgie platform-
independent cognitive architecture for robots used in theapies [36]. To ensure
the generic aspect of the architecture, the behavior genetaon system selects
abstract behaviors, based on the user's pro le, interactiomn events and behav-
ior databases. To realize the triggered gestures, while awing the system to
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become computationally expensive, the abstract behaviorgire mapped to the
chosen robot con guration by using stored joint trajectori es that were gener-
ated a priori by the generic gesture method.

The gesture database, containing the key postures and timeanstraints of the
emotional expressions, is currently limited to 5 basic emdbns, used to evaluate
the possibilities of the method. Emotional expressions caesponding to other
a ective states can be easily added to the library. Since humans use several
postures and gestures to express one single a ective statelj erent emotional
expressions corresponding to one emotion can be incorpold as well, to al-
low for some variance of the gestures, contributing to a natwal human-robot
interaction. Finally, also other types of gestures can be clzgulated by the block
mode. Since in the block mode, the orientation of the end-e etor of all avail-
able blocks is imposed, all gestures whereby the overall pesof the arms and
upper-body is important, can be calculated. Possible examigs are the emblem
for waving, gestures used in imitation games or dance motiosn

The algorithm to search an optimal end-e ector pose in the panting condi-
tion of the end-e ector mode could be improved. Since for a dsired pointing
position, multiple combinations of end-e ector position and orientation are
possible, the optimal combination is selected by a cost furtton, trying to min-
imize the deviation between the joint angles and a set of pred ned minimum
posture angles. To nd the possible end-e ector poses meeting the piating
constraint, the last link of the arm chain is gradually virtu ally extended, and
the desired pointing position is imposed on the virtual ende ector. For every
virtual extension, the necessary joint angles to reach the rast natural pose can
be calculated by the inverse kinematics algorithm by using he DH-parameters
for the extended con guration, in the same manner as when jait angles are
calculated for the normal con guration in a place-at condition. However, for
the normal con guration, an approximate workspace is calcdated and used to
examine if a desired end-e ector position is in reach of the obot. Calculating a
similar workspace for each virtual, extended con guration would decrease the
calculation speed signi cantly. Therefore, in the current version of the software,
the necessary joint angles for the virtual con guration are calculated, where-
after they are imposed on the real con guration. The correspnding position
of the real end-e ector, calculated using direct kinematics, is then veri ed to
lay in the robot's workspace. If this is not the case, the curent solution is
rejected, and the search of the most natural pose for the nextirtual extension
is started. At the end, the cost function selects the optimal solution from the
resulting collection of postures. However, when a large nuiver of calculated
solutions are located outside the workspace, the resultingon gurations in the
collection to chose an optimal result can become scarce or en non-existing. A
bene cial adjustment would be that, if a solution is not in re ach of the robot,
a new iteration is started with the sameextension parameters, to look for the
second best natural posture for this condition.
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To generate a ective gestures, the method uses the posturs' openness and
the motion speed as modi cation parameters to modulate an iitially neutral
behavior. To increase the recognizability of the conveyedtate of a ect, the
e ect of additional parameters, such as the uidity and repetition of the motion,
could be investigated.

In this stage, the use of the ngers is not implemented in the gsture software.
Only in the pointing condition, the length of the index nger is used to position
the end-e ector at the ngertip, while in the place-at condi tion, the end-e ector
is located in the center of the hand palm. Incorporating the jpints of the
ngers into the human base model, and consequently into the famework of the
method, would permit the software to calculate a broad colletion of additional
gestures. To calculated several emblems, such as thbumbs up gesture, a
similar approach as for mixing emotional expressions and detic gestures could
be used; the desired position of hand could be handled by thene-e ector
mode, and combined with the necessary nger motion using themode mixer.
In addition, by incorporating nger motion, the quality of s everal gestures could
be improved. Possible example are clenching the left hand'sagers during a
right-handed deictic gesture performed in an angry mood, orclosing the ngers
in a certain extend to minimise the posture when expressingdar.

10.2 Use of the method for design purposes

To calculate gestures for a certain robot using the develope software, the con-
guration is speci ed to the program by its Denavit-Hartenb erg parameters
and a maximum of four rotation matrices. In addition, to keep the joint tra-
jectories between the physical boundaries, joint angle lirits and speeds can
be imposed. Once this information is passed to the softwaregestures to be
calculated can be chosen from the graphical user interfacer a position for a
pointing or grasping gesture can be imposed. A such, dierengestures can
be calculated with a minimal e ort. Since a selected set of gstures can be
created for di erent morphologies, the in uence of speci c design aspects can
be revealed by visualizing the calculated gestures on a sitey virtual model.
Consequences of joint angle range can be studied, as well dsete ect of the
placement of a certain joint.

This methodology is mainly interesting to give insights in the required com-
plexity for a well-de ned task and for nding an optimal cost /e ciency trade-
0. For robots intended to perform a variety of di erent task s in dierent
applications, a more complex robot of course gives more frdem regarding the
motions to be performed. But for a robot designed for a specic task or appli-
cation, a careful consideration of di erent morphologies @n help in nding an
optimal design for a desired degree of complexity, cost andxpressibility.
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10.3 Elvis

10.3.1 Development of the robot Elvis

To illustrate the above methodology, a new social robot, cded Elvis, was
developed. Elvis was developed in the frame of the Probo pregt and was
based on the experiences of interactions with the rst protdype of the robot.
Since the robot is aimed to interact with children on an emotional level, the
possibility of expressing a ective states is an important requirement. Therefore,
a gesture study was performed for a series of di erent con guations, using a set
of emotional expressions. Based on the generated gesturdisree con gurations
were selected to be studied in more detail. In addition, the gsture software
was used to select an optimal, reduced joint range for all DOF The three
con gurations, denoted as Elvis-Ca, -Cb and -Cc were physially realised by
designing a semi-modular arm system, whereof di erent join modules can be
switched. Finally, gestures were created for all three robbversions by imposing
the calculated joint trajectories.

10.3.2 Limitations and possible improvements of Elvis

The characteristic huggable appearance of Probo was passed Elvis by cov-
ering the mechanical system with a customized fur jacket. Fo most joints, the
cover was made in two separate pieces and independently atthed to the input
and output link, providing an optimal freedom of movement. For the elbow
joint, however, the cover was made in one piece for aestheti®asons. The tight
cover obstructed the motion in a certain degree, causing theange of motion
to be limited to 90 instead of 120. Higher angles could not be reached by the
servo motor because of the large friction. To work properly ad guarantee the
provided joint range, the elbow cover should be redesigned.

Another issue introduced by the cover is the impeded heat trasfer. The
warmth created by the servos is kept inside the cover, with tle danger of
overheating the motors.

For all joints, hobby servos are used. For these motors, the gsitional feedback
is restricted to the servo's internal control circuit and not fed to the global con-
trol software. Therefore, when the desired position cannobe reached, because
of, for example, a person blocking the motion or, as for the &low joint, the fur
obstructing the motion, the global control software is not aware of that, while
the servo keeps pulling higher currents. This leads to serigsly overheating,
and even destruction of the servo. The current design of the abot is mainly
suited to demonstrate the generation of gestures and the padbilities of the
developed gesture software. The aforementioned problem ot be partially
solved by providing series elastic actuators (SEA) and thugeimplementing the
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servo savers. Additionally, the global control software slould be improved. To
guarantee a safe interaction, especially with children, a pbal feedback con-
cerning the servos' current position should be provided. Awther possibility to

allow a safer human-robot interaction is the use of a globalmpedance control
loop instead of the currently used position control.

To improve the mechanical design and reduce the necessary 1w torques,
the use of gravity compensation techniques could be studied

While the initial version of Probo focussed on facial expresions and therefore
featured 19 DOF in the head, the main interest in the design ofElvis was
the development of an actuated arm system to generate gestes. A next
prototype should include both aspects to optimize the recogizability of the
generated emotional expressions and generally contributeo a natural human-
robot interaction.
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Calculation detalls

B.1 Direct kinematics

B.1.1 Denavit-Hartenberg convention

The Denavit-Hartenberg (DH) convention is a common approad for specifying
the geometry of a kinematic chain. In a rst step, a frame of reference is
attached to each joint i. Hereby, the z; axis is directed along the rotation axis
of joint i +1, while the x;-axis is chosen along the common normal to the joint
axes of jointi andi + 1 (see gure B.1). To specify the transformation of the
reference framex;y;z; with respect to the frame x; 1y; 1z 1, and therefore,
the placement of joint i + 1 with with respect to that of the previous one, four
parameters are used:

a; is de ned as the length of the common normal to the axes of join i
andi +1.

i is the twist angle betweenz; ; and z around Xx;.
d; is the o set to the common normal alongz; ;.

i is the angle betweenx; ; and x; around z; 1.

To specify the orientation of framex; y; z; with respect to the frameXx; 1y; 1z 1,
the homogeneous transformation between both frames is witién using the DH-
parameters. The roto-translation around and alongz ; to go from the initial
reference framex; 1y; 1z 1 to the intermediate frame X;oy;ozjo can be written
as:

2 , 32
coy i) sin(;) 0 O 1 00 O
i1, _ 8sin(i)  cod ) ooé§01oo
A'°‘§ 0 0 1 0540 0 1 (B.1)
0 0 0 1 000 1
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Figure B.1: Denavit-Hartenberg parameters: de nition of t he reference frames
and parameters [101].

While the roto-translation around and along X; to go from Xjoyjozjo t0 X;V;Zz;
equals:

21 0 100ai
0 coy i) sm() oégo 10 0 (8.2)
0 sin( j) cos() 0 001 0 '
0 0 1 000 1

By combining both equations, an expression fot 'A;, the Denavit-Hartenberg
transformation matrix for joint i, can be found:

cog i) coy j)sin( i) sin( j)sin( i) acos;

| 1a(g) = g siné i) coq i)cog i)  sin( i)coq i) asin( ) é

sin( i) coy i) di
0 0 0 1
(B.3)
Here, g is the parameter related to the joint value. For a revolute joint,
G = i, while for a prismatic joint, g = d;j. The relation between the reference

frame Xpypzp, placed in the base of the manipulator, and the frame attachd to
the end-e ector Xe¢Yeze, can be calculated by combining the Denavit-Hartenberg
matrices for each joint [101]:

°Ac =P To °Ar(n) *Az(p):" *An(th) "Te (B.4)

When we consider a kinematic chain composed of revolute jota only, all
parameters except ; are constant. Therefore, by specifying the DH-parameters
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to the gesture software, equation B.4 can be calculated as aufiction of the
current joint angles.

B.1.2 Calculation of the end-e ector pose

Since equation B.4 speci es the homogeneous transformatiobetween the base
and end-e ector, the orientation . and position pe of the end-e ector with
respect to the base frame, together denoted as thpose X, can be extracted
from this matrix [101]:

Pe(Q)

Xe = B.5
= @ (B:5)
bp — R Pe
Ae = 000 1 (B.6)
2 3
Xe
The position pe, expressed in the Cartesian coordinated¢ y.  can be read
Ze

directly from the fourth column of matrix °A,. To calculate the remainder
of the pose, rst an orientation representation needs to be bosen. For our
software, the zyx-Euler angles are used. ThereforeR can also be written as:

R=Rz( )Ry( )R«()

2 , 32 , 32 3
sin( ) sin( ) O cof ) 0O sin( ) 1 0 0
=4 sin() cog ) 054 0 1 0 540 cogy ) sin()>
0 0 1 sin() 0 coy ) 0 sin() coy )
cos( )cos( ) cos( )sin( )sin( ) sin( )cos( ) cos( )sin( )cos( )+ sin( )sin( )
= sin ( )cos( ) sin( )sin( )sin( )+ cos( )cos( ) sin( )sin( )cos( ) cos( )sin( )
sin () cos( )sin () cos( )cos( )
(B.7)
The Euler angles , and can then be found as follows:
= atan(‘2) (B.8)
i1
= asin( rap) (B.9)
= atan(rﬁ (B.10)

33
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B.2 Interpolation between postures

In the gesture software, the necessary joint trajectories ® reach a desired ges-
ture are calculated. For the block mode, the gesture databas consists of the
speci cation of the desired end-e ector orientations, together with the spec-
i cation of the duration of the gesture tgestwre . FOr a gesture calculated by
the end-e ector mode, the duration of the gesture depends orthe chosen af-
fective state. To generate a trajectory towards the desiredposture, multiple
intermediate postures are calculated. The software uses axed time-step t,
and by combining this with the desired timing of the gesture, the number of
intermediate posturesn;, can be obtained:

t
ni;p — gestt;re (Bll)

B.2.1 Interpolation in the block mode

For the block mode, the n;; intermediate postures are found using a linear
interpolation between the current and desired orientation

For a rotation with amplitude around the rotation axis specied by the
unity vector 1 = (ny;ny;n;), the rotation matrix can be written as:

(L cos )n2 + cos (1 cos)nyny sinn, (1 cos)nyn;+ sinny
R=4 (1 cos)nyny+sinn, (1 cos)ng+ cos (1 cos)nyn, sinny 5
(I cos)n;ny sinny (1 cos)nyny+sinny (1 cos )n?+ cos
(B.12)

By setting this expression equal to thezyx-Euler angles rotation matrix speci-
fying the desired orientation with respect to the current orientation, calculated
using the speci cations of the database, the correspondingotation axis and
amplitude can be found as follows:

21 2 2 2
(rs2 r2s)*+(riz ra)+(rai ri)
_ 2
= atan TEITE I (B.13)
2
5 3 2 32 I3
Ny ; Zsinr
13 31
Ik = 4 Ny 5= W (814)
nz o1 ri2

2sin
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An interpolation between the current and desired orientation is then estab-
lished by a linear progress of the rotation amplitude. The n&essary rotation
matrix at time t; is calculated using equation B.12 for the calculated rotaton
axis and the amplitude (t;):

(t)= —*—t (B.15)

gesture

B.2.2 Interpolation in the end-e ector mode

In the end-e ector mode, intermediate postures are calculéed by an interpola-
tion between the initial end-e ector position pe,,,, and the desired end-e ector
position pe,. A rst attempt for the trajectory is a linear interpolation

( ped peslan )

tgesture

Pe(ti) = ti + Pegan (B.16)

If a part of linear trajectory falls outside the workspace of the robot, an al-
ternative, curved trajectory is calculated. This trajectory will lie in the plane
de ned by the initial end-e ector position pe., , the desired end-e ector po-
sition pe,, and the initial position of the elbow pepow.,, - The latter can be
found in the fourth column of the corresponding DH-matrix. T he equation of
the plane can be written as follows:

ax+ by+cz=1 (B.17)

whereby a, b and ¢ can be determined by solving the system of equations
obtained by imposing the coordinates of the three known poits lying in this
plane, namely pe.. , Pe,» and Peivow..: » USing Cramer's rule.

A new reference framex.y.z. can then be determined, whereby thex.-axis

is chosen along the connection line between the initial and @sired end-e ector
position and the z.-axis perpendicular on the plane:

XC = ped peslan (Bl8)
2 3
a
zz=4b>d (B.19)
Cc
Yo = Zc X Xc (B.20)

The curved trajectory is the circular arc, de ned by the points pe,,, . Pe, and
a third way point p,,. This way point determines the exact shape and curvature
of the trajectory. The initial position of this point lies on the connection line
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between the start and end-e ector pose. Its exact position @&pends on the
amount at which the linear trajectory falls out of the workspace. The position
of this point is expressed in thexcoycozeo -frame, which is the reference frame
parallel to xcyczc, but placed in the base of the kinematic chain:

3

Xc0Yc0Z.0 Xw

XCOYCOZcopW =4 XCOyCOZCOyW 5 (BZ]_)

X0Yc0Z:0 Zw

To obtain a curved trajectory, the point p, is shifted along the yc-axis ac-
cording to the following equation:

q
Xe0Ye0ZeOy = SigN(Yey,, ) armlength? Xco¥eozeo x2  Xco¥eoZeo 722 (B.22)

The equation of the circle can be written as:

X2+ y?+ mx+ny+1=0 (B.23)

whereby the value of m, n and | can be determined by solving the sys-
tem of equations obtained by imposing the coordinates of thethree points
XCO)’CDZCOpeSIan , xcoycozcoped and xcoycozcopw_

The intermediate desired end-e ector position at time t; can then be ob-
tained as follows. In a rst step, the desired position obtained by linear in-
terpolation using equation B.16 is converted to theXcoycozeo frame. From the
Xco-coordinate, the corresponding point on the circle can be dermined by
solving the quadratic equation B.23. After transferring it back to the chain's
base frame, this position is nally used as the desired intemediate end-e ector
position at time t;.

B.3 Inverse kinematics

For an imposed end-e ector pose, the corresponding joint agles need to be
calculated. This is done using a closed loop inverse kinemias algorithm. In

a rst step, the derivative of the joint angles is calculated using the following

equation (see section 3.3.1 and 4.1):

a=J @ (xa+ K (xa X))+ | IX(DIa(d) @ (B.24)
Here, x4 is the desired end-e ector pose. For the block mode, only theori-

entation is imposed and therefore,xq is reduced to 4, specifying the desired
zyx-Euler angles. For the end-e ector mode, on the other hand, he end-e ector
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position is imposed and thereforexy = pg. Xe is the current end-e ector pose,
which can be calculated based from the DH-matrix as demonstted in the pre-
vious section. x4 can be calculated by dividing the o set to the desired pose
by the time at which it should be reached, which is the time-sep t.

J} () is the Moore-Penrose pseudo inverse of the analytical Jadian Ja (q).
The analytical Jacobian is obtained by di erentiating the d irect kinematics
function with respect to the joint variables:

@x

Ja(g) = @1 (B.25)
with
_ P
Xe = -(9) (B.26)

Since in this block mode only the orientation is usedJa (q) is here reduced to
its rotational part only, while for the end-e ector mode, on ly the translational
part is used.

To calculate an expression for the analytical Jacobianl,, rst the geometric
JacobianJ is determined.

B.3.1 Geometric Jacobian

The geometric Jacobian describes the relation between theojnt velocities and
the corresponding end-e ector linear velocity pe and angular velocity ! ¢ [101]:

Pe _  Jv(d)
Le 3@ & (B.27)
= J(ga

The expression for the geometric Jacobian can be composeding the chains'
DH-matrices.

The translational part of the Jacobian can be calculated as éllows:

Jy= Jy, 1y (B.28)

n

with
I =%z 1xCpn %pi 1) (B.29)
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The angular velocity part of the Jacobian, on the other hand,can be calculated
using following expression:

= g, dy, (B.30)

with

i, =%z 4 (B.31)

Here, %z ; represents the direction of the z-axis of the reference frame at-
tached to joint i, with respect to the reference frame attached to the rst joint
of the kinematic chain. This vector is available in the third column of the DH-
matrix specifying the transformation between both refererce frames, namely
OA; 1. %p 1 represents the position of the origin of reference frame atiched
to joint i with respect to that attached to the rst joint, and can be obt ained
from the fourth column of the DH-matrix °A; ;. Similarly, °p, can be obtained
from the fourth column of %A,

B.3.2 Calculation of the analytical Jacobian

The analytical Jacobian di ers from the geometric Jacobian in the rotational

part, since the angular velocity of the end-e ector with respect to the base
frame, ! ¢, is not equal to the derivative of the rotation part of the pose .
The relation between! o and  can be written as [101]:

le=B( o) = (B.32)

whereby the exact expression of the matrix B depends on the asen orienta-
tion representation. For zyx-Euler angles, B becomes:

2 0 sin( ) coq )coy ) 3
B=40 coyg ) sin( )cog ) D (B.33)
1 0 sin( )

The relation between the geometric and analytic Jacobian ca then be written
as:

P _ 0 R
J(q)g_ |i - 0 B( e) =

—

(B.34)
= 0 B( o) Ja(@a
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and therefore:

M@= oo, 3@ (8.35)

Since both the geometric Jacobian) and the matrix B can be calculated from
the DH-parameters for the current value of the joint anglesq, the expression
for the analytical Jacobian can be evaluated as well.

B.4 Runge-Kutta

To calculate the joint angles g from their derivatives ¢, the Runge-Kutta
method is used [152]. Runge-Kutta is an iterative method to mumerically inte-
grate di erential equations. In our gesture software, the initial value problem
is speci ed as follows:

a=f(@ and q,=q (B.36)

whereby f () is speci ed by equation B.24.

An approximation for q,,, , denoted asqg+1, is calculated using the present
value g and the weighted average of four increments:

G+ =G+ %(kl +2ko + 2Kz + Ka) (B.37)
with

ke = f(ti;q) (B.38)

h k
ke = f(ti + 5iq + h?l) (B.39)

e . N k2
ks = f(ti+ 56 +h=) (B.40)
ki = f(ti + h;qg + hks) (B.41)

Whereby h is the time step:

tis1 = ti+ h (B.42)
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