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Move, Manipulate,
Accelerate Your Research
with the Pioneer Manipulator mobile robot

The Pioneer Manipulator is a rugged, reliable,
sophisticated robot purpose built for the
research community and its needs. Designed
to be extensively capable “out of the box” in
a broad array of applications, the Pioneer
Manipulator is sure to immediately enhance
your new or existing program.

Pioneer Manipulator includes
• Vision: Kinect for Windows V2
Pan/Tilt Stage
• Manipulation: Two Kinova Jaco2
Research Manipulators
• Torso: Two different options for
manipulator mounting points
• Autonomous Navigation and
Mapping Software
• SICK S300 Laser Scanner

• Joystick (used for Mapping,
Re-location)
• Front and Rear Sonar, Forward
Bumper Panel
• Wireless Ethernet Communication
• Color LED Status Indicator Rings
• Docking station for Autonomous
or Manual Charging

Visit www.mobilerobots.com for speciﬁcations and accessories.
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• Speakers and Voice Synthesis
Software
• Pioneer Software Development Kit

Adept MobileRobots, LLC.
10 Columbia Drive, Amherst, NH 03031
603-881-7960
sales@mobilerobots.com
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16 Pedagogical Uses of Thymio II
How Do Teachers Perceive Educational Robots
in Formal Education?
By Morgane Chevalier, Fanny Riedo, and Francesco Mondada
DOOR AND IMAGES OF MEN LICENSED BY
INGRAM PUBLISHING

24 The Game of Science
An Experiment in Synthetic Roboethology
with Primary School Children
By Edoardo Datteri and Luisa Zecca

30 Teacher’s Kit
Development, Usability, and Communities
of Modular Robotic Kits for Classroom Education
By Árpád Takács, György Eigner, Levente Kovács,
Imre J. Rudas, and Tamás Haidegger

40 Robotics for All Ages
A Standard Robotics Curriculum for K–16
By Carlotta A. Berry, Sekou L. Remy, and Tamara E. Rogers

47 STORMLab for STEM Education
An Affordable Modular Robotic Kit for Integrated Science,
Technology, Engineering, and Math Education
By Ekawahyu Susilo, Jianing Liu, Yasmin Alvarado Rayo, Ashley Melissa Peck,
Justin Montenegro, Mark Gonyea, and Pietro Valdastri

56 Learning by Teaching a Robot
The Case of Handwriting
By Séverin Lemaignan, Alexis Jacq, Deanna Hood, Fernando Garcia,
Ana Paiva, and Pierre Dillenbourg
ON THE COVER
Theoretical and experimental studies about the
pedagogical and psychological effectiveness of educational robotics can provide evidence on how and
to what extent robots can improve future education.

PHOTO CREDITS: FOREGROUND IMAGE ©TECHNION CENTER
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67 Teaching Introductory Robotics Programming
Learning to Program with National Instruments’ LabVIEW
By Timothy Bower

74 Science Class with RoboThespian
Using a Robot Teacher to Make Science
Fun and Engage Students
By Igor M. Verner, Alex Polishuk, and Niv Krayner

If you like an article,
click this icon to record
y o u r o p i n i o n . Th i s
capability is available
for online Web browsers and offline PDF reading on a connected device.

81 An Innovative Educational Change
Massive Open Online Courses in Robotics
and Robotic Vision
By Peter Corke, Elizabeth Greener, and Robyn Philip
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Creating a
new robotic world
In line with the slogan “enabling you to realize your potential
and your ideas”,  Robotics provides scientists with a
product portfolio that meets the highest standards in
research and education. Powerful tools that have everything
researchers need to develop their own applications in the
ﬁelds of industrial robotics and service robotics – and to
implement these at a professional level.

LBR iiwa
• Human robot collaboration
• Sensitive
• Programming ease: C++,
Java or any other code
language can be used.
• Soft realtime applications:
visual servoing and haptic
applications, easy to realize
with KUKA Sunrise.Servoing
and KUKA Sunrise.FRI

 Education Bundle
• Vocational training
• Qualification
• Best practice in
industrial robotics
• Basic operating & programming

 youBot
• Research in mobile manipulation
• Open Source programming
• Open interfaces
• Teaching basics of robot
kinematics and dynamics

Creating the European Robotics League – www.european-robotics-league.eu – see where it all begins!
From 30 June – 4 July 2016, at RoboCup Leipzig: www.robocup2016.org
www.kuka.com
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FROM THE EDITOR’S DESK

Three Exciting Years with Your Magazine
By Eugenio Guglielmelli

T

his issue of IEEE Robotics &
Automation Magazine (RAM)
is the last one that I am taking care of as editor-in-chief.
In February 2016, I was elected by the
Administrative Committee of the
IEEE Robotics and Automation Society (RAS) to serve as Vice-President
for Publication Activities for the
2016–2017 term.
On one hand, I am very enthusiastic
about the new challenge to work for the
development of such an important part
of the activities of our Society. RAS currently fully sponsors our four flagship
publications: RAM, IEEE Transactions
on Robotics, IEEE Transactions on Automation Science and Engineering, and the
recently launched IEEE Robotics &
Automation Letters. RAS also cosponsors, technically and\or financially in
cooperation with other IEEE and nonIEEE societies, another 14 publications.
After my experience in managing one
of these publications, it will be very
interesting to define strategies and plans
for the consolidation of the quality and
visibility of all RAS publications, for the
continuous refinement of the scope of
existing journals, and for further
expanding our portfolio with new journals, so as to provide the best possible
coverage of the robotics and automation
(R&A) research area. It is a tremendous
challenge in a period where major competitors are launching new journals on
R&A-related topics, and the whole market of scientific publications is facing
disruptive innovations, such as open
access, video journals, interactive, public
and crowd-sourced review processes,
new journal impact evaluation metrics
based on data analytics tools applied to
Digital Object Identifier 10.1109/MRA.2016.2568058
Date of publication: 17 June 2016
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social media, collaborative,
cloud-based online platforms for researchers (see
the new IEEE CollabraTec
for a very good example),
and many more. As in its solid
tradition, the IEEE is carefully
monitoring these innovations, and RAS
will be as always at the forefront in progressively adopting those that best serve
our membership, which is always systematically consulted and involved
before any novelty is introduced.
On the other hand, I will definitely
miss the time I spent in running RAM
operations since Spring 2013. It has been
a unique experience, which gave me the
opportunity to really feel in touch with
the whole RAS community, trying to
provide an open venue for sharing your
latest achievements, research news, editorial opinions, the special issue on current trends, and a channel for communications of Society activities.
I wish to warmly welcome the two
new RAM associate editors who have
been appointed for the 2016–2018 term,
Fabio Bonsignorio and Qining Wang. As
usual, they have been selected from a
qualified group of applicants who
answered the annual open call for associate editors, which is now open again
for the 2017–2019 term. Fabio and Qining replaced Loredana Zollo and Yu Sun,
who served for four years on the RAM
editorial board with excellent results. I
take this opportunity to thank all the
members of the current and past RAM
editorial boards who have been the key
asset to guaranting the scientific quality
of this magazine, which consistently
ranks among the three top journals on
robotics and the six top IEEE magazines.
Special thanks and my personal gratitude goes to all the RAM editorial staff:
Rachel Warnick (until 2015) and Amy

Reeder (since 2015), the IEEE
RAM editorial assistants who
do a fantastic job in editing
all the columns and society
news; Debby Nowicki, the
IEEE RAM managing editor,
who supervises with incredible
dedication, competence, and patience all
the complex production processes of this
fully edited magazine, which requires
three months of hard work for handling
proofs of your articles, selecting top
graphical contents, conceiving exciting
covers, and delivering each RAM issue
to your desk; and Antonella Benvenuto,
the RAM editorial assistant at Campus
Bio-Medico University, who helped a lot
with the day-to-day management of the
review process. RAS President Satoshi
Tadokoro already appointed a new RAM
editor-in-chief, Bram Vanderboroght,
who will follow up in leading this exceptional team. Bram is a creative, brilliant
researcher, who served as RAM associate editor and as Associate Vice-President for Publication Activities in the
recent past, so I am sure that I leave the
magazine in very good hands to keep its
successful track.
On a final note, this June issue is
focused on educational robotics, which is
really a strategic and stimulating topic
looking ahead, as in the tradition of our
magazine: the use of robots for educational purposes does not only enable new
avenues for pedagogy, but it also paves
the way for the systematic introduction
of robots in our society. And I am sure
that in the near future RAM will need to
devote a special issue to the challenge of
educating the novel generations of collaborative robots to develop their behavioral
social skills in order to enhance their
acceptability by humans. That’s the amazing world of R&A; let’s enjoy this issue!
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PRESIDENT’S MESSAGE

Young Professionals Take Leadership Roles
in Robotics and Automation
By Satoshi Takodoro

T

he IEEE Robotics and Automation Society (RAS) is the
fifth largest Society of the
IEEE, with, as of December
2015, 13,640 members (7.5% increase
from 2014), 81 Section Chapters, and
123 Student Branch Chapters
worldwide (22% increase from 2014).
Many RAS boards and committees
manage and promote all of its activities.
The Technical Activities
In this era of drastic Board (TAB), a
major board of
change, YPs are
RAS, is led by
likely the main
Vice President
Fumihito Arai.
stakeholders in
TAB manages
leading the revolution the activities
of 38 Technical
in robotics and
Committees
automation.
(TCs), listed on
the RAS website
(www.ieee-ras.
org), that cover a wide area of robot__
ics and automation. TAB and TCs
have the following clear, long-range
goals in common:
● to aid the growth and expansion of
robotics and automation, particularly
in new areas for the future
● to enhance RAS member benefits
● to promote RAS technical leadership and service, covering all
fields globally
● to increase RAS membership.

Digital Object Identifier 10.1109/MRA.2016.2550938
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TAB has started a new
program called the TC Program for Young Professionals
(TCP/YPs). The IEEE
defines a YP as an individual
who has received an undergraduate professional degree (typically, a
bachelor’s degree) in the last ten years.
This program recommends that TCs
create new positions for YPs to have
major roles in TC activities. For example,
many TCs organize workshops and
symposiums, educate students in summer schools and competitions, and
make social contributions, and some
TCs publish journals/news and show
their activities on attractive websites.
Essentially, TCs are minisocieties with
voluntary activities that provide beneficial communities allowing individuals
to collaborate and learn various skills.
TAB provides hints of activities in a
tutorial document called Successful
Technical Committee, which can be
found on the RAS website. YPs and students are always welcome to join TCs
and student programs. YPs can organize new events and even establish a
new TC for the benefit of RAS members worldwide.
Another major RAS board is the
Member Activities Board (MAB), led
by Vice-President Jing Xiao. MAB is
responsible for all membership-related
activities of the Society and aims to
promote, in particular, effective membership services and a healthy growth
in membership worldwide. MAB is
involved in local activities through its
Distinguished Lecturer Program,

summer schools, and a new
initiative called the IEEE
International Conference on
Robotics and Automation
Public Forum.
MAB’s Student Activities
Committee (SAC) will have a new
chair in 2016, Megan Emmons, who
will follow Lauren Miller. SAC has
organized a variety of YP programs
and events, including the YP Lunch,
the Young Reviewers Program, Lunch
with Leaders, the Regional Student
Representative Program, and the
Logo Design Competition. SAC has
succeeded in creating a valuable open
community of students and YPs who
are expected to eventually lead future
RAS initiatives.
History has shown that many new
inventions and initiatives start with
young people. In this era of drastic
change, YPs are likely the main stakeholders in leading the revolution in
robotics and automation. After all,
entrepreneurs in their 30s took initiative by starting our major conference,
the International Conference on
Intelligent Robots and Systems, in
1988 and have nurtured it to grow
into a big event. It is also a recent fact
that many TCs have been proposed
and established by active young
researchers who continue to take a
global lead in their specific areas of
expertise. I am convinced that the
bright future of robotics and automation shall be led by our YPs.

JUNE 2016
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INDUSTRIAL ACTIVITIES

Building an Ecosystem
for Women Entrepreneurs
By Sabine Hauert

E

very year on Ada Lovelace Day,
Robohub.org publishes a list of
25 women in robotics you
should know about (http://
_____
robohub.org/tag/women-in-robotics_________________________
list/). It’s not a ranking, and it’s not
___
exhaustive. What it does is highlight the
achievements of women who are
trailblazers in robotics from academia,
government, media, and business. The
hope is that these women will serve as
role models for the next generation of
young roboticists and make the presence
of women in robotics the norm. I know
I’ve been inspired by the many brilliant
women around me. My postdoc
supervisor Sangeeta Bhatia showed me
what leadership looks like and how
one could combine being a brilliant
professor at the Massachusetts Institute
of Technology, launching startups, and
being a mother. Radhika Nagpal at
Harvard used her lab meetings to tell us
about work–life balance (http://blogs.
scientificamerican.com/guest-blog/the_________________________
awesomest-7-year-postdoc-or-how-i_________________________
learned-to-stop-worrying-and-love_________________________
the-tenure-track-faculty-life/) and
_____________________
about not saying yes to everything. I still
need to practice that one, as I should
really be writing a paper instead of
preparing this column. Radhika had
two Science papers in the past two
years—a rare feat in robotics—so she
must be doing something right. If you
were at the International Conference on
Robotics and Automation (ICRA) last
year, you also may have noticed the allDigital Object Identifier 10.1109/MRA.2016.2558284
Date of publication: 17 June 2016
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female organizing committee—it was
an inspiring team to be part of (Figure 1).
There were also a number of upsets.
The International Conference on Intelligent Robots and Systems didn’t feature a
single woman delivering a keynote or
plenary or participating in many of the
key discussions. At the DARPA Robotics
Challenge finals, only 23 of the 444 robot
builders were women. The startup field is
no exception and suffers from a double
whammy: the lack of women in robotics
and in entrepreneurship. The recent
Technology Transfer and Entrepreneurship Awards at the European Robotics
Forum featured many brilliant roboticists, but not a single woman. The fact
that none applied is telling.
I believe there are really three ways
to fix this: 1) we need more women in
robotics, 2) we need to encourage more
women to apply to these competitions
and become visible actors in the
robotics scene, and 3) extra care should

be taken to not overlook women who
do enter the game. With this in mind, I
would like to highlight some of the
impressive women entrepreneurs who
are leading the way and are an
inspiration to me as I step into the
business world. _________
Robohub.org, which is
mostly run by women, is a nonprofit
organization dedicated to connecting
the robotics community to the world.
Our mission is to provide free, highquality information about robotics by
empowering experts to become
communicators. Like any startup, we
need to define our business model, raise
funds, hire the right team, cater to our
community and readership, and build
for the future. Here are some of the
lessons I’ve learned from amazing
entrepreneurs I’ve met along the way.
Networking Is Key
Andra Keay runs Silicon Valley Robotics, an industry group supporting the

Figure 1. The ICRA senior program committee of 2015.

JUNE 2016

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

IEEE

obotics
utomation
M AGA Z INE

M
q
M
q

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

innovation and commercialization of
robotics technologies. By building an
ecosystem for innovation in robotics
and a strong network of entrepreneurs,
investors, and technologists, she’s
empowered a number of startups to succeed. Her RobotLaunch competition last
year received applications from nearly
100 robotics startups from around the
world. The first runner-up was Preemadonna, who makes a nail-decorating
robot aimed at girls and young women.
CEO Pree Wallia told judges she was
excited by the opportunity to introduce
girls to coding and hacking hardware
through creative technology. Women
who create robots for women—I love it!
There are similar startup evangelists
around the world, including Jill Burnett
at the Bristol Robotics Laboratory.

Figure 2. The Open Bionics’ superabled bionic hand.

Products That Have an Impact
Samantha Payne is COO of Open
Bionics, a startup that makes threedimensional-printed, low-cost bionic

hands. Their prosthetics are not only life
changing but also beautiful, in turn looking like designer wearables or superhero
add-ons inspired by Disney and Marvel

ROBOTIC END - EFFECTORS

Measure all six components of
force and torque in a compact,
rugged sensor.
Interface Structure—high-strength
alloy provides IP60, IP65, and IP68
environmental protection as needed
Low-noise Electronics—interfaces for
Ethernet, PCI, USB, EtherNet/IP, PROFINET,
CAN, EtherCAT, Wireless, and more
Sensing Beams and Flexures—designed
for high stiffness and overload protection

The F/T Sensor outperforms traditional load cells, instantly providing
all loading data in every axis. Engineered for high overload protection
and low noise, it’s the ultimate force/torque sensor. Only from ATI.

www.ati-ia.com/mes
919.772.0115
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characters. She has won numerous
awards and prizes for Open Bionics,
including second place in Intel’s “Make it
Wearable” competition, the “Winner of
Winners” award at Tech4Good, and a
Dyson Award (Figure 2).
CEO Maja Rudinac is also having an
impact with her Robot Care Systems by
helping the elderly stay in their homes for
a longer amount of time. Their robotic
stroller was awarded the Herman Wijffels
Innovation Award for most innovative
product in healthcare last year.

Perseverance Wins
One of the first hires at Willow Garage,
Melonee Wise, was deeply involved in
the development of the PR2 and the
Turtlebots. After 12 years working in the
field of robotics, and a first startup that
wasn’t meant to be, she is now the CEO
of Fetch Robotics, a very successful
startup that makes a mobile manipulator
for the logistics market.
My hope is that, in the long run, we
are able to build an ecosystem of women
entrepreneurs in robotics who mentor

each other and are visible on the international stage, competing in the startup
scene and building the emerging robotics market. By designing products that
are meaningful to girls and women,
we can also reach a new generation of
roboticists who will see the interesting applications of the tech, instead
of just the gadget. I also know that
empowerment doesn’t just come from
women, but from whole communities
working together.

__________________

____________
_______________
____________________
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to Participate in the Intellectually Stimulating IEEE Mechatronics Conference
& Experience the Australian Culture
Aim: The aim of this biannual event is to provide a forum for presentation and discussion of emerging developments and applications in the rapidly evolving field of mechatronics.. Also, it serves as a conduit for channelling
advanced mechatronics research and applications to the regional industry. It brings together researchers, from industry and academia, active in industrial technological fields to discuss current developments and future perspectives.

Conference Topics: The topics of this conference will include, but are not limited to:

x Robotics, Mobile Platforms, Unmanned Vehicles
x Mechatronics applications in agriculture and regional industries.

x Advanced Manufacturing
x Advanced Motion Control
x Artificial Intelligence and Intelligent Control
x System Integration
x Sensors and Actuators, Haptics and Networks
x Automotive and Transportation Systems

x Micro/Nano Mechatronics
x Vibration and Noise Control
x Mechatronics in Energy Systems
x Modelling and Design
x Fault detection and Diagnosis in Mechatronics Systems
x Human-Machine Interface
x Applications (Medical, Bioengineering, Aeronautics, ...)
x Mechatronics Applications in Cyber-physical Systems
x Mechatronics in Tertiary Education

Special Sessions
Special Sessions on highly specialised topic areas, within the scope of the conference and its theme are cordially
invited. Special Sessions are organised at the initiative of one or more individuals, who must adhere to the specific
procedures published at the conference website. If you are interested in organizing a special session, please contact
a Special Sessions Co-Chairs listed on the conference website.

Submission of Papers
The working language of the conference is English. Prospective participants are requested to electronically submit
full papers of their work (6 pages max.) following the instructions available on the website.

Paper Acceptance: Each accepted paper must be presented at the conference by one of the co-authors. Papers not
presented will not be internationally published in IEEExplore. The final manuscript must be accompanied by a
registration form and a registration fee payment proof.
Good quality papers would be considered for publication in IEEE Transactions on Industrial Electronics or
IEEE Transactions on Industrial Informatics (depends on the scope), subject to satisfactory further reviews.
Submission Schedule: Submission of Special Session Proposals: (1 JUNE 2016) 1 JULY 2016
Deadline for submission of full paper: (15 July 2016) …... 15 AUG. 2016
Notification of acceptance: (15 October 2016) …………… 1 NOV. 2016
Deadline for final manuscript: ……………………………….. 1 Dec. 2016
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FROM THE GUEST EDITORS

Yet Another Robot Application?
By Pericle Salvini, Ayorkor Korsah, and Illah Nourbakhsh

O

ver the last several decades,
robotics has consolidated its
leading role in the important
new domain of formal and
informal education. Evidence of its widespread acceptance and acknowledgment
of its potential for positively influencing
educational outcomes can be found in
several documents and communications
related to education, such as Directive
93 of 30 November 2009 that was issued
by the Italian Ministry of Education, in
which educational robotics is mentioned
with home automation and laboratory
mathematics as a way to strengthen
scientific and technological culture in
schools. The relevance of robotics to
important trends in privileging science,
technology, engineering, and math
(STEM) education worldwide also
affords our field the chance to disruptively effect change in educational
practices, as outlined in the United
States 2010 Presidential Commission’s
report on STEM education.
It is, however, important to set
context. If robotics and automation
increased productivity and relieved
workers from dangerous, dull, and
dirty jobs (and also from a variety of
blue- and white-collar jobs) in the
industrial field in the 1960s and
1970s, what will be the role of robotics in schools? The day that teachers
are replaced by robots is far in the
future, although there are numerous
attempts at creating robotic and cognitive tutors and peers. Today, robots
are not teachers, but they are tools
that facilitate the transfer of knowledge
through transdiscipinary activity-based
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projects, e.g., Seymour Papert’s theory
of constructionism.
Is There Something Unique
About Educational Robotics?
The general scope of this special issue
is to advance knowledge in this relatively new field of endeavor. More specifically, the objective is to find out
what lies beyond the fascination
toward robots that we have inherited
from popular culture, the pleasure of
learning with robots derived from the
gamification of learning, and the
strong appeal for robotics technologies
given by its aura of innovation. Are
there authentic ways in which robotics
can improve education, and what
affordances does robotics, in particular, provide for such educational transformation? Indeed, one of the biggest
gray areas of educational robotics concerns the lack of empirical evidence on
the educational (pedagogical as well as
psychological) effectiveness of robots
that is related to both the lack of standardized evaluation criteria and the
methodological difficulties in conducting sound scientific tests.
This special issue solicited theoretical as well as experimental studies.
Given the variety of tools available for
performing robotics activities, the
issue was open to any kind of robotics platform, including self-constructed or commercial and open or closed.
There was interest in the perspectives
of pupils, students, and other young
people (learners), as well as teachers,
tutors, and parents (educators). The
issue was not limited to any age
group, from kindergarten to university, nor formal or informal educational context.

A Very Special Issue
This is a very special issue, indeed! In
total, 37 articles were submitted, and
six were accepted. We received articles
from 15 countries. Table 1 shows the
geographic distribution of the contributions received based on the primary author’s affiliation. The articles
accepted in this special issue deal with
very different topics.
In the opening article, Morgane
Chevalier, Fanny Riedo, and Francesco
Mondada cast some light on an often
neglected but determinant factor
for ensuring uptake and success of educational robotics activities: the teachers’
standpoint. Drawing on the results of a
survey on the use of the robot Thymio,
the authors provide the reader with a
detailed analysis of teachers’ attitudes

Table 1. The geographic
distribution of article
contributions for this
special issue.
Country
United States

Number of
Contributions
10

Brazil

5

Italy

4

Switzerland

2

India

2

Spain

2

Germany

2

Australia

2

South Africa

2

South Korea

1

Canada

1

Israel

1

Greece

1

Hungary

1

Portugal

1
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toward educational robots, focusing on
three main aspects: utility, usability,
and acceptability.
Contrary to mainstream studies
highlighting the advantages of using
robotics for teaching computer science and robotics, in their article,
Edoardo Datteri and Luisa Zecca discuss the transdisciplinary effects of
educational robotics activities. Drawing on their experience with primary
school children, the authors argue
that robotics activities can benefit students’ scientific inquiry skills, improving their ability to observe, describe,
and explain natural phenomena.
Although the interest in educational
robotics is growing, deciding which
robotics kit to use is not any easy task,
especially for newcomers. The purpose
of the article by Árpád Takács, György
Eigner, Levente Kovács, Imre J. Rudas,
and Tamás Haidegger is to provide
some guidelines on choosing the best
robotics kit. The authors review the educational robotics kits currently available
in the market, focusing their analysis on

the system capabilities, modularity, and
teaching materials available.
The need for incorporating robotics activities in a specific robotics
curriculum is addressed in the article
by Carlotta A. Berry, Sekou L. Remy,
and Tamara E. Rogers. They propose
and describe the nature of a standard
curriculum and provide recommendations as to how to practically apply
such a curriculum in schools.
Ekawahyu Susilo, Jianing Liu, Yasmin
Alvarado Rayo, Ashley Melissa Peck,
Justin Montenegro, Mark Gonyea, and
Pietro Valdastri describe the functionalities of their newly developed educational robotics kit, STORMLab Modular
Architecture for Capsules (eSMAC), a
small, low-cost, and interoperable robot
designed to support STEM disciplines in
primary and secondary education.
Robots are good not only for
improving ICT or scientific literacy.
Séverin Lemaignan, Alexis Jacq, Deanna Hood, Fernando Garcia, Ana Paiva,
and Pierre Dillenbourg explore the
benefits of using robots for educative

purposes. By drawing on several field
experiments in which they applied the
learning-by-teaching paradigm and
elicited social engagement, the authors
discuss how a small humanoid robot
(Nao) can improve handwriting in children with handwriting difficulties.
In his article, Timothy Bower
draws on experiences with undergraduate students and analyzes and proposes some strategies for teaching
autonomous mobile robot programming
to beginner students.
Igor M. Verner, Alex Polishuk, and
Niv Krayner present and evaluate the
effectiveness of learning new science
concepts using a life-size humanoid
robot (a RoboThespian) as the teacher
in an informal educational setting with
fifth to seventh grade students.
Peter Corke, Elizabeth Greener, and
Robyn Philip describe one of the few
existing massive open online courses
endowed with innovative functionalities, such as automatically graded
assignments and an automated student
peer-review process for students.

____________________________________________
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Final and Personal Remarks
We, the guest editors, decided to use this
last section to point out some personal
feelings about educational robotics.
Guest Editor Pericle Salvini believes that
every activity with robots (from handson to theoretical lectures) at any level
(from kindergarten to high school)
should foster a critical reflection on
robotics, more or less deeply depending
on the age of students. What Salvini
means for critical reflection is twofold.
First, provide students with a realistic
perception of robotics technologies, i.e.,
avoid suggesting that robots are alive or
endowed with mental states. As a matter
of fact, during robotics activities in classes, especially with young pupils, it can
happen that teachers listen to comments
or sentences such as “Oh, poor robot!” or
“The robot wants to go there.” Teachers
and educators must point out that robots
cannot feel anything as we humans do,
nor can they wish anything because they
just respond to the lines of code written
by programmers. In Salvini’s opinion, in

a world increasingly pervaded by simulacra and artificial intelligent devices, it is
the obligation of educators to teach the
new generations to relate with autonomous robots in a responsible way and
recognize what life is and value properly
all that is connected to it (e.g., human
relationships and respect for animals and
the natural environment).
Secondly, reflect on the social and ethical implications of robotics technologies.
Today, robots amplify old problems (e.g.,
employment and military applications)
and bring about new challenges such us
human enhancement. In Salvini’s opinion, failing to address these issues would
be akin to teaching nuclear physics without mentioning the risks and dangers
of nuclear power. This last sentence may
appear exaggerated to those teachers or
educators who just wish to enjoy the use
of robots to facilitate learning of building
and programming. Yet, in the coming
years, robotics will have a deeper impact
in the organization of our lives and our
social interactions, well beyond the

automation of manufacturing activities, and it is the mission of schools to
provide students with the tools to
make the right choice tomorrow.
Guest Editor Illah Nourbakhsh agrees
heartily with Salvini that education affords us the chance to reconsider the role
of robotics and to pose critical ethical
thinking challenges to our students. Over
the next few decades, robotics technologies will challenge the dynamics of employment and the very social contracts at
the root of many of our societies. As we
give students a chance to understand the
scope of what is possible in robotics, so
we also empower them to have opinions
and voices that will help drive how we
can change society for the better using
robotics technologies. We have great degrees of inequity throughout our world
today, and we face major systems-level
challenges, from human systems to climate change at the earth-systems level.
By thoughtfully integrating robotics
(continued on page 105)
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Pedagogical Uses
of Thymio II
How Do Teachers Perceive
Educational Robots
in Formal Education?

By Morgane Chevalier,
Fanny Riedo,
and Francesco Mondada

R

obots have generated interest for use in
schools since Seymour Papert’s work;
however, when his Logo turtles were
introduced in the 1980s, they proved to
be unreliable, expensive, and limited
[1]. Since then, we have seen various affordable,
reliable, and polyvalent platforms such as
LEGO Mindstorms [1] or the Bee-Bot [2].
Robotics has become more appealing, and it is
an established fact that educational robots can
improve children’s motivation [3], [4]. Robotics
also embodies a wide range of disciplines that
allow its use in a broad educational area and in
interdisciplinary studies. Its use in compulsory
schools can bring technology to a larger audience that
includes both genders.
Although there has been an increasing number of extracurricular robotics activities such as contests or festivals [5]
that show the widespread adoption of robotics in informal
education, several authors are struggling to understand why
robots remain underused for formal education. Some argue
without clear evidence that this is due to the lack of material
available to teachers [6], missing functionalities [3], a paucity
of flexibility and dynamism in schools [7], or a dearth of evidence regarding the educational benefits of using this
approach [4]. No agreement exists for the exact reasons for
this situation, but it seems clear from these and other studies
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[8], [9] that teachers have a key role in the introduction of
technology in schools. Despite this obvious observation, there
is a severe lack of studies analyzing this key factor and, in particular, the attitude of teachers toward educational robots. Lee
et al. [3] examined the perceptions of teachers, students, and
parents regarding the use of robots in Korean schools. The
1070-9932/16©2016IEEE
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results showed that although students and parents thought
more highly of the use robots in schools than did teachers,
none wanted robots to replace teachers. Fridin and Belokopytov [8] studied the first-time acceptance by teachers of a
socially assistive humanoid robot, showing that teachers’
desire to use robots is linked mainly to their perceived utility
of robots as tools. A limiting factor in this study is that teachers were interacting with a robot for the first time. Kim et al.
[9] performed a short survey of 116 Korean teachers who had
an initial experience of using robots in education, asking
them about their opinion on the potential use of this technology. The results indicated that the teachers considered this
technology to be appropriate for use with students in the fifth
grade and above, applicable to almost every discipline, and
particularly useful for including introverted children in class
activity. Although this study included elementary, middle,
and high school teachers, it lacked a more detailed analysis of
the specific motivation behind this choice. Kradolfer et al.
[10] conducted a deeper analysis using sociological methods
to understand the blocking factors in the use of robots by
teachers who were already familiar with this technology. They
came to the conclusion that such limitations could be a result
of the high price of robots, the absence of either institutional
injunctions or pedagogical research in educational robotics,
or a scarcity of appropriate materials and teacher training.
In Switzerland, several efforts have been made to
address these issues, including the development of the
affordable Thymio II robot [11] (referred to as Thymio
hereafter), its widespread distribution (>2,000 units) in
schools, the production of associated educational material,
the documentation of best practices to help teachers understand its benefits, and teacher-training programs for its use.
This framework has allowed us to observe a broad spectrum of situations relating to the application of and reactions to robots in formal education. To systematically
analyze this process, we ran a survey targeting three key
factors: utility, usability, and acceptability. Teacher feedback
on utility, usability, acceptability, and their mutual influences has brought about a better understanding of the mechanisms underlying the introduction of robotics in schools.
Scope of Survey
Opportunity
Since 2013, the École Polytechnique Fédérale de Lausanne
(EPFL), in collaboration with the Lausanne University of
Teacher Education (La Haute École Pédagogique du Canton de
Vaud), has offered training sessions for teachers of the first, second, and third cycles (corresponding to pupils 4–15 years of
age) in the French-speaking area of Switzerland. The purposes
of these sessions, called Robots en Classe, are to 1) train teachers
to show the links between the principles of educational robotics
and the official curriculum of the Plan d’Etudes Romand (PER)
and 2) create a network for trained teachers.
A total of 214 teachers attended at least one of the training
sessions in 2013 and 2014. We asked them to fill out a survey

with questions on what they perceived were the benefits of
using robots in teaching. In particular, we asked their opinion
of the pedagogical use they make, or intend to make, of
robots. This questionnaire focused on the Thymio robot,
which was used during training sessions.
The Thymio Robot
Teachers can take advantage of the wide range of educational
robots available on the market, and each has specific features
based on designer choice. For the purposes of this study, we
will focus on small wheeled systems, as they are the most
common type of robot used in education and correspond to
our choice with Thymio.
The most widely used and studied system [12] is LEGO
Mindstorms [1], now available in its most recent model known
as EV3. EV3 design choices include the key role of construction, a very technical look, the high price compared with that of
competitors, and the decision not to support Linux as a platform but to enable the use of tablets. The resultant product is
ideal for boys ten years of age and older. Although construction
using LEGO bricks is known as a valuable activity for children,
the use of EV3 requires students to build the robot before seeing it work, which impacts motivation and entails a great deal
of effort on the part of teachers. In addition, teachers must
ensure that the sets include all pieces at all times. To reach
younger users, LEGO offers the WeDo system, which is much
cheaper but has very limited input/output (I/O).
Some platforms, such as Edison (http://www.bee-bot.us),
feature LEGO-compatible connectors that enable construction on top of a ready-to-use robot. Edison’s design choices
are based on extremely low-price solutions, making the whole
product very affordable (US$49), but the product is very limited in its functionalities and performances. Dash & Dot has
two different robots, and the design is oriented to appearance,
making it attractive for children 5–15 years of age. Technically, these systems have a limited set of sensors, but they display
impressive behaviors, combining sound, movement, and light
effects in an inviting manner. By using a tablet, the child can
intermix a large set of attractive, predefined behaviors, ensuring highly entertaining results.
KIBO [13] and Bee-Bot (http://www.bee-bot.us) target
younger children by focusing on tangible interaction and
avoiding the use of computers or tablets. Bee-Bot is very
affordable and has no sensors, and its bee-like appearance is
attractive for young children. Using arrows located on the
robot’s back, children can program its movement on
a grid. KIBO is much more expensive because it is
produced in small quantities, but it can be programmed without a computer by using a set of wooden blocks equipped with
barcodes that may be scanned to compile the robot program.
At the other end of the spectrum, a large number of
robotics products allow users to have direct contact with
electronics. Several are linked with well-known processor
boards, such as Arduino (https://www.arduino.cc)
______________ or Raspberry Pi (https://www.raspberrypi.org).
__________________ A good example of such
products is mBot (http://www.makeblock.cc/mbot), which is
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based on a simple frame with two sensors and an Arduino
board. The choice of mass-produced electronics allows for
a lower price but results in a less integrated product.
Finally, there are several robots, such as Finch (http://
____
www.finchrobot.com),
______________ that are fully programmable but have
very limited interactivity with the user. The Finch design, for
instance, includes classical sensors, a color light-emitting
diode (LED), a differential drive system, but a highly
reduced user interface. Finch’s specific feature is that it is
constantly tethered, which removes the need for a battery
and simplifies communication. In addition, this approach
allows the user to control the robot from a computer, where
many programming environments are available.
When robots are programmed from a computer or tablet, the programming/user interface is a crucial element of
the system. The two main approaches are text and graphical
programming [14]. Graphical programming is considered
to be best for beginners, whereas text programming is more
flexible and powerful. The most well-known graphical programming environments, besides those that are used with
LEGO systems, are Scratch and Blockly [14].
As mentioned previously, our work was based on
Thymio, a small, mobile robot designed at EPFL in 2010–
2011 (Figure 1). It is intended to be an affordable, educational platform that allows students to discover the basic
notions of robotics and computer science.
Thymio is a complete robot, usable right out of the box as
a result of preprogrammed behaviors that describe its different sensors and actuators. On its shell and wheel are LEGOcompatible fixations that allow construction. In contrast to
all other products discussed here, Thymio has a very impartial look: it is all white and has a very clean but functional
shape, making it highly gender and age neutral, as shown in
previous studies [11]. Thymio features a wide range of sensors [nine infrared proximity sensors, a three-axis accelerometer, microphone, temperature sensor, remote-control
receiver, secure-digital (SD)-card slot, and five capacitive
buttons], two motors, a loudspeaker, and 39 LEDs spread
over its body. These LEDs constitute another very unique
feature of Thymio: its high interactivity with the user. For
instance, it displays all sensor activity in real time on the
robot body. In addition to a set of preprogrammed behaviors, Thymio runs an Aseba Virtual Machine that is able to
receive a user’s code by way of three programming interfac-

Figure 1. Thymio II. (Photo courtesy of Gordana Gerber.)
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es: the text-based interface inputs Aseba scripts directly, the
Blockly interface represents code by graphical blocks, and a
visual programming language (VPL) that is more accessible
for beginners [15], even those who do not yet read. A unique
feature of these environments is that they are linked together. Therefore, a child can program with VPL and then
observe the corresponding text script. This feature has been
very well received by teachers because it offers a smooth
approach to programming. Finally, Thymio is quite popular
due to its simple logistical requirements (especially in comparison to Mindstorms) and its affordable price. The main
criticism to date is that Thymio is incompatible with Scratch,
the most common programming interface among beginners; however, this issue is very close to being resolved.
Thanks to these factors, Thymio is gaining popularity in
schools, and efforts are ongoing to improve it by including a
wireless module and using augmented reality in the programming interface [16].
A comparison among five of the most well-known educational robots, based on a set of key features, is given in Figure 2. A star on the corresponding axis highlights specific
advantages of each platform. The figure shows that construction-based robots require much effort before being operational, lack the possibility of being used in unplugged activities,
and are less interactive. Less expensive robots with few or no
sensors, such as the Bee-Bot, can be more effective in
unplugged activities and are quickly operational. Thymio
shows a very interesting profile, with a neutral look and a set
of features combining those of the other systems; however, the
exceptional construction possibilities of the LEGO EV3 system remain unmatched.
Research Questions
The literature concerning educational robots often focuses on their effect on pupils [12]; reports of teacher reactions are minimal. There is a greater selection of literature
concerning teacher practices within information and
communication technologies (ICTs). For instance, according to the PROFETIC study published in 2012 by French
National Education [17], 97% of French-speaking teachers consider ICT to be useful in the classroom, but only
5% actually use it daily. We wondered whether teachers
consider educational robotics to be useful and whether
they actually incorporate it as a teaching tool.
In this study, we attempted to understand the reasons why
teachers use Thymio. In addition, we sought to measure teacher perception of themselves and their environment when they
use Thymio. To this end, the following questions were posed:
● What do teachers perceive to be the robot’s main utility?
● For which school subjects do teachers use Thymio?
● What kind of knowledge do teachers target in robot-based
activities?
● What professional skills are required to use the device?
● What factors enable the use of robotics in the classroom?
● What is the perceived usability of the device; that is, can
pupils easily handle it?
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Respondents
The targeted group consisted of teachers who decided to
take part in one or more training sessions involving Thymio.
We received answers from 43 teachers (23.9%, almost one-

Price
US$400

40

Construction*
Accessible
Sensors+Motors
2

18 [#]
Time to Demo*
Short
Unplugged*
Yes
Interaction I/O

1

47 [#]
Programming*
Rich
Age Range

4

Cute

16 [Years]

obotics
utomation
M AGA Z INE

Look*
Technical

Neutral

Figure 2. Key features for a set of well-known educational robots
mentioned in the text. Qualitative estimations are labeled with
an asterisk (*). Regarding age range, when an upper limit was
not applicable (e.g., 10+ years), the limit was artificially set to 20.
In modular systems in which several motors or sensors can be
connected to a fixed number of I/O, the number of systems was
multiplied by a factor of two. To determine the number of devices
supporting interaction, we counted all single devices except screens,
which we considered to be artificially equivalent to 20 single devices.

quarter of the original population), composed of 28 women
and 15 men. Their average length of professional experience
was 19.1 years (standard deviation = 8.5). Table 1 shows the
details of the age distribution. Table 2 shows that 22 had
already used Thymio in their classroom and 21 had not. The
average professional experience of participants was very similar for those who had already used Thymio (≈20 years) and
those who had not (≈18 years).
Concerning subjects taught, 24 considered themselves to
be generalists (primary school), 13 specifically said they
taught mathematics and/or physics, nine taught computer
science or robotics, two coached Maturity Theses (end of
high school projects), three were specialized and taught only
some topics, and four said their roles were Media & ICT
JUNE 2016
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Methodology
If we consider robots as part of ICT, we must evaluate educational robots in the same way that we would evaluate a
computer-based tutoring system. Accordingly, we started
with Tricot et al.’s approach, which considers all possible
relationships using the following three dimensions [18]:
● Utility measures the conformity of the purpose of the
device with user needs. Does the device allow teachers to
reach their teaching goals?
● Usability measures the ease of use and applicability of the
device. Can pupils easily handle it? What are the constraints of its use in the classroom?
● Acceptability measures the possibility of accessing the
device and deciding on its use, the motivation to do so, and
the persistence of use despite difficulties. Is the device compatible with the teacher’s practice, resources, constraints,
and objectives?
To measure the acceptability of the device regarding
motivation, we merged this model with that of Deci and
Ryan [19]. More specifically, we used Vallerand et al.’s test,
which presents seven types of motivation [20]. (Note that we
did not consider amotivation, which is the state of lacking an
intention to act [19]. As Kradolfer et al. [10] showed, it is difficult to find teachers who are explicitly amotivated. Moreover, our pool of respondents displayed motivation by
subscribing to the training sessions.)
We characterized motivation as follows:
● Intrinsic motivation refers to doing an activity for its own
sake or the pleasure felt by doing it. Here, this motivation
can be linked to knowledge (with the goal of learning
something new), accomplishment (with the goal of
becoming efficient and skilled), or stimulation (without a
clear goal; the activity is undertaken for the sake of the
activity itself.)
● Extrinsic motivation refers to doing an activity for reasons external to the activity. The motivation may be selfdetermined, meaning that a choice is made even though
the activity is not done for pleasure (regulation through
identification). If the motivation is not self-determined,
the activity is done because of external pressure (with
external regulation, this pressure is initiated and maintained by factors external to the person, whereas introjected regulation occurs when the pressure is generated
by the person, without being fully acknowledged).
On the basis of these methods, we created a survey of 63
questions submitted in digital form to 180 participants during
teacher-training sessions.

Finch

●

What is the perceived acceptability of integrating this type
of device in teaching?
What are the device constraints for classroom use?

mBot

●

BeeBot
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Table 1. The age and gender of respondents.
Age Range (Years)

Women

Men

Total

20–29

0

0

0

30–39

7

3

10

40–49

13

6

19
11

50–59

7

4

60+

1

2

3

Total

28

15

43

schools levels (from kindergarten through high school) were
represented in our sample.
We considered that this population tended to have a positive bias toward robotics, and Thymio in particular, because
they showed interest in the domain by subscribing to the training sessions, and they gained knowledge and experience of
using Thymio during these sessions. Because of this, we do not
consider their motivation to be representative of teachers in
general, but rather, an indication of the perception and motivation of teachers who show an interest in the field. To develop
better educational robots and materials in the future, an understanding of teacher constraints and the obstacles they face will
be valuable.

Table 2. Teacher characteristics and student ages.
Teacher Characteristics

Results

Student Ages (Years)
4–8

8–12

12–5

Already used Thymio

5

10

7

Never used Thymio

2

9

10

Total number of teachers

7

19

17

Utility

Domains of the Curriculum in
Which Teachers Find Thymio Useful (n = 43)
Body and Movement
Languages
Human and
Social Science
Art
General Education
Mathematics and
Science
0

10

20
Count
(a)

30

40

Transversal Skills in
Which Teachers Find Thymio Useful (n = 43)
Creative Thinking
Learning Strategies
Communication
Collaboration
Reflective Process
0

10

20
Count
(b)

30

40

Figure 3. The teacher opinion regarding the disciplines for which
Thymio is best suited: (a) domains and (b) transversal objectives
of the Swiss curriculum (PER).

responsibles. (In Swiss primary schools, Media & ICT
responsibles coordinate resources and inform students and
teachers about the use of media and technologies.) All
20
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What Do Teachers Perceive to Be the
Robot’s Utility?
Teachers were asked to rate a certain number of affirmations
on a four-point Likert scale (strongly disagree, disagree,
agree, strongly agree). Concerning utility, only two teachers
disagreed with the statement, “According to you, Thymio
allows pupils to acquire knowledge,” whereas 15 agreed and
26 strongly agreed. The two respondents who did not see
any utility for the robot cited the young age of their pupils
and the abundance of other available artifacts as reasons for
their answer. Interestingly, the less enthusiastic answers
(these two disagreements and nine of the 15 who agreed)
were among teachers who had already used Thymio.
For Which School Subjects Can Benefit From Thymio?
To characterize this utility, we asked teachers the following
question: “According to you, in which domains of the PER
can Thymio be used?” Nearly all agreed on mathematics and
sciences, and 30 also considered general education to be a
good fit. Other domains received less than half of the votes
[Figure 3(a)]. This corresponds with participants’ profiles
regarding the topics that they taught.
What Kind of Knowledge Do Teachers Target in RobotBased Activities?
One respondent stated, “The goal is not to use Thymio in a
specific domain […] but to analyze clearly and precisely how
Thymio adds value in the construction of certain knowledge.”
Indeed, it is interesting to understand teachers’ objectives in
robotics activities in the classroom. Teachers said that using
Thymio allows them to primarily target transversal skills,
especially the reflective process (93%) and collaboration
(90%). Other transversal skills, including communication,
learning strategies, and creative thinking, also received
approval by more than 70% [Figure 3(b)].
In addition, 65% of respondents agreed that “Thymio is a
carrier of knowledge like any other” (15 strongly agreed, 13
agreed, 12 disagreed, and three strongly disagreed). The
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motivational aspect seems to be of great importance. Fully 91%
of respondents agreed that “Thymio enhances the pupils’ commitment in the school’s activities” (21 strongly agreed, 18
agreed, and four disagreed). However, one teacher noted, “Once
the discovery phase is over, Thymio needs other qualities to
stimulate commitment.” This can be interpreted as a fear of the
teacher or a request to the designers. Although some anecdotal
elements show that Thymio can be used for very long periods,
additional data are needed to assess whether this is true. In any
case, when asked whether they would use Thymio as a pedagogical tool if it were available to them, only two of the 43 teachers answered that they would not. Among their reasons to use
Thymio, they mostly claimed that it is a good tool for applying
scientific thinking (making hypotheses, testing, drawing conclusions), it helps to illustrate phenomena and to make abstract
knowledge concrete, and it is attractive, motivating, and fun for
children. Some teachers also mentioned their interest in using
varying methods of teaching and the richer interactions that
pupils can have when working with robots.
Usability
By usability, we refer to the evaluation of the possibility of
using Thymio. But it’s important to take both teachers’ and
pupils’ sides into account. Once again, answers to these questions reflect the opinions of teachers, and analyzing aspects of
both sides will help us to understand what triggers or blocks
the decision to use robots in class.
Which Professional Skills Are Required
to Use the Device?
Concerning the question of whether skills in computer science
or robotics are needed for the use of Thymio during class,
teacher opinions were fairly mixed [Figure 4(a)]. The divide
can especially be seen regarding computer science skills: only
half considered these to be necessary. If we cross this data with
the question “Have you used Thymio in your class before?” we
see that the answers are correlated. Teachers with experience
considered that computer science skills are not really necessary,
whereas those who had never worked with Thymio thought
that they needed these types of skills (chi-square test, p =
0.005). It could be that getting to know Thymio reassured the
users and showed them that they did not need advanced skills;
conversely, the fear of lacking computer science skills may have
prevented some teachers from actually making use of the robot.
What Factors Enable the Use of Robotics
in the Classroom?
When asked “What allowed you to understand Thymio’s functioning?” “What would have allowed you to more easily understand Thymio’s functioning?” and “How could we improve
Thymio’s handling?” apart from answers focusing on technical
improvements, many answers contained references to documentation (“more complete references on the programming language,” “a wider tutorial,” “better Aseba documentation,” “a guide
with some well-illustrated examples,” and “step-by-step videos”),
including ready-to-use materials (“preprogrammed SD cards

To Use Thymio During Class,
You Need Skills in: (n = 43)
A: Computer Science B: Robotics

A
B
30

20

10

obotics
utomation
M AGA Z INE

10

20

It Is Easy for the Pupils to: (n = 43)
Q1: Manipulate Thymio Q2: Turn Thymio On and Off
Q3: Switch Between the Different Modes

Q1

Q2

Q3

0

10

20
Count
(b)

Strongly Disagree
Agree

30

40

Disagree
Strongly Agree

Figure 4. The usability of Thymio: (a) professional skills that
teachers consider to be necessary to use Thymio in their class;
(b) the teacher opinion on Thymio’s usability by pupils.

with different functions,” “suggestions for ready-to-use programming activities,” and “a ready-to-use remote control sold with
Thymio”) and experience (“time spent interacting with it,”
“my attempts,” “exercises like the children do,” “for the basic
programming, the training session was sufficient; for more
personalized programming, you need more knowledge,” and
“I like to experiment with a good manual”). In future studies,
it would be interesting to evaluate how training and experience impact the use of robotics in class.
What Is the Perceived Usability of the Device; i.e.,
Can Pupils Easily Handle It?
When probed about pupils’ handling of Thymio, teachers
were more confident [Figure 4(b)]; they mainly answered in
the affirmative: “It was easy for children to understand how to
turn it on/off or change the mode.”
Regarding the level of usability, it would seem that blocking
occurs more on the level of teacher skill and confidence rather
than in the handling by children. This perception could change
with wider use of Thymio. Indeed, teacher experience would
grow, making them more confident and skilled with the technology; at the same time, this would give them the opportunity
to observe problems that arise during actual use of the device.
JUNE 2016
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Acceptability
What Is the Perceived Acceptability of Integrating
This Type of Device in Teaching?
To understand the robot’s acceptability, we inquired about the
teachers’ motivations. A series of 18 questions allowed us to
differentiate the various aspects in this regard. The results
showed that the teacher motivation was mainly intrinsic
(Figure 5). In particular, respondents showed a very strong
intrinsic motivation for acquiring knowledge. This means that
when using or intending to use Thymio in class, they aimed to
learn something new, even if it was not part of the curriculum.
This intrinsic motivation was also characterized by its strong
trend for fulfillment, underlying the fact that teachers aim to
be effective and competent in their professional practice when
using Thymio. Finally, they were also intrinsically motivated
by stimulation, that is, the use of Thymio for its own sake,
especially in the case of early adopters who had already used
the robot.
Extrinsic motivation was found mainly in teachers who
had never used Thymio. We observed two peaks of motivation: one through teacher identification of their own incentives and the other by external regulations.
The different types of motivation between experienced
and inexperienced teachers is well illustrated by the following
statistically different reaction to the following statements:
● “I use/want to use Thymio because I really love robots.”
Those who had used Thymio were more categorical about
this than those who had just considered using it (chisquare test, p = 0.002).
● “I use/want to use Thymio to present it at the parents’
meeting day.” Those who had used Thymio were mostly
unmotivated by this, whereas the others found it more relevant (chi-square test, p = 0.006).

Motivation of the Respondents (n = 42)
Intrinsic
Motivation

For Knowledge
For Fulfillment
For Stimulation

Extrinsic
Motivation

Regulation
Through Identification
Introjected Regulation
Externally
Regulated Behavior
0

20

40
60
Percent

80

100

People Who Had Not Used Thymio in Class,
But Would Like To
People Who Had Used Thymio in Class
Figure 5. Each type of teacher motivation was measured using
three different questions. Amotivation was not considered
because this study covered only those teachers who decided to
act by attending at least one training session.
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What Are the Device Constraints for Classroom Use?
From teacher responses to this question, we can gather some
hints as to the obstacles that they might encounter when trying to bring robots into the classroom. Several mentioned
issues with the curriculum: that robots themselves are not
mentioned and that it is hard to fit robotic activities into their
practice. They also mentioned a lack of time during which
robotics activities may be initiated.
● “[I would use it] in high school, for mathematics and
physics, if there is time. In middle school [9–11 years old],
it is not adapted: programming is too difficult and abstract;
the behaviors are too simple and fixed.”
● “I need to take time to find out how to use [the robots] in
topics such as French or math.”
● “Outside of a robotics course, I would use them very little,
for a lack of time and ideas.”
● “I have unfortunately not taken a lot of time to use them,
because even as a Media & ICT responsible, there is still
the curriculum’s sword of Damocles threatening me.”
● “In maturity theses, there is unfortunately not enough time.
I would gladly use them in technology or math courses.”
● “[I would use them], but obviously not in the prescribed
school framework. Using Thymio regularly demands to
rethink the learning process, to work in a different way, and,
despite all, to prioritize the learning of scientific topics.”
When asked whether they would receive the support of
their superiors if they decided to use robots in class, most
were confident: 35 said yes, three were unsure, and four said
no. The acceptability of robots seems to depend more on the
time needed for teachers to become acquainted with them
and their adequacy with the curriculum rather than on the
approval of the hierarchy.
In summary, the limits of acceptability are closely linked
to the limits of usability. The fact that robots are not explicitly
mentioned in the curriculum coupled with the time needed
to gain experience and confidence lead teachers to believe
that Thymio might not be directly adapted for class.
Although the hierarchy is not presented as a blocking factor,
we sense a fear of not obtaining approval or not fulfilling the
program. We expect that with an improvement of usability
(by providing more training opportunities and pedagogical
materials that are directly usable and linked to the curriculum), acceptability would also improve. The weak weight of
extrinsic motivation shows the limited influence of the school
on the practice of teachers concerning the use of robotics.
Conclusions
The results of our survey confirm several findings of other
studies, such as the following:
● the need for educational material, as seen in the analysis
of usability
● the need for teacher training, as shown by usability
● the lack of institutional injunctions, mentioned as an obstacle in acceptability feedback
● the perceived utility of the robots by teachers, clearly quantified in our study
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the broad applicability of educational robotics, especially in
the teaching of transversal skills.
Overall, we can confirm that Thymio has high usability at all
school levels.
Our study allowed us to dig into more detailed mechanisms,
based on the analysis of utility, usability, and acceptability,
which are all linked. The analysis of acceptability showed that
the main motivation for teachers is intrinsic: they want to learn
something new, be more professionally efficient, and are interested in the device itself. External factors had less impact on
their motivation, especially for those who were already using
Thymio in their classroom. The rest of the teachers, whom we
can call followers, had motivation that was based slightly more
on external benefits or regulations, and we can expect this trend
to grow in the future. It is also interesting to observe that the
perceived utility of Thymio decreases when teachers use it in
their class. This seems to show that the experience of using
robots in real conditions presents difficulties that a teacher does
not foresee when considering the device for the first time. However, perceived utility is still high and well grounded. The study
on usability also showed that teachers are more confident in
children’s ability than in their own regarding the use of the
robot. This underlies the importance of teacher training.
In our field, where most studies focus on the acceptability
of robots by pupils, we believe that it is extremely important to
pay increased attention to teachers, who have a key role in the
use of robotics in education. We hope that the mechanisms
highlighted in our study will help to better define strategies for
the deployment of robotics in schools, in particular, by training teachers and supporting them in their use of robotics tools.
●
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The Game of Science
An Experiment in Synthetic Roboethology with Primary School Children

By Edoardo Datteri and Luisa Zecca

E

ducational robots may be used for purposes other
than teaching computer science and robotics. In this
article, we describe an educational robotics activity
designed to enhance primary school children’s
ability to conduct cross-disciplinary scientific
inquiry, not by requiring them to build and program robots
but by inviting them to work out the mechanism(s)
governing preprogrammed robots.
We discuss some of the scientific inquiry skills and reasoning abilities displayed by children while engaging in this type
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of experimental roboethology, providing examples from the
dialogue that took place among children and between children and teachers. Overall, we argue that robots are a particularly useful focus for scientific inquiry when the aim is to
advance children’s ability to observe, describe, and explain
natural phenomena.
Recent reviews of developments in the field [1], [2]
mention a variety of robot-supported activities for acquiring competencies in areas ranging from physics to the theory of evolution, from problem solving to the acquisition of
a second language [3]. The robotics activity we describe
here was labeled the Game of Science (GoS) by the students. We believe that GoS is an interesting, relatively
1070-9932/16©2016IEEE
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novel, and educationally valuable robot-supported activity and that the taxonomy of cross-disciplinary scientific
competencies outlined here may be of use in experimentally evaluating its educational efficacy.
The novelty of GoS consists in the way children interact with the robot. Typically, educational robotic activities involve building and programming robots. But in
GoS, a robot that has already been built and programmed
by the teacher to behave in attention-getting ways is presented to the children, who do not know how it works.
The aim of the game is to describe and explain the robot’s
behavior. In a sense, GoS consists of studying the robot’s
behavior in ways similar to ethologists’ study of living
animals. This is why it may be called roboethology. By
playing this game, children activate and learn a variety of
scientific reasoning abilities, including observation,
description, experimentation, and explanation. The ability to describe and explain robotic behaviors is also
required to construct and program robots, but the activity described here is among the few robot-supported
activities reported in the scientific literature that are specifically focused on the explanation rather than the construction of robots [5]–[7].
Why Use Robots in GoS?
Clearly, inquiry-based activities designed to foster children’s
ability to observe, describe, and explain natural phenomena
may also be based on experimentation with the behavior of
nonrobotic systems such as plants, chemical compounds, or a
variety of mechanical devices. We believe, however, that
robots are particularly useful for this purpose.
First, educational robots are relatively safe. Other possible
objects of inquiry used in primary education—for example,
chemical compounds or mechanical systems composed of
small parts—are less safe, at least insofar as the children may
accidentally ingest them. Also, interacting with children is
not safe for insects or small animals. Safety implies that children can directly manipulate the system and perform experiments with their hands without requiring the close
supervision of a teacher.
Second, experiments with robots are quick. Verifying
whether a plant, for example, survives or dies when it is not
watered may take days. Verifying whether or not a robot
turns left when its right sensor perceives an obstacle
demands considerably less time. With robots, one can set
up and perform a far greater number of experiments in the
same amount of time, thus speeding up the entire scientific
research process. This makes robots used as objects of
inquiry valuable educational tools for learning how to do
scientific experiments.
Third, robots are relatively, but not totally, predictable.
The behavior of a robotic insect in a classroom is more
predictable than that of a real-life insect or small animal.
The expert teacher already holds a good theory of it, and
it is within the children’s grasp to formulate predictively
adequate models. This makes the theoretical analysis of

robots less frustrating than the study of animals or plants.
At of the same time, robotic behaviors are not fully predictable in that they
depend on environmental and internal (e.g., senRobots are a particularly
sor noise) factors that are
difficult for even the
useful focus for scientific
teacher to predict [4].
Thus, theorizing about
inquiry when the aim is
robotic behaviors is a
stimulating and challengto advance children’s
ing activity, which raises
questions that even the
ability to observe,
teacher may not be able
to answer. All of the
describe, and explain
above are powerful reasons that robots present
natural phenomena.
more advantages than
traditional objects of
scientific investigation as tools for fostering the development of scientific reasoning abilities in young children.
Our team used LEGO Mindstorms robots in the GoS
sessions conducted to date. We believe, however (although
this could be the object of future experimental inquiry),
that any other educational robot would be equally suitable
for this purpose, provided it can be programmed to react
to sensor readings in a sufficiently attention-getting way so
as to stimulate roboethological curiosity in children.
The GoS
Learning Objectives
The goal of GoS is to describe and explain the behavior of
the robot. The learning objective of the activity, however,
is not to teach students how robots work but to stimulate
children to acquire cross-disciplinary scientific inquiry
abilities and competencies. These include being able to
observe, describe, explain, and predict phenomena in the
natural world, in line with the target learning outcomes of
primary education across Europe. This distinction
between the GoS goal and learning objectives explains
both the need to adopt specific teaching styles in GoS (see
below) and why GoS sessions can contribute to the attainment of the learning objectives, even when children do
not succeed in discovering how the robot works. In the
latter case, participants improve their scientific inquiry
abilities just by trying to find an explanation, independent
of whether they identify the right model by the end of
the game.
Teaching Style
For the target learning outcomes to be attained, the
teacher must act as a mediator rather than an instructor
[8]. After presenting the problem to be solved (see the
section “The Activity”), he or she should systematically
avoid answering children’s questions or correcting their
JUNE 2016
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views. The teacher’s role during the discussion should
consist mostly of asking children to clarify their own
views (“What do you mean by …?”), justify them (“Why
do you think that …?”),
find a way of justifying
them (“What could we
Robots present more
do to find out if you are
right?”), draw implicaadvantages than traditional tions or predictions
from specific assertions
objects of scientific
(“If you are right, then
what should happen?”),
investigation as tools for
and identify similarities,
differences, and contrafostering the development
dictions among views
proposed by different
of scientific reasoning
children (“So do you
agree with B or not?”).
abilities in young children.
Children’s questions are
put back to the group
rather than answered by
the teacher. This dialogical approach, akin to the socalled coupled inquiry [9] method combining guided and
open teaching methodologies [10], encourages children
to be independent in reasoning about their observations.
This by no means implies that the teacher is only a passive participant. On the contrary, he or she must actively
orient the discussion along paths that are functional to the
GoS learning objectives and goal. However, this role must
be fulfilled by posing questions rather than by transmitting expert information. Examples are provided in the
“Results and Discussion” section below.
The Robot
Choice of the right robot (in terms of its physical structure and behavioral mechanism) is crucial to the success
of GoS. Ideally, the robot’s behavior should be eccentric

Figure 1. A LEGO Mindstorms robot used in a GoS activity.
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enough to stimulate children’s interest without being too
difficult to explain. For example, in a GoS session with a
class of second-graders we used a LEGO Mindstorms roving vehicle with two front proximity sensors, oriented
slightly rightward and leftward, and a sound sensor (Figure 1). A simple Braitenberg-like algorithm [4], implemented using the BricxCC environment (bricxcc.
______
sourceforge.net),
__________ produced obstacle avoidance plus peculiar reactions to sounds.
The Activity
The GoS sessions conducted to date have been structured
as follows. We start the game by simply showing the robot
to the children while it is turned off and asking them to
describe it. The goal of this descriptive phase is to allow
the students to familiarize themselves with the robot’s
physical structure and gather information to be used in the
subsequent explanatory stage. Next, the robot is turned on
and left to wander about an experimental arena. We have
experimented with two different methods of proceeding
from this point. The first is to ask children, “What is the
robot doing?,” and then, after listening to their observations about its behavior, to advance explanation requests
of the kind “Why is the robot doing that?” The second
method is to ask the children themselves what they
would like to find out about the robot. The teacher takes
note of the research questions proposed by the children,
which are typically 1) questions about the robot’s abilities (“Can it dance?”), 2) questions regarding the functional role of particular components (“What is this block
for?”), 3) explanation requests (“Why does it sometimes
go faster?”), and 4) questions about the nature of the
control mechanism (“Does it move randomly or not?”).
These are only two of many possible ways of launching the explanatory phase of GoS. From this point
onward, the game involves collaboratively addressing the
questions raised by the children or the explanatory
requests made by the teacher. The teacher’s justification
requests (see the “Teaching Style” section) typically stimulate the children to autonomously formulate and carry
out experiments and to discuss the suitability of the proposed experiments. For both activities, especially the latter, the class may be divided into groups. For example,
after the class has observed the robot in motion, students
may be assigned to small groups, each of which is asked
to produce a list of possible explanations for particular
aspects of the robot’s behavior. Clearly, the structure just
outlined may be customized to suit the characteristics of
different classes.
Explaining Robotic Behaviors
The goal of GoS is to produce good explanations for the
robot’s behavior. However, there is no clear consensus among
philosophers of science as to what constitutes a good explanation—in this case, for the behavior of a robot. Several
competing theories are currently under debate [11]. (Note

JUNE 2016

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

IEEE

obotics
utomation
M AGA Z INE

M
q
M
q

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

that not all the questions posed by the teacher during a GoS
session are explanatory requests of the form “Why is the
robot doing x”? Typically, many of them concern the functional roles of the robot’s various components. Here, however, we are specifically focusing on the search for explanations
of the robot’s behaviors.)
Explanations of robotic behaviors may be formulated at
different levels of analysis and couched in different languages (e.g., electronics, computer science, or commonsense
psychology). In the GoS sessions implemented to date, we
avoided introducing any particular theoretical vocabulary.
Importantly, we did not require the participating children to
identify the program controlling the robot. The GoS was not
preceded by any discussion of the notion of a program, and
we could not assume that the students possessed or were
able to appropriately manipulate such an abstract concept in
their explanations. The observations typically involved the
formulation of scripts (sequences of movements) and
behavioral rules [7]. These scripts and rules were often,
though not always, couched in psychological terms.
The lack of consensus among philosophers concerning what may be considered a good explanation implies
that there are no sufficiently clear and precise criteria for
identifying GoS winners. However, in order to achieve
the learning objectives listed above, what matters is that
children actively engage in searching for a good explanation, regardless of whether or not they have found one by
the end of the game. Furthermore, reasoning with them
about why A’s explanation sounds better than B’s may be
a valuable opportunity to engage them in an epistemological discussion on the concept of explanation itself.
Results and Discussion
A Taxonomy of Scientific Research Abilities
Evaluating whether specific GoS sessions contribute to
achieving the earlier outlined learning objectives requires
(but is not limited to) monitoring the scientific reasoning
abilities displayed by the children during the game. In the
current study, we audio-recorded the verbal interactions
that took place among children and between children and
teachers over a number of GoS sessions and adopted an
ethnographic approach informed by grounded theory [12]
to identify and categorize the scientific and abstract reasoning abilities displayed by the children while observing
and explaining robotic behaviors. Some of these categories
and their potential role in evaluating the educational effectiveness of GoS are described below. (The results discussed
here were mainly recorded during a cycle of GoS laboratories conducted April–May 2014 with a class of secondgraders at the F.S. Cabrini Primary School, Milan, Italy.)
Observation and Explanation
Not surprisingly, the children’s participation in GoS largely
consisted of observing the robot and describing their
observations. However, as occurs in adult science [13],

most of their observations were theory laden [14], suggesting a close relationship between the ability to observe and
the ability to explain phenomena. Compare the following
examples (the labels “T” and “C” stand for teacher and
children, respectively):
T: So, to sum up, what kinds of movements does the robot
make?
C1: It goes straight for a little and then it turns.
C2: The robot was searching for the door, because it
thought it was there.
C2’s assertion is theoEvaluating whether
retically less neutral than
C1’s. In a sense, she is
specific GoS sessions
reporting what she sees,
but a theory about the
contribute to achieving the
behavior of the robot is
embedded in her report
earlier outlined learning
(the robot is able to search, therefore it has a purobjectives requires (but is
pose; this is clearly a
theoretical statement).
not limited to) monitoring
The GoS activates the
ability to report one’s
the scientific reasoning
observations, which is the
first item in the taxonomy
abilities displayed by the
sketched here. However,
in some cases, it is diffichildren during the game.
cult to distinguish between manifestations of
this ability and manifestations of the ability to formulate explanatory hypotheses about
the robot’s behavior.
Experiments
Among other hypotheses formulated by students observing the robot at one of the GoS sessions was the theory
that it was moving randomly. To test this hypothesis, they
devised experiments. One of these consisted of making a
door in the experimental arena (Figure 2) and verifying
whether the robot was capable of exiting the arena

Figure 2. The experimental arena, with some obstacles and a door.
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through it. Their rationale for this was that a randomly
moving robot would be more likely to accidentally collide
with obstacles and
would therefore fail to
find its way out. As they
We believe that GoS can
saw it, the opposite of
moving randomly was
be a useful means of
something along the
stimulating primary school lines of being able to see
and therefore being able
children to learn both how to avoid obstacles hindering progress toward a
goal. (These theoretical
to do scientific research
assumptions emerged
during the discussion.)
and what science is.
For this reason, creating
a goal (e.g., an open
door) might help one to understand whether the robot
was moving randomly or not.
Formulating an experiment requires one to reason about
its experimental adequacy and, potentially, to refine the
experiment accordingly, as in the following exchange:
T: C1, should the door be wide or narrow?
C1: Narrow …
T: Like this?
C1: No …
T: Should it be narrower?
C1: We need to add a box [to make the door narrower].
C2: Yes, because if you put the robot there, it will go out
straight away.
In this excerpt, C1 evaluated the adequacy of the proposed
experiment and proposed some enhancements. The point is
that, as explicitly stated by C2, if the door is too wide the
robot may exit the arena by chance: an arena with a wide door
is therefore a bad experimental setting for testing whether the
robot moves randomly or not. For this reason, C1 and C2
propose refining the experimental setting in order to exclude
alternative explanations.
To devise a good experiment, it is necessary to envisage
possible results by predicting what the robot will do if a given
theory is true, as occurred here:
T: Okay, and if [the robot] is moving randomly, then what
do you think it will do?
C: It won’t go out. If it isn’t moving randomly it will go out.
It is one thing to predict what should happen if a certain theory is true (as in the preceding excerpt), but quite
another to assert that, if a particular experimental event
happens, a certain theory should be viewed as corroborated or rejected. The ability to draw theoretical conclusions from possible experimental results is critical to
scientific research. Its role after experiments have been
conducted is obvious. However, reasoning about what
28
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hypothesis a particular possible (yet to be obtained)
result would corroborate in a given experimental setting
is also crucial to assessing the experimental adequacy of
the setting itself. In the following excerpt, C identified
two possible experimental results, discussing their implications for the truth of the randomness theory. (C’s reasoning was that if the robot exited after striking some
obstacle, then one would be forced to conclude that it
could not see, and therefore that its movement was random, independent of whether it was able to exit or not.)
Note that these inferences were made before the experiments were run.
T: If it goes outside the arena, that means it is not moving
randomly. Do you all agree?
C: I don’t agree. If it leaves immediately, it isn’t moving
randomly. But if it hits a box and then goes out, then it’s
moving randomly.
In some cases, the students displayed a remarkable
ability to identify multiple interpretations of a given
experimental outcome, that is to say, to claim that very
different theoretical conclusions could be drawn from the
same behavior.
T: Tell me how we can prove that the robot’s movements
are random.
C1: Put some obstacles into the arena … then see if the
robot hits them. In that case, its movements are random.
C2: Yes, but perhaps the robot hits the obstacles
because it has a map inside its mind, and it cannot see
the obstacles.
Here C2 explicitly identifies a potential alternative explanation for the possible (yet to be observed) behavior of the
robot, stating that it might be blindly following a path memorized in an internal map and that the obstacles are not represented on this map. This remark is functional to
proposing that the door experiment is inadequate for the
purpose of deciding whether the robot’s movement is random or not.
Conclusions
In the pilot GoS project described here, the participating
children displayed the ability to report observations, come
up with explanatory hypotheses, devise experiments, evaluate the adequacy of an experiment, refine an experimental
setup, identify possible experimental results, draw theoretical conclusions from possible experimental results, and
identify alternative explanatory hypotheses. The abilities
included in this preliminary taxonomy are all essential to
scientific research.
We believe that GoS can be a useful means of stimulating primary school children to learn both how to do
scientific research and what science is. In a future study,
we plan to conduct an empirical evaluation of this
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hypothesis, involving far more extensive qualitative and
quantitative experimental analysis than the present
study (which will also take into account the teachers’
evaluations). The current article lays the basis for
further research by describing the structure of GoS and
outlining a taxonomy of scientific reasoning abilities
displayed by children during preliminary GoS sessions.
Importantly, a refined version of the taxonomy identified here may be used to identify and quantify the
scientific reasoning abilities displayed by children during GoS laboratories and thus to measure the effectiveness of GoS. The current taxonomy may also help refine
the GoS methodology, enabling researchers to check
whether particular kinds of questions or interventions
by the teacher facilitate the activation of particular scientific research abilities. Enriching this taxonomy and
articulating the internal relationships between the various abilities (e.g., the relationship between formulating
an experiment and evaluating its adequacy) will be
another goal of future research. A further methodological point that we plan to address in our future work
concerns the difficulties faced by schoolteachers when
setting up and guiding GoS. (To date, our GoS sessions
have been exclusively organized and conducted by university researchers with strong educational and programming expertise.)
Although the goal of the current study was not to
provide numerical data showing the effectiveness of
GoS, application of the taxonomy presented here to the
audio transcriptions yields some promising figures.
During a GoS session that lasted approximately two
hours, the participating children proposed experiments
14 times, refined these experiments 20 times, envisaged
possible experimental results 35 times, proposed explanations 32 times, and brought possible results to bear
on a particular hypothesis 40 times. Strikingly, only six
experiments with the robot were actually carried out.
This suggests that the GoS (for reasons connected both
to the use of robots as didactic mediators and to the
particular inquiry-based dialogical methodology adopted) can stimulate children to theorize and reason about
what they are doing, in addition to eliciting the act
itself. That is to say, it helps them to develop scientific
reasoning abilities.
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Development, Usability, and Communities
of Modular Robotic Kits for Classroom Education

By Árpád Takács, György Eigner, Levente Kovács,
Imre J. Rudas, and Tamás Haidegger

R

obotics is becoming a mainstream phenomenon,
entering all areas of our lives. In addition to
cutting-edge research and development, robotics
is becoming equally important in the classroom
and home education. Numerous educational kits
have appeared on the market recently, ranging from simple
toolboxes and toys to complex, configurable R&D sets.
Their value in formal teaching lies in modularity and the
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applicability of the associated curriculum. Some kits have
already attracted major crowds of users, forming strong
communities. The aim of this article is to review the
currently available educational robotics kits along with their
possible usability in formal education, focusing the analysis
on system capabilities, modularity, and teaching materials
available. The summary of these teaching aids should ease
the decisions of robotics experts and instructors when
choosing their tools for teaching and demonstration.
Robotics needs to become an integral part of classroom education because we have to prepare the next
1070-9932/16©2016IEEE
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generation for the organic coexistence of robots at various
levels of society. In higher education, engineering schools
have long relied on using open interfaces to certain industrial robots, and they have integrated such systems for
teaching or provided funding for talented students to
build their own robots. However, at the undergraduate
and K–12 levels, price and complexity might be a prohibitive factor, as students need a more structured form of
robotics courses and building fully custom robots might
be impossible for larger classes.
Robotics kits have been around for a long while, but
only recently have they achieved such a level that they are
now considered a distinct subfield of educational robotics.
The popularity of kits increased with the recent renaissance
of the science, technology, engineering, and mathematics
(STEM) fields in higher education [1]. When it comes to the
design of a new robotics course, many factors play a role
regarding the choice of the optimal hardware platform. Modularity is an absolutely key requirement because new classes
are using the kits every semester. Modularity is supposed to
come hand in hand with reconfigurability and fine-tuning
of course materials and tasks, leading to an optimal system
after customization. Systems with very limited options and
extensions were not included in this review because they
would never be able to provide the above advantages.
When presented with a set of tasks, children are becoming
familiar with the basics of mechatronics, assembling,
building, and testing functional equipment. These goals
can already be achieved by relying on building kits alone,
such as LEGO or fischertechnik. The software environment provided with the system has great importance for
introducing children to robotics-related software technologies, while the validated curriculum is necessary to facilitate the work of the teachers and instructors and to
introduce best practices for education in a structured way.
Some systems only target the functions related to entrylevel programming, such as ROMO, iRobot (http://www.
irobot.com),
Codie (http://www.getcodie.com), or
_________
HEXBUG (http://www.hexbug.com), therefore they are
omitted. Validated tasks at the software level are important
because credentialing can only be guaranteed at a national
standard level with accredited teaching programs.
Related Work
While robotics education has grown tremendously in
significance, there are surprisingly few publications
assessing or comparing existing products and prototypes.
A notable review was written by Ruzzenente et al. about
available robotics kits for tertiary education, addressing
their versatility, modularity, and price, highlighting kits
with robot operating system (ROS) compatibility but
providing little information about community development, software, and educational materials [2]. In 2007,
Hilal et al. published a detailed survey about the available
commercial starter kits for robot building [3]. In the past
decade, the robotics community experienced a rapid

development of the field, and the appearance of new kits,
technologies, and software environments created a strong
need to publish an update of the list of kits. The usability
of robotics kits in teaching artificial intelligence
Robotics kits have been
[4], their general use in
the classroom [5], and
around for a long while,
their integration into
the educational methodbut only recently have they
ology have been discussed in the literature
achieved such a level that
in general [6]. Benitti
explored the potential of
they are now considered
using robots in schools
in a review paper [7],
a distinct subfield of
while the opportunities
and challenges of this
educational robotics.
new trend were addressed by Alimisis in 2013
[8]. An overview of the
possibilities for teaching STEM subjects using robots was
published by Chiou [9], but none of these works gave a
detailed description of individual robotics kits and
their capabilities.
Methods
When it comes to evaluating educational materials, creating
an objective metric proves to be very challenging due to the
diversity of these tools in terms of intended use, efficiency,
level of abstraction, and so forth. To get an overview of the
existing educational materials in STEM education, four main
channels were investigated for gathering information:
● researching online and printed educational materials of the
STEM fields
● contacting the distributor of robotics kits/educational
materials directly
● browsing the websites of the manufacturers of various
robotics kits
● conducting literature research on related work from conferences and journal papers.
Our main goal was to create an objective evaluation criteria focusing on educational resources. This article focuses
on robotics kits with a certain level of modularity (explained
later) that are partly or completely intended for use in
STEM education.
Evaluation of the collected kits was based on a subjective
classification. Consequently, the diversity of the educational
materials offers several evaluation criteria that could be
considered prior to and during collection of data. These
criteria include:
● cost
● target audience
● modularity level
● quality of educational materials
● design (mechanical and electrical)
● development and extension possibilities
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compatibility
availability
● portability.
Most combinations of the above-mentioned criteria would result in an evaluation
that is too selective for building a hierarchy.
However, as the cost and availability of these
kits are the two most important properties,
only those kits that were provided with a
detailed and reliable description for these criteria were included in the review. The detailed
list of criteria can be seen in Table 1. It is generally recognized that the quantitative assessment of the educational impact of robotics
kits is almost an impossible task because, in
general, the real impact on a student’s performance can only be assessed years later. The
quantitative assessment of these kits is essential to motivate educators and school/university staff in investing and using educational kits.
The relevant research materials were collected
and are summarized in Table 1.
Although most of the kits are available in
global distribution, the diverse educational
needs and priorities in different countries
make it challenging for the manufacturers and
distributors to create kits for general educational use that fit these needs. How these systems align with the educational goals of
different countries or school systems is more a
political than a scientific issue. However, during our research it was clear that the popularity of robotics kits in education is significantly
higher in the developed countries, where
school systems have undergone an educational revolution in the past decades (typically
Western Europe and North America), while
the kits are still on the edge of breaking into
the market of developing countries (mostly in
South Asia and Africa), which still prefer the
traditional educational methods. Furthermore, most of the listed toolkits are still unaffordable for average public schools in many
countries of the world, and therefore for some
years the true availability will be restricted due
to the cost factor.
Nowadays, robotics in elementary and
middle schools is used for hands-on demonstration in programming, engineering, robotics, or technology courses. There certainly is a
need for a curriculum that emphasizes the use
of robotics kits to teach and demonstrate the
laws of physics, theorems of mathematics,
and so forth. To address this critical point,
Table 1 summarizes the curriculum options
available for each described robotics kit in
●
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700
Yes
Yes/No/Arduino
Yes
4/3
*Shipping and distribution available in most but not all countries around the world.
**Ships through RobotShop.

4
Global*
15–21 years
MakeBlock
MakeBlock

www.makeblock.cc
____________

1,300
No
No/Yes/No
Yes, but limited
2/4
4
15–21 years
DEPCO LLC
Gears Educational Systems
www.gearseds.com

United States

800
Yes
Yes/Yes/Community
Only firmware
5/2
5
VEX Robotics
VEX EDR
www.vexrobotics.com/

10–21 years

KumoTek Robot- 18–21 years
ics
KumoTek
www.kumotek.com

10–21 years
Fischertechnik

15–21 years

t

18–21 years
RoboBrothers
Inc.
RoboBrothers
www.robobrothers.com

Global*

1,400
Yes
No/No/No
Yes
3/3

Yes
1/1
2
United States

1

No/No/No

Yes/Yes/Consulting
Yes, but limited
4/5
5
Global*
Fischertechnik
GmbH
www.fischertechnik.de
______________

United States

Yes

400

1,000
Yes

1,000
No
No/No/No
Only firmware
2/2
1
Ion Motion
Control
Orion Robotics
www.orionrobotics.com
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United States

350
Yes
No/Yes/STEM
Yes
4/3
5
10–21 years
Robotis
BIOLOID
robotis.com/xe/bioloid

Global

730
No
Yes/No/No
Yes, but limited
3/2
3
18–21 years
DST Robot
Dongbu Robot
www.dongburobot.com

Global**

1,000
Yes
No/No/No
Yes
2/3
4
15–21 years
RobotShop Inc.
Lynxmotion
www.lynxmotion.com

Global**

350
Yes
Yes/Yes/Community
Yes
4/2
5
10–21 years
LEGO
LEGO MINDSTORMS
mindstorms.lego.com

Global*

Sensor/Actuator
Score
Modularity
Level
Availability
Target Ages
Manufacturer
Robotics Kit

Table 1. Modular robotics kits for classroom education and some of their most relevant properties.

SDK

Curriculum
(SDK/Edu./Other)

Developer
Price
Community (US$)

●
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three categories: software development kit (SDK), education
(STEM fields), and other.
The modularity of the kits discussed is one of the key
properties because it facilitates learning and offers a large variety of construction possibilities. Due to the diversity of the
commercially available kits, an objective evaluation of the
level of modularity is challenging. A detailed modularity
description for each kit is discussed in the “Robotics Kits” section, and a subjective rating of this property has been included in Table 1. The ratings are as follows: Robotics kits that
require assembly upon purchase, but only one type of robot
can be assembled using the parts, were given 1/5 points for
the modularity level. Robotics kits with prebuilt sensor
mounts, changeable actuators, and sensors but a limited variety of skeleton parts were rated 3/5. Kits containing elementary building parts such as gears, joints, rods, and plates, which
allow for the construction of any custom-designed and modifiable robot, were rated as 5/5.
Before the detailed discussion of the systems, some of the
frequently used phrases and terms are explained below:
● curriculum: teaching instructions, theoretical explanations, and evaluation guidelines, which, in our case, are
usually incorporated in the robotics kits or created by a
third party
● educational material: any type of material, such as kits, textbooks, curriculum, guidelines, and so forth, that is intended for use in the classroom or home education
● STEM curriculum: curriculum and guidelines for teaching
subjects that are focused on the STEM fields
● programming curriculum: curriculum and guidelines for
teaching programming of the robotics kits
● robotics curriculum: curriculum and guidelines for teaching
topics related to robotics, such as robot motion, robot control, and mechatronics
● STEM kit: building kits that are intended to be used in education related to the STEM fields, not restricted to robotics
or programming education.
Robotics Kits
This section reviews all existing educational robotics kits
identified based on a scholarly and general Internet search,
survey of exhibitions, and interviewing experts. The official
missions, catchphrases, and bywords are provided in this section, and an overview and comparison of the most important
features of each kit is provided in Table 1. It is important to
note that the authors do not wish to propose a relative ranking
among the listed robotics kits because their usability and overall score should be weighted by the specific environments of
intended use.
Certain kits are omitted from the review because they are
more suitable for home education than classrooms. These
include the Multiplo (http://multiplo.org/), which is an opensource, Arduino-based system (a successful Kickstarter project); the MOSS (http://www.modrobotics.com/moss), which is
a robotics kit using intelligent cubical blocks, designed for
younger children; and the ArTeC Blocks Robotist (http://www.

artec-educational.com/sub/product/robotics/), a robotics kit
extension of the ArTeC Blocks. Other robots, such as the NAO
(Aldebaran Inc.–SoftBank Group Corp., Tokyo) [10], the
youBot (KUKA Roboter GmbH, Augsburg, Germany) [11], or
the RobotsLAB BOX (RobotLAB Inc., San Francisco) [12],
gained recognition in educational use; however, these are all
excluded because they
cannot be employed as
robotics kits due to their
The modularity of the kits
high cost and complexity
of use. Numerous compadiscussed is one of the
nies offer modeling accessories, sensors, and
key properties because
actuators with limited or
no structured frameworks
it facilitates learning and
or not in the form of
robotics kits. These were
offers a large variety of
excluded from this survey,
but mentioning some of
construction possibilities.
them is relevant from the
point of view of categorizing the available modular
robotics systems. ServoCity (http://www.servocity.com) is an
online store with a large variety of robot modeling parts and
accessories, which also supplies Actobotics project components (https://www.sparkfun.com/actobotics).
________________________ Actobotics was
created in 2013 as a ball-bearing-based precision system, looking into developing teaching materials for electronics education and launching an online developer community. Rero
(http://rero.com.my) is a small reconfigurable robotics kit
intended for younger children. Further robot parts and accessories from independent manufacturers can be purchased
through various distributors, such as RobotShop (http://www.
robotshop.com), SparkFun (http://www.sparkfun.com), or
__________
Karlsson Robotics (http://www.karlssonrobotics.com).
LEGO MINDSTORMS
LEGO MINDSTORMS (http://mindstorms.lego.com) is
probably the most popular modular robotics kit, building on
the famous bricks and with a wide range of applications. The
official mission of LEGO is to “inspire and develop the builders of tomorrow.” Developers aim to use the LEGO kits in
education and popularizing science, while numerous universities around the world are involved in product and educational
material development. Most notable are Carnegie Mellon
University (CMU) and Tufts University for the structured curricula they provide for LEGO MINDSTORMS kits [13]. The
general advantage of the kit is its compatibility with all LEGO
parts that can be found in almost every household, allowing
its gradual integration into education from a young age.
Originally introduced in 1998, LEGO MINDSTORMS is a
true success story. The newest, third generation of the family,
called the EV3, was released in 2013 (Figure 1). Like all other
MINDSTORMS sets, the central element of the package is the
LEGO Intelligent Brick, which serves as the I/O interface,
communication interface, and computational unit. Following
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L E G O’s c om mu n it y
development policy, the
LEGO MINDSTORMS is
firmware of the Intelligent
probably the most popular Brick has been released
open source. LEGO is also
offering an SDK for more
modular robotics kit,
user-friendly solutions
and a hardware developbuilding on the famous
ment kit for custom
component development.
bricks and with a wide
These are accompanied
by the complete docurange of applications.
mentation of the hardware structure of the
Intelligent Brick and a Bluetooth Development Kit for
improved wireless communication.
There is a rich choice of programming tools for the
MINDSTORMS kit. Besides the official National Instruments
GUI-based software, the most widely used languages include
ROBOTC, NBC, and NXC, which are C-based environments
with extensive LEGO MINDSTORMS libraries. The second

Figure 1. The LEGO MINDSTORMS EV3 basic set. (Source: LEGO.)

Figure 2. Lynxmotion’s SES. (Source: Lynxmotion.)
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generation of the kit, the NXT, has developed a remarkable
ROS development community, while the ROS compatibility
of the EV3 system is still under development. LEGO released
complete educational curricula for grades 5–12 and facilitates
integration with the TETRIX kit (https://www.tetrixrobotics.
_________________
com), an educational robotics kit that was joined to
___
MINDSTORMS in 1998. The teaching materials include
design engineering projects, building and programming
instructions, and several hundred task examples. There is also
a vivid online community built around the system with thousands of active users worldwide (https://community.lego.com/
t5/MINDSTORMS/bd-p/1042).
___________________
Lynxmotion
Lynxmotion (http://www.lynxmotion.com) is one of the
world’s most experienced robotics kit developers and manufacturers, creating products for hobby, educational, and scientific purposes. Their official motto is “Imagine it. Build it.
Control it.” Their basic kit, the Servo Erector Set (SES) construction kit (Figure 2), provides a very high level of modularity, offered with the official FlowBotics Studio software,
using the Ruby programming language. The main mechanical elements of the SES are made of aluminum with fairly
flexible plastic connector elements. There is a large palette of
actuators, motors, and manipulators. Lynxmotion also offers
special aluminum tubes that can serve as connectors or legs
for some of the models, equipped with sensors. Two types of
central computational units are distributed: a changeable
microprocessor for general use, for which the manufacturer
supports programming using the FlowBotics Studio, and the
BotBoarduino unit, which is an Arduino Duemilanove
compatible microprocessor, where Arduino-based programming languages are recommended. The system is also compatible with the Sony PlayStation 2 (PS2) console (http://us.
playstation.com/ps2/systems), thus direct remote controlling can be achieved. Lynxmotion gives full support for software and hardware development. Wiring, pin maps,
properties of the microchips, and their programming and
firmware are available on the manufacturer’s website, while
the three-dimensional (3-D) models of the SES elements can
also be downloaded in SolidWorks-compatible format. Several basic/educational kits are available with building instructions; however, no structured educational materials or
curricula are offered.
Dongbu Robot
This Chinese company was founded in 1998 under the name
Established Data Technology (http://www.dongburobot.
com). Today, their products can be found in various fields of
___
robotics, including industrial, service, and educational/hobby
robotics. Their most successful robotics kit is the HOVIS
Lite, which can be used for building humanoid and many
other types of robots. The enclosed GUI-based software, the
DR-Sim, allows for the creation of simple routines, while more
complex programs can be created using the DR-Visual Logic
software, which is a drag and drop C-based programming
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environment. On the software side, the HOVIS Lite is widely
compatible with conventional programming languages, such
as Microsoft Robotics Developer Studio, Visual Studio, and
AVR Studio. The distributor DST Robot’s mission is “to be a
comprehensive enterprise of robots including industrial
robots and service robots,” which indicates that HOVIS Lite
was initially intended to be an educational branch of a professional robotics company. The modularity of the system is
limited due to the small variety of injection molded plastic
elements, but this limitation is compensated with a very
extensive set of options for motor control. The core of the
control unit (DRC unit) is an Atmel microprocessor, therefore the system development can be done on Atmel’s own
programming platform. Most of the sensors are integrated
into the DRC, thus hardware development opportunities are
quite limited. New hardware components can be purchased
from other manufacturers, but they require custom programming. The company does not provide official educational
materials or curriculum. Their robots are widely used for
developing novel educational platforms focusing on robot
programming and camera image processing [14].
BIOLOID
The South Korean company ROBOTIS (http://www.robotis.
com)
___ started as an industrial robotics development company and issued its first educational kit, the BIOLOID, in
2005. Today they are one of world’s leading educational
robotics companies. Two extensive development kits are on
the market: the OLLO family is mechanism oriented, with a
high level of modularity, while the BIOLOID family is
robotics and programming oriented, sold in five specific
development kits. The BIOLOID STEM kit (Figure 3) is
compatible with the OLLO elements, although compatibility with other kits and non-ROBOTIS products is very limited. Their motto is very similar to that of Lynxmotion:
“Design, build and program your own walk of life,” highlighting that their main focus is on walking robots. BIOLOID kits are equipped with two types of control units,
depending on the family. While the Atmel processors are
very popular in the market among competitors, the STEM,
PREMIUM, and GP kits are sold with 32-b ARM M3 processors, opening up now possibilities in drive and control.
Programming of the robots can be done using the official
RoboPlus software, which contains several programming
modules, supporting the controller. Kits equipped with the
ARM controller can be programmed using embedded C,
which is a useful tool for hardware development. The manufacturer encourages users to develop the control panels to
extend the sensor and actuator variety, which are quite limited at the current stage. ROBOTIS offers the STEM kit for
educational purposes due to its compatibility with the
OLLO family (http://www.robotis.com/xe/ollo). Teaching
guidelines, curricula, and full support are offered for those
who wish to use these kits in education. Twelve-week curricula are offered for learning basic principles for building
robots, scientific theories, and basic programming, provid-

Figure 3. A BIOLOID STEM kit. (Source: Robotis.)

ed in three educational kits: OLLO Starter, OLLO Explorer,
and OLLO Inventor Expansion Set.
Orion Robotics
Orion robotics was founded in 2010 (http://www.
orionrobotics.com) and recently acquired by Ion Motion
Control. Their mission is to create robotics kits that can easily
be assembled and used. Most of the software and hardware
elements and support are provided by Basic Micro Inc.
(http://www.basicmicro.com). Ion Motion Control’s motto is
“Control your world.” The manufacturer offers four larger
families of kits that can be used for building robotic arms or
tracking, wheeled, and walking robots. Due to the special
mechanical design, the modularity of the kits is very limited,
but it is still possible to combine a few of the kits. The main
mechanical elements are created from aluminum, and the
constructions are very massive. All of the hardware elements
are Arduino compatible. The robot uses the Da Vinci panel as
its main computational unit, which is an Arduino compatible
board with an Atmel processor. The programming can be
done with the official Orion Robotics Studio, using the
BASIC-like MBASIC language. Some kits can also be programmed using C-based languages. To facilitate development,
all firmware is available on the manufacturer’s website.
Because of the text-based programming, this kit is not recommended for entry-level programmers. In higher education, all
of the kits can serve as useful educational platforms; however,
except for the example programs, no structured educational
curriculum is provided.
Fischertechnik
Fischertechnik (http://www.fischertechnik.de) is a company
with a long history and tradition, having been the competitor
of LEGO ever since its 1965 founding. They offer a wide palette of modular building sets from developing toys for children to industrial robotics education. The company is very
proud of the premium quality they deliver, with all the construction sets being produced in Germany. The motto of the
educational sets is “Understand technology while playing!”
Most of the mechanical elements are made of plastic, but a
large variety of aluminum elements can also be found in the
robotics kits. The modularity level is very high, including a set
of special elements, such as actuators, batteries, and cables
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(mechanical, electrical, and pneumatic). Fischertechnik also
offers solar motors, microservos, solar cells, and a pneumatic
set. There are a number of different controllers in distribution. The E-Tec module is ideal for basic programming tasks,
while the ROBO TX is a
more advanced control
unit that can be used for
Fischertechnik creates
more complex tasks,
using the RS485/I2C
full educational building
protocol. The official
programming interface is
kits and STEM kits,
a 3-D computer-aided
design (CAD)-based
including building and
GUI, the fischertechnik
programming instructions. Designer, containing the
models of all products,
capable of simulation of
the relative motion of each element. The ROBO TX unit can
be programmed using the ROBO Pro software, relying on the
drag and drop approach. ROBO Pro is compatible with the
Microsoft Robotics Developer Studio, allowing higher-level
software programming.
Fischertechnik creates full educational building kits and
STEM kits, including building and programming instructions.
The fischertechnik TXT Advanced kit is shown in Figure 4.
STEM kits include curricula for classes in physics, green
energy, optics, pneumatics, mechanics, and electronics.
There is an extensive community of developers of teaching materials and curricula, while the manufacturer
provides full support for those who are using the products in education.
RoboBrothers
RoboBrothers (http://www.robobrothers.com) offers a
limited choice of robotics kit families: the RoboCrawler,
the Philo Junior, and the RoboPhilo. All of these kits can
be purchased in a ready-to-walk, assembled form or as a
kit with building and programming instructions, making
them useful for educational purposes. As they also indicate in their motto, “Most Affordable Programmable
Robotics,” their products are among the lowest priced
robotics kits available.
The assemblies carry a low level of modularity, but the elements are compatible between the families and there is an
extended PS2 controller and Microsoft Kinect compatibility.
The central computational unit is an eight-bit Atmel microprocessor, a low-power processor compared to the other
robotics kits mentioned. The official programming interface
is the RoboPhilo Motion Creator, which is a simple GUI for
creating movement patterns. Additional patterns can be
downloaded from the manufacturer’s website, although the
possibilities are limited using this software. The strength of
this kit lies in the C- and C++-based SDK offered, extending
the possibilities in movement pattern generation. Furthermore, the basic kits can be completed with additional kits and
accessories that can be useful for educators.
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KumoTek
KumoTek is a U.S.-based manufacturer and developer of
robotics kits, sensors, and educational materials, offering
three major families of robotic products: humanoid robots
and building kits, entertainment robots, and sensors and cameras (http://www.kumotek.com). Their main mission is to
“provide cutting edge interactive robot applications to schools,
museums and government agencies.” The KT-X Gladiator
bipedal robotical kit and the KT-X Superbot are PS2 compatible and are intended for educational purposes, sold with
building instructions.
The central computational unit is an ARM7 architecture
HV7 microprocessor. There is a limited variety of sensors,
which can be purchased from the manufacturer separately
from the kits, useful for development purposes. There is an
SDK provided for the motor boards, and there is an
advanced support for SDK users. Programming of the system can be done in the official Robovie Maker 2 software,
which is based on the graphical positioning of the robot
joints, not usable for advanced programming tasks.
KumoTek also develops specialized humanoid sets, the
advanced humanoid robots. These robots were explicitly
designed for robot competitions, such as RoboCup, making
them popular among educators.
VEX EDR
VEX Robotics is major player in educational robotics development, designing robotics kits for international robotics
competitions (http://www.vexrobotics.com/vex). The motto
of the company is “Think. Create. Build. Amaze. VEX.”
Three major families of robotics kits are offered: the VEX
IQ is a STEM-centered set of kits and educational materials for elementary and middle school students, VEX EDR
is a classroom robotics platform for middle school and
high school levels, and the VEX PRO is recommended for
teams entering competitions. The VEX EDR Classroom &
Competition Super Kit is shown in Figure 5. Thanks to the
high level of modularity and the large variety of elements,
there is an extensive building, programming, and developing community. The shared knowledge and support is collected on the VEX Documentation Wiki page, accessible

Figure 4. A fischertechnik Robotics: TXT Advanced kit. (Source:
fischertechnik.)
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for anyone interested in the topics (http://www.vexrobotics.
com/wiki/VEX_Documentation).
In the case of the VEX EDR, the central computational
unit is the VEX ARM Cortex-based Microcontroller with
12 input ports, which is very useful for simultaneously
receiving data from the large variety of available sensors.
The firmware is open source. The official programming
software is the VEX Robotics Design System, but the programming can be achieved using compatible ROBOTC and
easyC languages, and the manufacturer offers free webinars
and educational materials on its Wiki page. Full educational materials, teacher’s guidelines and curricula are available
for all educational levels with the STEM kits. There is an
active community of developers of teaching materials,
accessories (sensors, actuators, and controllers), and curriculum developers, while VEX offers full support for the
developer community.
Gears Educational Systems
Gears Educational Systems is a product of DEPCO LLC,
which is a U.S. company developing and marketing curricula
for K–12 and postsecondary school education (http://www.
gearseds.com).
The Gears Invention and Design System
_________
(GEARS-IDS) is a modular, heavy-duty mechatronics prototyping kit, consisting of industrial grade components primarily for educational purposes (Figure 6). The Gears Educational
Systems motto is “Design, Build, Test, and Learn.”
The electronic controls of the system, the XIPMods, are
the products of Machine Science, using an Atmel microcontroller in the master module. Several other modules are available for communicating with the sensors, actuators, and other
I/O units. The choice of sensors is limited, and most of them
have to be purchased from another vendor. However, there is
a wide choice of actuators, including pneumatic kits, while
CAD solid models of the components can also be downloaded from the manufacturer’s website.
The SDK is limited to the possibilities of Arduino programming, which is also the most commonly used programming interface for the GEARS-IDS. Alternatively, as
the system is compatible with LEGO NXT, other C-based
environments can be used. The GEARS-IDS was explicitly
developed for STEM educational purposes, and the kits
are sold with detailed curriculum and teaching instructions, examples, and sample lessons for educators, all
in connection with the Gears Engineering Construction
and Design program (http://www.gearseds.com/gears_
program.html).
__________
Makeblock
Makeblock is a Chinese open-source start-up platform
(http://www.makeblock.cc), providing mechanical elements
and electronic modules in their kits, mainly for hobby and
educational purposes. Most of their products are sold as a
set of aluminum mechanical and electronic parts without
any specific building instructions, facilitating creativity in
system design. Makeblock is now officially partnered with

Arduino, participating in the Arduino AtHeart program
(https://www.arduino.cc/en/ArduinoAtHeart/HomePage).
_____________________________________
The core of the systems is an Arduino processor, therefore Arduino-based SDK is available. There is also a small
but enthusiastic developer community. Sensors
VEX Robotics is major
and actuators can be purchased separately from
player in educational
the kits, allowing one to
buy the components and
robotics development,
build a robot piece by
piece. The programming
designing robotics kits
of the robots can be done
using Arduino integrated
for international
development environment
programming or the
robotics competitions.
ArduBlock plug-in, which
was explicitly developed

Figure 5. A VEX EDR Classroom & Competition Super Kit.
(Source: VEX.)

Figure 6. The GEARS-IDS. (Source: DEPCO.)
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for the Makeblock system. As all the kits are intended for educational purposes, full STEM kits are available with basic
curriculum. More teaching materials and support can be
found on the developer community’s website (forum.
makeblock.cc).
Curriculum Developer Communities
and Competitions
While in most cases the manufacturers offer some
forms of educational materials and curricula with the
robotics kits, the role of STEM curriculum developers
and communities is essential to complete these systems. LEGO offers extended curriculum packs with the
LEGO MINDSTORMS Education EV3 Design Engineering Projects (http://education.lego.com). Still, the
most widely used and best-known LEGO-based
curricula are developed
by C M U’s R o b ot i c s
Robot competitions present Academy (http://www.
education.rec.ri.cmu.
_________________
edu/content/lego/ev3).
________________
the best opportunities
Robotics Academy offers
research-based educato bring national and
tional tools and guidelines for teachers that
international educators,
are based on the EV3
kits and align with U.S.
robotics kit developers,
STEM standards (http://
_____
w
w
w.
n
e
a
.
or
g
/
h
om e /
________________
and end users together.
s t e m . ht m l ) . NA S A
_________
recently launched its
Robotics in the Classroom: Introduction to Robotics program for sixth to eighth graders (http://robotics.nasa.gov/
edu/6-8.php), offering an extensive collection of robotics
________
education programs, based on LEGO MINDSTORMS and
other, custom-built robotics kits. Recently, CMU launched its
curriculum development project for VEX robotics kits
(http://education.rec.ri.cmu.edu/vex), forming six topics to
be covered by the educational material: safety, project management, planning your project, robotics lessons, programming lessons, and engineering activities. STEMRobotics is a
curriculum developer community from Portland State University (http://stemrobotics.cs.pdx.edu). Their educational
materials are open source, based on but not restricted to
LEGO MINDSTORMS sets, providing a set of structured
teacher’s guidelines for STEM robotics education. Robot
competitions present the best opportunities to bring national
and international educators, robotics kit developers, and end
users together. Dozens of annual competitions and challenges are organized worldwide, where the above-listed robotics
kits play a major role. FIRST is undoubtedly the most successful worldwide robotics competition (http://www.usfirst.
org). In 2014, FIRST registered more than 367,000 students
__
from more than 80 countries, launching competitions for all
age groups [15]. In addition to the specific LEGO League
competitions, other categories have also been introduced,
38
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where other robotics kits or custom-built robots could be
used. VEX Robotics Competition attracts more than 10,000
teams from countries around the world (http://www.vexro____________
botics.com/vex/competition). While this competition is
___________________
based on VEX robotics kits, there are 750 tournaments organized annually, making it the largest robotics competition for
middle and high school students. The Robotics Education &
Competition Foundation (http://www.roboticseducation.
org) provides an online platform for helping educators
__
increase student interest in STEM fields. The foundation
operates the RobotEvents website (http://www.robotevents.
com), where up-to-date information can be found about
___
upcoming robotics challenges and competitions.
Professional organizations also play an important role in
the popularization of STEM fields and robotics in education.
The IEEE Robotics and Automation Society (RAS) Creation
of Educational Materials in Robotics and Automation proposal was accepted in September 2014, in the framework of
the IEEE/Robotics Society of Japan International Conference
on Intelligent Robots and Systems (IROS) 2014 Technical
Activities Board (TAB) meeting. The two-year project
includes creation and dissemination of educational materials in human movement understanding and synthesis, which
has already involved the 2015 IEEE RAS Summer School on
Experimental Methodology, Performance Evaluation and
Benchmarking in Robotics. Traditionally, the IEEE RAS has
not been involved in robot kit or curriculum development,
yet they promote the spread of these. The IEEE RAS Technical Education Programs (RAS-TEP) are programs jointly
run by the Member Activities Board and the TAB (http://
____
www.ieee-ras.org/educational-resources-outreach/summer_______________________________________
schools), sponsoring and cosponsoring three summer
______
schools around the world every year. However, it is important
to note that as of now, only college students are the focus of
the activity of RAS-TEP. The IEEE-RAS Competitions Committee also plays a major role in coordinating competitions at
the IEEE RAS flagship conferences, such as the International
Conference on Robotics and Automation and IROS. The
Institute for Personal Robots in Education (IPRE) is a joint
effort between Georgia Tech and Bryn Mawr College (http://
____
www.roboteducation.org).
________________ IPRE applies and evaluates robots
as a context for computer science education, primarily sponsored by Microsoft Research. To harmonize and leverage
educational programs and activities on the full European
scale, euRobotics Association Internationale Sans But Lucratif created the Topic Group on Education and Training
(TGET) (http://people.mech.kuleuven.be/~bruyninc/
TGET).
____ Activities of TGET include curriculum harmonization, creation of educational materials, and organization of
summer schools.
Summary
There are many great robot kits, diverse in such areas as configurability, components, curriculum, and pricing. It is not
easy to choose a robotics platform if someone is willing to set
up a modern education program on robotics for those at a
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young age. While there are a variety of open control platforms for higher education, and a pool of modular kits
available for K–12, not all have the necessary software
development platform or curriculum to easily enable course
development. This article reviewed the most relevant,
commercially available robotics kits, investigating their hardware and software capabilities, development opportunities,
and curriculum developer communities. The findings of this
research have been collected in Table 1, listing and addressing
the most important properties of the discussed kits. The target
age was determined by the complexity of the kits and the
required skills for designing, building, and programming the
robots. The availability indicates whether the product can be
purchased or is shipped globally or locally, and on what conditions. The modularity level of each kit was addressed on a
scale of one to five. Sensor and actuator scores were also
given on a scale of one to five, based on their variety, quantity,
and quality in a specific kit. Software development possibilities and the existence of educational materials and communities were also addressed. Finally, the price of the most relevant
families of kits was surveyed and presented. The authors of
this article hope that Table 1 will serve as a useful guideline
for future STEM educators in selecting the most suitable
robotics kit for visualization and hands-on presentation of
their curricula.
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Robotics for All Ages

T

he introduction of robotics in science,
technology, engineering, and math
(STEM) education is quickly
becoming a very polarizing
topic. As a discipline, robotics
research is tackling new and challenging problems that resonate with
public perception and also provide
exciting and fun opportunities to see
science in action. The exposure of
students at various levels to robotics is
controversial since many view it as a fad,
and others rightly indicate that there is still
a need for coherent analysis of robotics in the
classroom to assess the impact on education and
engagement. In this work, we argue that for robotics to be
effectively incorporated into the educational pipeline,
there is a need for a comprehensive robotics
curriculum. Such a curriculum should be designed
to be intentionally flexible; however, its development would enable principled study in a
variety of learning environments and over the
long term. We propose the nature of the standard
curriculum and present recommendations on

ROB
O
HEA TIC ARM
DSH
OTS IMAGE
©
LICE
NSE ISTOCK
PH
D BY
INGR OTO.CO
AM P
M
UBL /ILEXX,
ISHIN
CHIL
DRE
G
N

A Standard Robotics Curriculum for K–16

By Carlotta A. Berry,
Sekou L. Remy,
and Tamara E. Rogers

Digital Object Identifier 10.1109/MRA.2016.2534240
Date of publication: 18 May 2016

40

IEEE

t

IEEE ROBOTICS & AUTOMATION MAGAZINE

obotics
utomation
M AGA Z INE

t

JUNE 2016

1070-9932/16©2016IEEE

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

IEEE

obotics
utomation
M AGA Z INE

M
q
M
q

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

how it can be practically applied. Our aim in the long
term is to provide resources that will elevate robotics
education. The existence of these resources will advance
the current level of understanding from anecdotal and
short-lived inquiry so that robotics education can be
evidence-based and sustainable.
The integration of robotics into the educational curriculum has been (assumed or implied) beneficial to
students of all ages, from pre-K to college. This is
because robotics can be applied or used in a multitude
of ways. It can be used for recruiting students for
STEM, teaching students about STEM, illustrating connections between various disciplines, or as a demonstration of the real-world application of various theoretical
concepts. At the elementary level, robotics can excite
young people about science and math, and it can also
encourage them to pursue careers in STEM. At the high
school level, robotics can be used to illustrate the application of design, math, science, and engineering and also
recruit students to STEM fields. At the collegiate level,
robotics can be used to illustrate connections between
various disciplines (engineering, computer science, psychology), show how to apply fundamental theories to an
actual artifact, and teach essential skills related to hardware, software, and electronics. Used in the proper context, the integration of robotics into the classroom can
provide the student with transferable skills.
Despite these benefits, one of the primary challenges in
teaching with robots is creating a unified curriculum that
is translatable to multiple backgrounds. The benefit of
having such a curriculum is that it
● creates a standard resource and reference that can be
used or modified, or built on
● provides a resource that can be evaluated by the educational communities at large
● provides a resource that can be applied by educational
communities at scale
● identifies what a student who has learned robotics
should know at various points in their robotics career
● reduces the workload and eliminates redundancy in
designing an essential robotics curriculum that allows
for quick deployment in an educational setting.
Two key questions for the robotics community given the
current educational climate are
● What commitment is required to receive benefit from
such a standard curriculum?
● Can schools or districts that are not able to commit to a
two- or three-year sequence of courses still be able to
benefit from a standard curriculum?
A standard robotics curriculum can take into account
the preparation of the student and compensate for the
wide variety of experiences that students in a single classroom or outreach activity may have. For example, at any
age group, students can be at the novice, intermediate, or
advanced robotics level. In addition, there should be a
consideration for the academic level such as elementary,

middle school, high school, or college. There may need to
be different starting assumptions made about assignments for a high school student who has been working
with robotics for the previous five to eight years versus a
high school student who is experiencing the field for the
first time. Dividing the curriculum into levels serves to
better organize the wealth of topics and potential learning
modules. This also permits the development of resources
that can be leveraged as needed. These levels can be used
to let an educator meet the needs of a classroom with a
diverse range of prior robotics experience. Alternately, it
can be used to adapt activities based on the actual year in
school. In searching for robotics resources, it is common
that the curricula found
h av e b e e n a c t i v e l y
developed for a finite
Robotics can excite young
time, specific application, and no longer
people about science
maintained. When curricula exist for a finite
and math, and it can also
time, this indicates that
they are not institutionencourage them to pursue
alized. As such, they are
short duration; limited
careers in STEM.
to a handful of institutions/programs, which
make them impossible to study; challenging to build on;
difficult to apply in a comprehensive curriculum; and are
highly susceptible to loss if there is faculty turnover. By
focusing on a small set of appropriately developed standard curricula, it becomes possible to support shared
discussion among educators. If these curriculum resources are effectively organized and cataloged, it should also
facilitate the start-up efforts for those who would like to
incorporate robotics.
Some representative curricula in other areas, such as
computer science or engineering, are built to provide
foundations in key courses, followed by more concentrated or applied skills in subsequent courses [1], [2]. This
article proposes the development of a curriculum for
robotics that is both foundational and comprehensive.
Therefore, it is both similar to and different from these
two representative curricula due to the ability to have a
one-course offering or sequence of courses. In this article,
the motivation and an example of a component of the
curriculum are stated; however, a future event such as a
symposium or workshop that assembles stakeholders is
required for the creation of the curriculum.
It is important to note that the considered type of curriculum is of merit wherever the robot is being used in the
classroom. In the case of a course where a robot is used in
the process of discussing a concept like climate change, it
is still essential that the students and teachers are able to
effectively use the robot to accomplish their aim. Whether
learning about robots or learning with robots, it is essential that a robotics course provide an introduction to the
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key areas of robotics while focusing on encouraging
student engagement and exploration. Sometimes, robotics
may be taught as a one-time section, in after-school programs, or as supporting tools for other topics, thus it is
important that the curriculum allow for single activity or
lesson plans as well. To allow for this, the robotics curriculum should allow entry points at various stages in the
overall academic curriculum.
At present, however, there appear to be several reasons
presented by those who are hesitant about the introduction of robotics in the classroom. One element of the hesitation to adopt robotics may be from a failure of
stakeholders to articulate, confirm, and express whether
the learning efforts provide a transferable skill
or
what students are
Whether learning about
learning. For example,
some students may not
robots or learning with
value the robotics activity because they may
robots, it is essential that
not know how to apply
the skills they have
a robotics course provide
learned to similar or
an introduction to the key different contexts. Some
parents may fail to see
the value of the impact
areas of robotics while
of robotics work with
respect to standardized
focusing on encouraging
or state tests. Teachers
may also think it is not
student engagement
beneficial because of the
investment
in time to
and exploration.
prepare to teach with
robots, and they also
may not be able to see any real relevance to the curriculum or evidence of learning. Some school administrators
may be hesitant to invest because they have to balance
limited resources (capital investments and human
resources) with the evidence of the impact on grades and
other key school measurables. Some of these concerns
were confirmed in an informal survey of K–12 teachers
and administrators.
Despite the need for comprehensive inquiry, what is
clear at this juncture is that there is a need for a systematic approach to the integration of robotics in education.
This type of approach will permit coherent evaluation
and assessment in a wide range of learning environments,
enabling best practices to be derived and also to facilitate
principled debate about robotics as a resource for learning. If the investment in robotics at the institutional level
is large, then it becomes even more important to focus on
the assessment of robotics. Again, the role of systematic
study and systematic implementation is key. The creation
of a standard robotics curriculum can be used to start a
conversation on which a framework of assessment can
be built.
42
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Literature Review
To determine the landscape of evidence related to student
learning or achievement in robotics education, a literature
review was performed. Although it was possible to find
several small studies based on course or multiple course
implementation, there was no consistent method of assessment that could definitively provide evidence that robotics
education is working. There were several position papers
that highlighted the lack of evidence and provided some
recommendations for addressing the need for consistent,
formal assessment.
Johnson [3] states that much of the evidence that
robotics improves learning is anecdotal at best. It is necessary to show that there are major benefits at all educational levels as opposed to it just being a fad or fashion.
By creating a unifying standard for robotics education at
all levels, it may be possible to get this evidence. In [3], it
is stated that it is necessary for it to be universal and systematic to be sustainable and useful and that there is a
distinct difference between enthusiasm and learning.
Robotics is only useful for education if there are clear
learning outcomes, aims, and objectives. Some examples
of STEM domains that robotics can be applied to teach
include algebra and trigonometry, design and innovation,
electronics and programming, forces and laws of motion,
and materials and physical processes. Robotics is more
multidisciplinary and motivates more subjects in context
than other fields. For educators to use robotics in education, they must be confident with the subject matter, have
a means of filling in gaps in their knowledge, and they
must have support. It is also necessary to create a curriculum or teaching materials that is available to large groups
of people. Some other necessary tools for educators are
support materials that link into the curriculum, complete
lesson plans, templates that can be completed in a local
context, or just mapping of curriculum goals to robot
activities. We hope that the content of this article will
help with such a mission.
Mataric [4] states that there is a dearth of age-appropriate robotics teaching materials for K–12 and college
educators. It is important that materials be developed by
various educators. In addition, these materials should be
placed in a community, such as an online forum, to foster
collaboration. In theory, this forum will set the stage and
establish a pipeline into STEM by using robotics. This can
only be done by creating a cohesive framework for robotics education across all ages.
In [5], Nourbakhsh et al. state that there must be a
formal analysis methodology to demonstrate the positive
impact of robotics education. They provide statistically
significant evidence of broad learning, which contributed to the formal analysis of the effectiveness of robotic
education. This work was done on a seven-week robotic
autonomy course for high school students. The learning
themes were mechanics, programming, teamwork, problem solving, robot point of view, and self-identification
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with science and technology. There was a formative and
summative evaluation of the course, a broad evaluation
of all student experiences in the course, and an in-depth
study of one week of the course. Students completed
anonymous surveys about what they were learning every
week. There were also weekly interviews with the student teams for a total of nine hours, and students were
required to open source and document their programs
on the class website. There were also monthly online
surveys that asked students about their attitudes about
robotics, science, and engineering. This was done for six
months after the conclusion of the course and approximately two-thirds of the group completed them. The
interviews showed that 98.9% of the responses fit into the
learning themes, which supports the validity of the coding
scheme. One statistically significant result was with
respect to students providing specific statements about
robot technology. In addition, the student descriptions of
programming were statistically more significant at the end
of the course. Furthermore, the results indicated that
female students exhibited more confidence with technology and programming by the end of the course. It was
also possible to show that the goals of the course were met
with respect to supporting student engagement with
technology to increase interest, skills, and confidence.
There were several individual implementations of
mobile robotics courses or competitions that also provided some level of assessment of robotics education,
although it may not have been statistically significant.
Verner and Ahlgren et al. state that robotics education is
an effective means for introducing systems thinking,
cross-disciplinary learning, teamwork, and project
management skills. Their work is based on the integration of robotics into the curriculum at several different
schools as well as competitions such as firefighting robotics and the Association for Unmanned Vehicle Systems
International Intelligent Ground Vehicle Competition.
This work also reports that robot design is effective for
aiding students in achieving Accreditation Board for
Engineering and Technology, Inc., core outcomes A–K
[6]–[8]. Murphy [9] states that robotics competitions as
part of the education process can guide students through
Perry’s Stages of Intellectual and Cognitive Development:
dualism, multiplicity, relativism, and commitment. A
design competition can be used as motivating projects
for a robotics course or it can also be used as the course.
Chang et al. describe an undergraduate nonengineering
course for seniors that uses robots to introduce programming with electrical engineering theory [10]. The endof-course survey indicated that students felt that they
learned the most from the robotics application section, they
were inspired to learn, robotics fit their learning style, and
they were interested in the study and learning transferable
skills. There have been several robotics competitions,
including RoboCup Junior, FIRST League, World Robot
Olympiad, and BotBall, that have a positive impact on learn-

ing for the student participants [11]. Some of the positive
impacts on learning are increased confidence in using technology, understanding the role of STEM in the world, and
better understanding of STEM fields. Williams et al. [12]
also used assessment to show that it is possible to teach
K–12 math concepts by
using LEGO robotics.
Finally, Üçgül [13] proRobotics is only useful for
vides a very thorough
review of more literature
education if there are clear
related to the history and
educational potential of
learning outcomes, aims,
LEGO Mindstorms NXT.
It is evident from this
and objectives.
brief review that there
is a need for a formal
assessment of a robotics education curriculum; this article is
an attempt at providing such a framework.
K–12 Considerations
Our goal is to promote the design of a standard robotics
curriculum that will be appropriate to teach robotics to a
range of age levels and experiences. Since we are university professors, we are well aware of the benefits and challenges of adding such a curriculum at that level. However,
it was necessary to do more background research to learn
about the challenges at the K–12 level.
It is hypothesized that a course in robotics provides several benefits to K–12 education because robots are an ideal
artifact for teaching real-world application of math, science, programming, and engineering. It is also a great way
to increase students’ interests in the STEM fields. To determine the feasibility of integrating robotics into a K-12 curriculum, several teachers and administrators were
informally surveyed. The respondents were asked about
the benefits and challenges of integrating robotics into the
K–12 classroom. Many teachers could appreciate the benefits of robotics at this level but stated that the pressures of
standardized testing make it difficult to add more content
in the curriculum. They were very uncomfortable with the
technology aspect and recommended that the curriculum
may be better suited for an after-school, STEM, or honors
program. Therefore, the teachers felt that such a curriculum should be taught by technical professionals or nonteachers. One possible solution would be to offer summer
workshops in robotics for teachers where they would earn
professional development credit. The teacher could then
work with other like-minded individuals on strategies for
integrating robotics into the standard common core curriculum or as a cocurricular program.
Key Robotics Concepts
Guiding Principles
This article provides the guiding principles for defining
the concepts for use in a proposed standard robotics
JUNE 2016

IEEE

obotics
utomation
M AGA Z INE

t

IEEE ROBOTICS & AUTOMATION MAGAZINE

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

t

43

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

IEEE

obotics
utomation
M AGA Z INE

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

curriculum. As stated previously, this curriculum should
be flexible and easily or quickly deployable and applicable to various robotics platforms and educational contexts. We feel that this is a set of guiding principles that is
important because it addresses some deficiencies in existing curricula. These principles are necessary to enable
principled study in a variety of learning environments.
The curriculum should:
● provide learning objectives and examples of learning
modules for various robotics concepts, without focusing
on a particular hardware or software platform
● present a comprehensive set of competencies based on
these concepts for effective robotics understanding
● promote a set of competencies for using robotics concepts
to teach or reinforce cocurricular concepts (i.e., programming, engineering design, art, math, physics, etc.)
● offer flexibility across academic level or robotics
experience.
Based on these principles, the following section provides a
set of theoretical concepts for a robotics curriculum.
Preliminary Concepts
This section presents a preliminary set of key theoretical
concepts that any person studying robotics should know.
These concepts demonstrate an application of
the guiding principles to
Robots are an ideal
a few key topics in robotics education. It should
artifact for teaching realbe noted that in this
world application of math, application, the breadth
and the depth of coverage for each of these conscience, programming,
cepts is influenced by the
learning context, e.g., the
and engineering.
students’ academic and
robotics experience levels and the learning environment. For some of these concepts, there may also be some required prerequisite skills
based on the learning context. The proposed list of key
concepts provides one categorization for organizing lowerlevel concepts; however, as many concepts in robotics are
interconnected, there are several ways to organize them. A
more refined categorization should be developed through
future collaboration in the robotics community.
Key robotics concepts are (not in any particular order):
● robotics and society
● hardware
t components
t embodiment
t mechanical design
● sensors/perception
t distance/proximity
t tactile
● types of error
t sensors
44
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●

●

●

t thinking
t acting
planning/thinking/control schemes
t remote control
t autonomous control
t feedback control
t behavior-based control
t navigation
t localization
t mapping
acting
t actuators
t motors
t manipulators
t wheels
t gears
t kinematics
t forward
t inverse
programming algorithms—conditionals, loops, interrupts.

Robotics Curriculum Module Example
Motion Control
To demonstrate the application of the curricular criteria, it will be described in terms of a motion control
example. A student would benefit from knowledge of
motion control because it is a fundamental skill in robotics.
In general, motion control is how a user commands a robot
to perform certain motions or actions. For example, motion
control could be commanding a mobile robot to move forward, spin, pivot, or turn. Motion control could also be
commanding a manipulator joint to move to a given
angle or slide to a given distance. A set of recommended competencies for a module on motion control is listed here.
The student can
● demonstrate knowledge of motors, wheels, and odometry
error
● move a robot to a given pose (position and angle)
● move a robot to follow a path
● move a robot to avoid an obstacle.
Example objectives for secondary competencies based on
motion control are that students can
● use trigonometry to move the robot to a given pose
● apply physics concepts, such as d = rt, to move the robot to
a given pose
● program a sequence of robot motions
● demonstrate artistic expression with robot motion control.
Table 1 provides an example of how the high-level
motion control concept could be organized or adapted
to various academic or robotics experience levels. This
table indicates topics that may be taught to students and
is organized based on the robotics concept and the level
of prior robotics experience of the students. For example, for the Planning concept, a novice user would
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Table 1. Examples of teaching motion control concept to students at different levels.
Robotics Level
Robotics Concepts

Novice

Intermediate

Advanced

Sensors/perception

Direct user observation

Distance (sonar, infrared)
light (encoders, photoresistor)
tactile/proximity

Self-localization and mapping (SLAM),
Kalman filtering, object detection,
(Types of Error)

Planning/thinking/
control schemes

Teleoperation/remote
control (user controls)

Obstacle avoidance, potential
fields navigation, go to goal,
semiautonomous (via points),
bang-bang control

Wall following, bug algorithm obstacle
avoidance, object tracking, conditional
behaviors, adaptive autonomy, shared
autonomy, feedback control (P, PI, PID),
behavior-based control, potential fields
navigation

Acting

Simple motion commands Forward kinematics, inverse
graphical remote control
kinematics, dead reckoning

State estimation, state prediction and
modeling, (Types of Error)

Hardware

Motors, wheels, types of
actuators, types of sensors
battery, power

Encoders, ticks Ackermann steering
omnidirectional drive

DC versus servo motors, PWM
differential drive Ackermann
steering omnidirectional drive

Table 2. Sample lesson plan on motion for novice students.
Minimum Lesson Time

Intermediate Lesson Time

Extensive Lesson Time

Objectives

Draw fundamental
shapes, such as a line,
curve, angle

Draw simple figures or closed
shapes (triangle, circle, square)

Draw complex shapes (tree and
house, star, octagon, hexagon, spiral)

Background
knowledge

How to turn on robot,
how to enter commands,
how to execute
commands on robot

Geometry of desired shapes

Geometry of desired shapes

Activities

Make robot move in a
prescribed motion
following prescribed
instructions.

Make the robot move in a
desired motion to create a
specific shape.

Make the robot move in a desired
motion to create a specific shape.

Make the robot move in
a desired motion
modifying prescribed
instructions.

Provide several shapes made
from primitive motions and
allow students to attempt
them. Competition can be to
see who can create the most
shapes within some criteria,
such as most different size
circles on a fixed sheet of
paper or creates all of the required shapes in the
shortest time.

Next, given a drawing, without specific
prescribed steps, students design
programs for the robot to recreate
the drawing.

How the robot moves,
how precisely the path
meets the expectation

How the robot moves.
Does the figure close?

How the robot moves. Does the figure
close?

Are the dimensions what were
expected or calculated?

How similar are the drawings?

Types of error, effects of various
environments, translate robot
motion to dimensions

Decompose a task into the required
motion primitives.

Student observations

Robotics concepts

Translating task to commands robot can understand or use

Robot dance

typically begin with teleoperation regardless of the grade
level. If a student has prior robotics experience, it may
be more instructive to introduce planning with the
obstacle avoidance. Some topics at more advanced levels
actually build on skills from more than one key theoreti-

cal concept. For example, an advanced objective for
motion control could also use the skills from the Sensors/Perception or the Types of Error concepts to support
objectives of allowing the robot to correct its motion to
reach a particular goal.
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To further illustrate this example, Table 2 provides
sample motion control assignment goals for novice learners. The table reflects sample learning objectives, with recommendations for varying amounts of time available for
the lesson. A session on motion control for novice users
can accomplish basic objectives in minimal time or be an
extended lesson or unit, with more involved competencies
for those objectives.
Recommendations for other modules/labs might include
● line following—make the robot follow a straight line,
oval path, curved path, or paths with junctions for navigation decisions
● light following—make robot go toward light, away
from light, behavior-based control using Braitenberg
vehicles
● obstacle avoidance—robot stops at obstacles, moves
away from obstacles, uses potential fields to avoid
obstacles, bug algorithm, tangent bug algorithm
● wall following—robot follows wall using bang-bang,
proportional (P), proportional-integral (PI), proportional-derivative (PD), and proportional-integralderivative (PID) controllers
● maze solving—follow right to leave maze, uses state
machine to keep track of dead ends to exit maze
● path planning—uses wavefront propagation, A* or D*
search algorithm to move through the world
● localization—uses sensor signatures to localize with or
without movement
● mapping—uses sensor signature and a priori map
dimensions to create topological or metric map
● sensors—infrared (light, proximity, distance), bump/
contact/limit switch, encoder, gyroscope, global positioning system
● lights and sounds—make the robot flash lights or make
sounds, depending on the state or condition.
Conclusions and Recommendations
This article presented a framework for a preliminary
standard robotics curriculum for various academic and
robotics experience levels. The goal was to start a
conversation within the robotics community on this
topic. By having a common robotics curriculum, it may
be possible to assess the effectiveness and value of
robotics education on a larger scale. It is our hope that
this work will lay the foundation for creation of a set of
learning modules for robotics education. There were
several governing principles proposed for a standard
robotics curriculum, including being comprehensive,
flexible, generalizable, and applicable. The application
of these principles was illustrated on a high-level robotics concept motion control. This work has presented a
list of key robotics concepts and recommendations for
additional robotics modules that could be integrated
into the curriculum.
We feel that the next step in this process would be a
robotics education workshop/meeting that would bring
46
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together educators, administrators, and evaluators to collect, share, and categorize robotics education standards,
concepts, modules, etc. It will be used to create a framework for robotics education assessment.
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STORMLab for
STEM Education
An Affordable Modular Robotic Kit
for Integrated Science, Technology,
Engineering, and Math Education

By Ekawahyu Susilo, Jianing Liu, Yasmin Alvarado Rayo,
Ashley Melissa Peck, Justin Montenegro,
Mark Gonyea, and Pietro Valdastri

T

he demand for graduates in science, technology, engineering, and math (STEM) has
steadily increased in recent decades. In the
United States alone, jobs for biomedical
engineers are expected to increase by 62% by
2020, and jobs in software development and medical
science are expected to increase by 32% and 36%, respectively [1]. Combined with an insufficient number of
students enrolled in STEM fields, this will result in about
2.4 million STEM job vacancies by 2018 [2]. Therefore,
increasing the number of STEM graduates is currently a
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national priority for many governments worldwide. An
effective way to engage young minds in STEM disciplines
is to introduce robotic kits into primary and secondary
education [3]. The most widely used robotic kits, such
as LEGO Mindstorm [4], VEX Robotics [5], and
Fischertechnik [6], are composed of libraries of prefabricated parts that are not interoperable among kits from
different vendors. As recently surveyed in Kee [7],
alternatives to these popular kits are either highly modular
but very expensive (e.g., Kondo [8], Bioloid [9], Cubelets
[10], K-Junior V2, and Kephera [11]) and unaffordable for
the majority of schools, or single-configuration and lowcost robots (e.g., AERObot [12], iRobot [13], and Boe-Bot
[14]) with a restricted number of activities possible.
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An affordable solution
that provides a number
The robots can be
of interchangeable modules is littleBits [15].
programmed through a
This platform offers a
variety
of sensing and
web-based user interface
actuation modules that
use magnets to connect,
installed either
but it lacks programmability, thus limiting
as a plug-in or
students’ ability to learn
about
coding.
an app on the Google
In this article, we introduce the educational
Chrome browser.
STORMLab Modular
Architecture for Capsules (eSMAC) robotic
kit, a low-cost and interoperable robotic kit with a variety
of functional modules that can be easily connected together
with a snap-on three-wire magnetic connection. eSMAC
robots have a 40-mm diameter cylindrical footprint, with
functional modules that can be stacked on top of one
another. The available modules include actuation, sensing,
wireless communication, programmable units, and audio/
visual indicators. The robots can be programmed through
a web-based user interface installed either as a plug-in or
an app on the Google Chrome browser. At the time of
publication, eSMAC robots have been applied to different
educational activities, ranging from a robot soccer game
to maze exploration. These activities can be integrated in
core subjects of STEM curricula, such as physics, computer science, engineering, and math. The eSMAC
robotic kit is the educational version of the SMAC
design environment [16], [17] that aims to reduce the
barriers for design space exploration in the field of
medical capsule robots by providing an open source
library of hardware and software functional modules.
Role of Robotic Kits in Next-Generation
Science Standards
Here, we focus on the recent reform of STEM education in
the United States that is occurring with the introduction of
next-generation science standards (NGSS) [18] and on the
role that robotic kits may play in this new framework. This
shift in paradigm for education is specific to the United
States, but the same underlying concepts apply to STEM
education around the world. In the real-world application,
science relies on technology, mathematics, and engineering.
Engineering itself depends on findings from science and
applications of mathematics. Textbooks and lectures are
important for teaching, but adding hands-on connected
learning may improve understanding of the basic concepts
and, ultimately, engage more students.
The quality of STEM education in the United States
has been an ongoing point of concern for policymakers
and educators since the 1957 launch of the Soviet satel48
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lite Sputnik. Ever since then, there has been a consistent
push to ensure that students graduate prepared to join
and lead jobs in scientific and technological research
and innovation. Beginning in the 1990s, coordinated
efforts by the National Science Foundation (NSF), other
research-oriented groups, and teacher educators led to
the piecemeal adoption of science standards that
emphasize doing science using rote memorization of
facts. Teachers were encouraged to make lessons inquiry based and hands-on rather than rely on textbooks
and direct instruction.
The tools for implementing this type of instruction have
lagged behind the calls for better instruction. Depending
on the age and financial resources of students and the
school, science materials range from simple boxed kits that
allow students to verify known phenomena to sensitive
measuring devices that work as part of a larger teacher- or
student-constructed investigation. Unfortunately, the tools
that allow student-driven inquiry tend to come at a much
higher price than the heavily directed lab-in-a-box, leading
to a disparaging chasm of equality between schools that
have adequate funds and those that do not. Vernier markets digital classroom measuring devices [19] that work
well and are durable. For a physics lesson involving kinematics, Vernier’s Go!Motion measures and displays position, velocity, and acceleration to a high degree of accuracy
and precision. The cost of one motion detector and its requisite software, however, exceeds US$350. For a school to
stock a single science classroom with ample motion detectors for a class of 25 students to have enough to use in
groups, the school would need to spend around US$2,000.
This is a prohibitive amount for U.S. urban or rural public
schools, as well as for the average suburban private school,
especially given the fact that nowadays school teachers are
spending an average of US$500 of their own money on
classroom supplies [20].
Most STEM teaching and learning in K–12 grades in
the United States has focused on science and mathematics but very little on technology and engineering. Even
in schools that teach all four subjects, all are taught as
separate subjects instead of as an integrated curriculum.
This situation will eventually change with new reforms in
teaching and learning methods, placing more connection
among STEM disciplines. In April 2013, the National
Research Council, the National Science Teachers Association, the American Association for the Advancement of
Science, and Achieve released the NGSS for adoption by
state boards of education. In an explicit shift to ensure
that students know how to accomplish science, the NGSS
outline performance expectations that state how students
can demonstrate their mastery of a standard. These performance expectations are based on the science and engineering practices associated with the disciplinary core
ideas tied to each standard. Furthermore, the performance expectations are linked to other standards found
in common state standards for mathematics and language
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arts. The intent of the NGSS is that students must be able
to participate in the process of exploration and investigation that underlies science and connect the concepts
they internalize to material learned in other disciplines.
Students need a platform to link learning across a variety
of curricula that allows them to participate in the discovery process.
Just as with prior attempts at making science education more hands on and exploratory, the NGSS require
the proper tools to allow students to engage with their
environment in a process of discovery and refinement. To
ensure that these tools can reach even the most underfunded systems, schools, and classrooms, the tools must
be inexpensive (i.e., from US$100 to US$200 for a class of
25 students) and serve multiple purposes. A robotic kit
provides the means by which students can control and
engage their environment on their terms. A modular
robotic kit provides a base that can be connected to a
variety of sensors, actuators, and probes to make that
engagement of the environment robust. Students can
determine those modules that are most appropriate for
their investigation, perform the exploration, refine their
results, and repeat the investigation. Thanks to modularity, the same kit can be used by a variety of curricula
for different hands-on activities, thus facilitating the
ease with which students can make connections among
STEM disciplines.
Depending on the intensity of after-school programs
and subject diversity, schools may wish to obtain modular
robotic kits from more than one vendor. Unfortunately,
there is no written standard for educational robotic kits;
thus, each vendor designs and creates its own standard.
For example, LEGO Mindstorm [4] two-wire communication is a proprietary solution similar to I2C, which is
not physically compatible to a VEX Robotics [5] one-wire
interface. Even the physically compatible one-wire interface between two vendor-specific modules, such as Bioloid [9] and VEX Robotics [5], does not implement the
same communication protocol. Bioloid implements a serial multidrop protocol that works as simultaneous input
and output, whereas VEX Robotics can only be configured as an input or output at any one moment in time.
Although the ideal solution would be for all robotic kit
manufacturers to agree on a single communication standard that is easy to understand, multilingual, and platform independent, a more practical approach is to create
bridge modules. This would achieve interoperability
among kits from separate vendors, thus strengthening the
interconnections among different educational activities
and optimizing at the same time the investment in teaching equipment for the school. Thus, we propose a list of
requirements that eSMAC must and has already fulfilled:
module-level reconfigurability, reliable communication,
multilingual and easy-to-use software interfaces, an
affordable cost, and a variety of applications suitable for
NGSS-based STEM education.

The eSMAC Modular Robotic Kit
eSMAC Snap-On Modules
The eSMAC robotic kit has been designed to achieve ease
of use, modularity, interoperability, and low cost. Each
module implements a different function and can be connected to other modules with the use of three magnetic
contacts for synchronization, communication, and power
delivery. A programmable microcontroller is integrated
in each module to implement the communication protocol and user commands specifically related to the
module function.
In terms of functionality, eSMAC modules can be classified as follows:
● input: analog or digital inputs with sensing capabilities
(e.g., temperature, humidity, pressure, push button)
● output: analog or digital outputs with indicators (e.g.,
light, sound indicators)
● mobility: analog or digital outputs with rotational or
translational motion actuators [e.g., direct-current (dc)
brushed electric motor, dc brushless electric motor, servomotor, muscle wire]
● communication: analog or digital interfaces to communicate among blocks (Bluetooth, Wi-Fi)
● powering: analog interface with a source of power
(rechargeable battery, coin battery).
A selection of eSMAC modules is represented in
Figure 1. The diameter of each module is 40 mm, and the
thickness ranges from 6.4 mm for the module in (a) to
19.2 mm for the module
in (h). It is worth mentioning that for certain activiMost STEM teaching and
ties, size may become a
dominant requirement
learning in K–12 grades
over modularity. For this
reason, the module reprein the United States has
sented in (e) integrates
input, output, communifocused on science and
cation, and powering in a
single module. A twomathematics but very
wheel mobile robot composed of one powering,
little on technology
one communication, and
one mobility module, and
and engineering.
two input [barometer and
inertial measurement
unit (IMU)] modules is presented in Figure 2, next to a
table-tennis ball (40-mm diameter).
Every time an eSMAC module is powered on, either
by snapping on a battery module or snapping it onto a
group of modules, it begins to listen for synchronization
signals. These signals contain the channel that the modules are currently using, an advanced encryption standard (AES) encryption key for secure communication
and joining the network, and synchronization period. A
synchronization signal is sent periodically via a data
JUNE 2016
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(a)

(b)

(c)

N

(d)

(a)

(e)

(f)

(g)

(h)

Figure 1. A selection of eSMAC functional modules. (a) The
output module can be used to drive motors, relays, or buzzers to
generate sound; (b) communication module implements BLE;
(c) powering module with a lithium ion polymer battery and an
onboard charger; (d) powering module with a rechargeable coin
cell slot; (e) module embedding multiple functionalities (BLE,
IMU, barometer, and motor driver, all powered by a rechargeable
battery on the backside); (f) input module with an IMU; (g) input
module with a barometer; and (h) mobility module with two
independent brushed motors connected to rubber wheels.

Figure 2. A two-wheel mobile robot composed of powering,
communication, mobility, and two input (barometer and IMU)
modules next to a table-tennis ball (diameter 40 mm) for a size
comparison.

communication point by a master module. If a signal is
not detected after a certain period of time, the module
is allowed to promote
itself as master, assign
its own channel, and
If a signal is not detected
start sending its own
synchronization signal.
after a certain period of
If a synchronization sigtime, the module is allowed nal is detected, the newly
connected module will
to promote itself as master, try to join the network.
An example of the assembly process required to
assign its own channel,
build the robot represented in Figure 2 is provided
and start sending its own
in the supplementar y
downloadable multimesynchronization signal.
dia material.
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(b)

Figure 3. (a) A photo of magnetic contact polarities and (b) two
possible ways to stack modules.

Module Connectivity and Safety
Each module is designed and built on a fully assembled
printed circuit board (PCB) with three magnetic contacts
embedded in the PCB. For module interconnection safety,
those three magnetic contacts are placed at positions of
90° (S–N polarity for data communication point), 225°, and
315° (dual N–S polarities for powering points) around the
circular PCB, as shown in Figure 3(a). With this magnet
polarity placement, snapping modules together can only be
done in one way, leaving no room for errors. The dual N–S
polarities for power include a resettable fuse and reverse
polarity protection. Users do not need to worry about placing the battery in the wrong way, because issues arising
from reverse polarity are checked by a bridge rectifier built
into every module. Battery module placement can be
flipped, and the rest of modules can still maintain steady
power delivery, as illustrated in Figure 3(b); however, with
the data communication point left unconnected, the robot
is disconnected from the local network and becomes a
stand-alone device.
Software Architecture
Readability, Interoperability, and Multiplatform
Programmability
eSMAC software architecture is based on JavaScript Object
Notation [(JSON) https://developers.google.com/blockly).
This notation was selected because it is human readable, multilingual, and computer-platform independent. eSMAC
robots are controlled by commands in the form of JSON
strings sent from a controlling device such as a personal computer (PC), smartphone, or tablet. This string notation can be
roughly divided into two parts: a key and its properties. A key
can be any configurable part of the robot, such as a lightemitting diode (LED) indicator or a servomotor. The key can
be configured with one or multiple properties. For example,
an LED’s ON/OFF property can be denoted in 1 (ON) or 0
(OFF). JSON presents a simple way to group data together in
a straightforward manner, making it easy for programmers to
read and understand. To illustrate this, a simple example of
JSON to light up LED1 is represented by {“led1”:1}.
JSON strings can be exchanged among devices via serial port, Bluetooth, or Wi-Fi. Each eSMAC module has a
JSON interpreter, an embedded tool to parse received
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JSON strings. When a JSON string is received via serial
port, Bluetooth, or Wi-Fi, the interpreter processes the
string and informs the module of the next step. This
approach enhances the interoperability of eSMAC,
because it enables a clean-cut two-way communication
between the controlling device and each module, regardless of the type of communication channel chosen.
Another advantage worth mentioning is that JSON is
completely language independent. A variety of programming languages, such as C, can be used to parse and generate JSON strings. Similarly, JSON is supported by most
major operating systems (OSs) and platforms, including
Windows, iOS, Linux, and Chrome OS; this saves the
drudgery of converting languages for different systems
and platforms.
The Google Chrome app Integrated Rapid Prototyping
Toolkit (SMAC-IRP) has been created based on the opensource Espruino environment (https://github.com/espruino/
Espruino)
_______ to manipulate JSON strings. SMAC-IRP
includes a terminal window, a code editor, and Google
Blockly (https://developers.google.com/blockly), with a
JavaScript interpreter. The terminal window allows a user
to type a command in JSON and sends it to the module
connected to the controlling device; the process can be
reversed for the module to send feedback to the controlling device. The code editor has a similar functionality
except that it allows users to modify the code before sending it to the module. To make the programming process
more engaging for students, Google Blockly has been
incorporated into SMAC-IRP. Blockly is a visual programming tool that breaks down all programming elements
into different blocks. A unit of block may represent a function or a loop; when students step through a program built
by blocks, a corresponding block will be highlighted to
indicate the step currently in process. In this way, students
can easily see the way in which a program flows and
understand the logic behind it. Meanwhile, in the background Blockly’s JavaScript interpreter converts the blocks
into actual code that can then be processed and executed
by the computer. The visual and interactive features of
Blockly make it an ideal tool to teach students basic programming. The SMAC-IRP is available for download at
https://github.com/SMACproject/SMAC-IRP and is compatible with different operating systems, as long as a
Chrome or Chromium browser can be installed. A screenshot of the SMAC-IRP programming environment with
Google Blockly parsing code and steps through the program is presented in Figure 4.
Synchronization
The JSON parser used for interpreting commands and
responses can also be used to parse synchronization signals. A synchronization signal is sent periodically over a
local/wired connection by the master module to inform all
of the connected modules which local/wired network that
they will join. This synchronization signal contains infor-

Figure 4. A screenshot from the SMAC-IRP programming
environment, with the terminal in the left panel and Google
Blockly in the right panel.

mation about wireless channel/frequency, the wireless AES
encryption key for secure communication over the wireless connection, and synchronization period. Any module
connected to a master module has to listen to the synchronization signal and set all wireless radio transceiver
parameters accordingly.
Bluetooth Communication
Once JSON communication and data synchronization are
set up, a Bluetooth mobile application can be used to control the functionalities of eSMAC robots. Bluetooth has
many advantages for the eSMAC platform, including low
energy and a reliable and private connection over large
distances. Because most smartphones and tablets today
are equipped with Bluetooth compatibility, this provides
great flexibility for devices that can be used to control
the modules.
Anaren Atmosphere Developer (https://atmosphere.
______________
anaren.com) was used to create and design a mobile application that connects with the Bluetooth low-energy (BLE)
module on the robot. This online development environment provides a user-friendly platform to quickly create
smartphone applications in which the app and firmware
for the chip are developed simultaneously. The developer
provides the combination of a graphical user interface
along with C and JavaScript coding that is easy to use and
maintains a wide range of functionalities. Another benefit
of the Atmosphere Developer is compatibility with many
different platforms. Because the development environment is online, this allows access to the same documents
from any PC, with a web browser running any operating
system. The Atmosphere app can be downloaded on both
Apple and Android smartphones and tablets, and the
Developer offers support for creating graphical layouts to
fit screen sizes of any device. These benefits make it easy
to create new apps to expand the capabilities of the robots
even further.
When a robot is powered up and all modules are synchronized, the Bluetooth application built with Anaren Atmosphere can send signals containing commands and data to
the robot BLE module. The BLE module will send signals to
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Table 1. Cost breakdown for the eSMAC toolkit.

Estimated
Cost (US$)

Robot base

IMU

Barometer

BLE module

Battery

Charger

Buzzer

LED

Total

30

10

15

30

5

5

15

10

120

the other modules through the communication point,
instructing them to synchronize to the same channel. After
this, all modules will be on the same channel and able to
communicate through wireless. Then, each module that
receives a command will parse it with an embedded JSON
parser. In this manner, all modules receive and process the
same information sent by the Bluetooth application. In a nutshell, all modules synchronize to the same wireless channel
first. Then the master module (in this case, the BLE module)
receives data in the form of JSON strings through a serial port,
Bluetooth, or 802.15.4 wireless. Other modules then communicate and exchange data, also in the form of JSON strings,
through wireless communication. JSON strings can be used as
commands, for receiving feedback of sensor status, and for
sensor data collection over a wired or wireless connection.
Cost Breakdown
A low-cost and flexible toolkit can help to provide an affordable STEM education for middle and high school students.
One advantage of the eSMAC toolkit over similar robotic kits
is its fairly low cost. For estimation purposes, we give a rough
cost breakdown in Table 1 of different modules and hardware
parts of the eSMAC kit, based on a manufacture environment
outside of a university research lab. The total estimated cost of
an eSMAC toolkit is less than US$150, an affordable amount
for average public schools given current budgets [20]. In addition, the toolkit does not need to be purchased as a whole:
Teachers can buy only those parts or modules that they need
and avoid unnecessary expenses for irrelevant parts.
Application Examples
With the support of versatile software architecture and flexible hardware configurations, eSMAC robots have so far

Figure 5. Four eSMAC robots playing two-on-two robot soccer
with a table-tennis ball.
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been implemented in a variety of hands-on applications fitting different STEM curricula.
Robot Soccer Game
One possible application of the eSMAC robotic kit is
robot soccer. Multiple users each control their own robot
with a smartphone app to play soccer with a table-tennis
ball in a miniature game field, as seen in Figure 5 for a
two-on-two game. Each robot is composed of three modules implementing mobility, communication, and powering functionalities. A smartphone app developed with
Anaren Atmosphere for the eSMAC BLE module sends
JSON commands to the robots using Bluetooth. The
smartphone can also receive feedback from the robot
when the JSON commands are processed. The Bluetooth
connection is ideal for a soccer game because it provides
an exclusive point-to-point connection from the smartphone to the robot, allowing several users to control their
own robot and play on teams. See Figure 6 for block diagrams used for two-on-two soccer. An example of a robot
soccer game implemented with eSMAC robots is provided
in the supplementary downloadable multimedia material.
Playing robot soccer is an effective introduction to
eSMAC robots, because no prior knowledge of robotics is
required. Although some may question the educational merit
of playing robotic soccer in a classroom, the amount of
learning that can take place is significant. For instance, in a
computer science classroom, object-oriented programming
could easily be taught by creating a robot class that is responsible for controlling each robot. A computer science teacher
could then easily hand over that class to students and inform
them that a forward in the game is indeed a soccer player,
but it would behave differently from a goalkeeper, who is also
of the same class soccer player. Students may be able to
derive a subclass that inherits from the original class of soccer player and then instantiate their own players based on the
created classes and subclasses. This example illustrates an
opportunity for a teacher to model, in a tangible manner, an
abstract concept such as class creation of object-oriented
programming. The cost of materials to create the mini-soccer
game field is approximately US$10 (two 20×30-in foam
boards, box cutter, glue, and table-tennis ball), and a single
modular soccer player costs about US$70 (robot base, BLE
module, rechargeable battery module, and battery charger).
The Maze Explorer
Another application of the eSMAC robotic kit is in a
maze unit plan that aligns with middle-grade-level
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Smartphone 1
JSON Command
(Bluetooth)
eSMAC Robot 1
Bluetooth Module
JSON Command
(RF Channel 12)

Smartphone 2

Smartphone 3

JSON Command
(Bluetooth)
eSMAC Robot 2
Bluetooth Module

Smartphone 4

JSON Command
(Bluetooth)

JSON Command
(Bluetooth)

eSMAC Robot 3

eSMAC Robot 4

Bluetooth Module

JSON Command
(RF Channel 14)

Bluetooth Module

JSON Command
(RF Channel 16)

JSON Command
(RF Channel 18)

Base Module
(Control Motion)

Base Module
(Control Motion)

Base Module
(Control Motion)

Base Module
(Control Motion)

Battery Module

Battery Module

Battery Module

Battery Module

Figure 6. A diagram of modules used to implement two-on-two robot soccer.

Computer with
SMAC-2530 Board
JSON Command
(802.15.4 Wireless)
eSMAC Maze Explorer
Base Module
(Control Motion)
JSON Command
(Wired Data Bus)
IMU Module
Battery Module

Figure 7. A maze explorer and diagram of modules used for its implementation.

physical science standards or secondary-grade-level engineering design standards. Students begin by learning
about and completing mazes while reflecting on the processes they follow to run through the maze. As an introduction to robotic programming and control, the students
begin navigating the robot through a maze of their own
design. They must then navigate the robot through the
maze again, using a preprogrammed series of steps that
they calculate using basic constant velocity equations and
measurements of the maze. Repeated iterations of this
task instill an understanding of the challenges and limitations in programming robots. The final lesson of the unit

requires the students to construct their own hypothetical
robot design for navigating the maze, which they then
present and defend to other classmates. In this case, the
robot takes advantage of an input module (IMU or range
sensing) to detect contacts with the maze walls, a mobility module, and a powering module. A maze explorer and
its block diagram are shown in Figure 7. The cost of materials to create the reconfigurable maze is about US$10
(two 20 × 30-in foam boards and box cutter), and one
modular maze explorer costs approximately US$50
(robot base, IMU module, rechargeable battery module,
and battery charger).
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Put eSMAC
Module in a
Tennis Ball

Send JSON
Command to
Record IMU Data
JSON Command
(802.15.4 Wireless)

eSMAC All-in-One-Module
Embedded
Accelerometer
Acceleration and
Orientation Data
Embedded Flash Memory
Battery Module

JSON Command
(802.15.4 Wireless)
Send JSON
Command to Read
Recorded Data

Data Stream
(802.15.4 Wireless)

Receive the
Data on a
Computer

Figure 8. A multifunctional module embedded in a tennis ball and its block diagram.

Multifunctional Module for Experiments
in Dynamics
The multifunctional module represented in Figure 1(e),
which includes a barometer, an IMU, BLE connectivity, and
a coin cell rechargeable battery, can be inserted into a tennis ball or tied onto a water bottle rocket to measure acceleration, orientation, and altitude. Data can be transferred
from the module to a
student’s PC once the
experiment is over. The
Thanks to modular
cost of the multifunctional module, representhardware and
ed in Figure 8 together
with its block diagram, is
interoperable software
about US$40.
With the ability to
architecture, the eSMAC
embed this multifunctional module in a tennis
kit can be used to engage
ball, mathematics and
science teachers can colstudents in different reallect actual data from an
world experiments related object in flight and use
that data as a model for
investigating trajectories
to a variety of curricula.
of objects. In terms of
learning outcomes, this
application offers students hands-on experience with physics concepts such as acceleration, velocity, and atmospheric
pressure. Investigations using this affordable tool can
reveal to students many standards that teachers set out to
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share. When students develop their own conclusions,
learning becomes much richer and long lasting. The
requirements set by the NGSS can be easily met using this
modular equipment in a classroom.
Conclusions and Future Work
The eSMAC robotic kit is designed in collaboration with
high school teachers for improving STEM education along
the lines suggested by NGSS, recently introduced in the
United States, that call for a more effective integration when
teaching science and engineering. Thanks to modular hardware and interoperable software architecture, the eSMAC kit
can be used to engage students in different real-world experiments related to a variety of curricula. This has the potential to facilitate an integrated approach to STEM education.
Another advantage of the proposed platform is the extremely low cost of the modules, which makes eSMAC an affordable teaching tool for most schools. Expected learning
outcomes range from composing code for programming a
robot to a deeper understanding of physical quantities and
real-world experiments. Because the software is open
source, students can download and change the source code
to add functionalities of their choosing.
Future work will progress in parallel directions to
expand the module library, enhance system reliability, and
deploy eSMAC into the classroom. In particular, we plan to
design additional modules to increase the number of experimental activities and lesson plans for STEM curricula. The
next modules in our pipeline include Wi-Fi connectivity,
aerial mobility with a quadrotor-inspired base, and range
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sensing via optical and ultrasound techniques. We also plan
to implement bridge modules based on JSON to enable
interoperability with LEGO Mindstorm and VEX Robotics
kits. In addition, during demos of the eSMAC robots to students, we observed that the robot plastic base, which contains the motors, is not robust enough for extensive
classroom use. The same concern also applies to unprotected PCBs. To enhance the overall physical reliability of the
toolkit, we plan to design and include durable transparent
cases for each module. We will deploy eSMAC robotic kits
into a number of local high schools to collect a quantitative
analysis of educational outcomes. In particular, students
will be evaluated to compare cognitive gains on standardized science and math tests, and attitudes toward careers in
research science, college admission, and choice of major.
Student data will be divided into two groups: students in
math and science sections using the eSMAC robots, and
students in math and science sections using traditional
textbooks and lab kits. Both groups will complete a survey
and relevant standardized tests at the beginning and end of
the semester. Results will be compared to quantify the
impact of the eSMAC robotic kit.
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Learning by
Teaching a Robot
The Case of Handwriting

By Séverin Lemaignan, Alexis Jacq, Deanna Hood,
Fernando Garcia, Ana Paiva, and Pierre Dillenbourg

A Different Paradigm
for Educative Robots
homas (all children’s names have
been changed) is five and a half
years old and has been diagnosed
with visuoconstructive deficits.
He is under the care of an occupational therapist and tries to work
around his inability to draw letters in a
consistent manner. Vincent is six and
struggles at school with his poor handwriting and even poorer self-confidence.
Whereas Thomas is lively and always
quick at shifting his attention from one
activity to another, Vincent is shy and
poised. Two very different children,
each one facing the same difficulty to
write in a legible manner. Additionally, hidden beyond these impaired
skills, psychosocial difficulties arise:
they underperform at school. Thomas
has to go for follow-up visits every
week, and they both live under the
label of “special care.” This is a
source of anxiety for the children
and for their parents alike.
Remediations for handwriting
difficulties traditionally involve
long interventions (at least ten weeks
[6]), essentially consisting of handwriting training
with occupational therapists and primarily addressing the
motor deficits. Improvements in self-confidence and anxiety occur (at best) as a side effect of the children improv-
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ing their handwriting skills and, consequently, improving
their performances at school. In this article, we present a
new take on this educative challenge: a remediation procedure that involves a bad writer robot that is taught by
1070-9932/16©2016IEEE
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the child. By building on the learning by teaching paradigm, not only does the child practice handwriting, but
also, as they take on the role of the teacher, they positively
reinforce their self-esteem and motivation: their social
role shifts from the underperformer to the one who
knows and teaches. In addition, by relying on a robot, we
can tailor the exercises and the learning curve individually to each child’s needs as we will show in this article.
Learning by Teaching Handwriting
The learning by teaching paradigm, which engages the student in the act of teaching another, has been shown to produce motivational, metacognitive, and educational benefits in
a range of disciplines [14]. The application of this paradigm to
handwriting intervention remains, however, unexplored. One
reason for this may be due to the requirement of an appropriately unskilled peer for the child to tutor: this may prove difficult if the child is the lowest performer in the class. In some
cases, it may be appropriate for a peer or a teacher to simulate
a naive learner for the child to teach. For handwriting, however, where one’s skill level is visually evident, this acting is likely
to be rapidly detected. This motivates the use of an artificial
teachable agent that can be configured for a variety of skill
levels and for which children do not have preconceptions
about its handwriting ability.
Robots have been used as teachers or social partners to
promote children’s learning in a range of contexts, most commonly related to language skills [4] and less often to physical
skills (such as calligraphy [12]). Looking at the converse
(humans teaching robots), Werfel notes in [18] that most of
the work focuses on the robot’s benefits (in terms of language
[15] or physical [13] skills, for example) rather than the learning experienced by the human tutor themselves. Our work
concentrates on this latter aspect: by demonstrating handwriting to a robot, we aim at improving the child’s performance. A
robotic learning agent that employs the learning by teaching
paradigm has previously been developed by Tanaka and Matsuzoe [17]. In their system, children learn vocabulary by
teaching the NAO robot to act out verbs. The robot is teleoperated (Wizard of Oz) and mimics the actions that the children teach it but with no long-term memory or learning
algorithm in place. Our project significantly extends this line
of work in two ways. First, by investigating the context of the
children’s acquisition of a challenging physical skill (handwriting) and second by proposing a robotic partner that is fully
autonomous in its learning.
Agency and Commitment
We also investigate a particular role for a robot in the education of handwriting: not only is the robot actively performing
the activity by drawing letters, but it also does so in a way
that engages the child in a very specific social role. The child
is the teacher in this relationship, and the robot is the learner:
the child is to engage in a (meta) cognitive relationship with
the robot to try to understand why the robot fails and how to
best help it. Here, the robot is more than just an activity facil-

itator or orchestrator—its physical presence and embodiment induce agency and anthropomorphizing and
cognitively engage the child into the learning activity (be it
consciously or not).
The commitment of the child into the interaction builds on a
psychological effect known as the protégé effect [2]: the teacher
feels responsible for his
student, commits to the
student’s success, and posThe learning by teaching
sibly experiences the student’s failure as his own
paradigm, which engages
failure to teach. Teachable
computer-based agents
the student in the act of
have previously been used
to encourage this protégé
teaching another, has
effect, wherein students
invest more effort into
been shown to produce
learning when it is for a
teachable agent than for
motivational, metathemselves [2]. We rely on
this cognitive mechanism
cognitive, and educational
to reinforce the child’s
commitment into the
benefits in a range
robot-mediated handwriting activity, and we show
of disciplines.
sustained child–robot
engagement over extended periods of time (several hours spread over a month).
For these two reasons, our approach is to be distinguished
from previous works on educational robotics. Most of these
do not consider the agency induced by the robot beyond its
motivational aspect (playing with an interactive partially
autonomous device induces excitement—at least, for the
short term). In our case, the role of agency is stronger: it
induces metacognition (“I am interacting with an agent, so I
need to reflect on how to best teach him”), which is beneficial for the learning process; it also induces a protégé effect
(“I want my robot–agent to succeed!”), which also supports
the commitment of the child into the interaction for longer
periods of time. These initial considerations can be turned
into a set of research questions:
● How to develop a fully autonomous robotic system that
produces believable handwriting, fosters interaction, and
adequately learns from the children’s demonstration?
● Can such a system be accepted by children and practitioners alike and eventually be integrated in existing educative
and therapeutic practices?
● Can we build and evidence interactions that sustain children’s engagement over extended periods of time?
● Is this novel approach effective?
● Do we evidence actual handwriting improvements by children facing difficulties?
Implementation of the Interaction
Figures 1 and 2 illustrate our general experimental setup: a
face-to-face child–robot interaction with an autonomous
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Figure 1. Thomas teaching a NAO robot how to write numbers
with the help of an occupational therapist. (Photo courtesy of
Séverin Lemaignan.)

Figure 3. Vincent correcting NAO’s attempt by rewriting the
whole word. Empty boxes are drawn on the screen to serve as
a template for the child and to make letter segmentation more
robust. (Photo courtesy of Séverin Lemaignan.)

Figure 2. Our experimental setup: the robot writes on a tactile
tablet, and the child then corrects the robot by overwriting its letters with a stylus. An adult (either a therapist or an experimenter)
guides the work (prompting, turn taking, etc.). For some studies, a
second tablet and an additional camera (dashed) are employed.

Aldebran’s NAO robot. A tactile tablet is used for both the
robot and the child to write. During a typical round, the
child requests that the robot write something (a single letter, a number, or a full word) and pushes the tablet toward
the robot. The robot writes on the tablet by gesturing the
writing in the air, the letters actually being drawn by the
tablet application itself. The child then pulls back the tablet, corrects the robot’s attempt by writing herself on top of
or next to the robot’s writing (see Figure 3), and sends her
demonstration to the robot by pressing a small button on
the tablet. The robot learns from this demonstration and
tries again.
Since the children are assumed to take on the role of the
teachers, we had to ensure they would be able to manage the
turn taking and the overall progression of the activity
58
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(moving forward to the next letter or word) by themselves.
In our design, the turn taking relies on the robot prompting
for feedback once it is done with its writing (through simple
sentences, such as “What do you think?”) and pressing on a
small robot icon on the tablet once the child has finished
correcting. In our experiments, once introduced by the
experimenter, both steps were easy to grasp for the children.
Implementing such a system raises several challenges: first,
the acquisition, analysis, and learning from hand-written
demonstration, which lies at the core of our approach,
necessitates the development of several algorithms for the
robot to initially generate bad writing and to respond in an
adequate manner, showing visible (but not too quick)
writing improvements. Then, the actual implementation on
the robot requires the coordination of several modules
(from performing gestures and acquiring the user’s input to
the state machine implementing the high-level behavior),
spread over several devices (the robot itself, one laptop, and
up to four tactile tablets for some of the studies that we conducted). We relied on the Robot Operating System (ROS) to
ensure the synchronization and communication between
these modules.
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Generating and Learning Letters
Since our application is about teaching a robot to write, generating (initially bad) letters and learning from writing demonstrations are core aspects of the project. The main insight for
both the generation and the learning of letters is to reason
about the shape of the letters in their eigenspace, instead of
the natural Cartesian space. The eigenspace of each letter is
spanned by the first n eigenvectors (in our experiments, 3 < n
< 6) of the covariance matrix generated from a standard dataset of adult letters (UJI Pen Characters Data Set, version
2 [11]). Our method, based on a principle component analysis (PCA), is presented in [5]. New letters are generated by
varying the weightings in linear combinations of these eigenvectors with distortions that are actually plausible handwriting errors: they are exaggerations of variations of writing
styles that naturally occur among adult writers. Figure 4
shows examples of a deformed “g” generated with such a technique. The same shape model can also be used to classify
demonstrations, assess their quality, and learn from them.
Figure 5 shows, for example, nine allographs of “h” written by
a six-year-old child, along with the reference shape. By
projecting each of the demonstrations onto the eigenspace
of h [Figure 5(b)], we observe that:
● The different allographs can by clustered (with a k-means
or mean-shift algorithm) by their visual styles.
● We can compute a Euclidian distance to the reference letter
to assess the topological proximity of the demonstration
with the expected letter, thus, providing a quantitative metric of writing performance.
The algorithm for machine learning then becomes a simple
matter of converging at a specific pace toward the child’s demonstration in the eigenspace. Figure 6 illustrates the process
with a complete learning cycle of the number six.

Figure 4. Generating bad letters: effect of independently varying
the weightings (columns) of the first five eigenvectors (rows)
of the shape model of the letter “g.” Examples (a)–(d) illustrate
how the PCA-based approach allows for the automatic generation of letters whose errors are typical of children handwriting:
(a) has too large a bottom loop, (b) has a wide top loop, the
bottom loop of (c) is not correctly closed, the top loop of (d) is
not closed, etc.

Robotic Implementation
Our system is embodied in an Aldebaran NAO (V4 or V5,
depending on the study) humanoid robot. This choice is
motivated by its approachable design [3], size (58 cm), inherently safe structure (lightweight plastic) making it suitable for
close interaction with children, low price (making it closer to
what schools may afford in the coming years), and ease of
deployment in the field. Robotic handwriting requires precise closed-loop control of the arm and hand motions.

Eigenspace of Shape: h
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Figure 5. Projecting demonstrated letters onto the eigenspace generated from the reference dataset effectively clusters the samples
according to their topological similarity. Allographs that are similar to the reference are close to it in the eigenspace. (a) Nine allographs of the cursive “h” next to the reference, and (b) the same samples normalized and projected in the eigenspace spanned by
the first three eigenvectors: clusters arise that actually match writing styles.
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Figure 6. The demonstrations provided by Thomas for the number 6 (top row) and corresponding shapes generated by the robot. The plot beneath shows the distance to the reference shape
(in the eigenspace of the shape) to Thomas’ demonstrations
and to the robot’s attempts. After eight demonstrations, Thomas
decided that the robot’s 6 was good enough and switched to
another character. In that respect, he was the one leading the
learning process of the robot.

Because of the limited fine-motor skills possible with such an
affordable robot, in addition to the absence of force feedback,
we have opted for simulated handwriting: the robot draws
letters in the air, and the actual writing is displayed on a synchronized tablet.
The overall architecture of the system is, therefore,
spread over several devices: the NAO robot itself, which we
address via both an ROS application program interface
(API) and the Aldebaran-provided NAOqi API, one to four
Android tablets (the main tablet is used to draw the robot’s
letter and to acquire the children’s demonstrations; more
tablets have been used in some studies, either to let the child
input words to be written, or for the experimenter to qualitatively annotate the interaction in a synchronized fashion),
a central laptop running the machine-learning algorithms,
the robot’s handwriting gesture generation (based on the
NAOqi inverse kinematics library), and the high-level control of the activity (relying on PYROBOTS [10] and a custom finite state machine). Since the system does not actually
require any central-processing-unit-intensive processes, the
laptop can be removed,
and the whole logic can be
run on the robot. Due to
From a technical
the relative difficulty to
deploy and debug ROS
perspective, the system
nodes directly on the
allows a technically sound robot, the laptop remained, however, convenient
during the development
autonomous interaction.
phase, and we kept it during our experiments.
Most of the nodes are written in Python, and the whole
source code of the project is available online (the primary
60
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Figure 7. The first field studies were focused on technical validation with more than 70 pupils interacting with the robot over
short periods (between 10 and 25 min), either alone or in small
groups. (Photo courtesy of Séverin Lemaignan.)

repository is https://github.com/chili-epfl/cowriter_letter_
learning).
______ The details of the technical implementation are
available in [5].
Field Studies
The system has been deployed and tested in several situations: in three different schools (more than 70 children aged
five to eight and relatively short duration interactions), in an
occupational therapy clinic (eight children, each interacting
for several hours with the system), and during two case studies that each lasted several weeks. We report, hereafter, the
main design choices and results for each of these studies and
experiments. The interested reader can find supplementary
details in [7], [5].
System Validation at Schools
Over the two years of the project, we conducted four studies
in schools (Figure 7). These experiments were meant to
technically validate the system (is it actually able to autonomously write and learn from handwriting demonstrations?)
and test the interaction (is the apparatus easy to grasp and to
interact with for children?). We also studied the initial acceptance of the robot in the school environment (through several
formal and informal discussions with teachers) and how children engage with the robot (and maintain or not this engagement). Critically, these studies were conducted with whole
classes: we decided not to select specifically underperforming
children as having more children (73 in total) was beneficial
for these preliminary studies. In addition, due to ethical concerns, this would have required complex organization with
the school, which we wanted to avoid at the validation stage.
System Validation
From a technical perspective, the system achieves an
acceptable level of reliability and allows a technically
sound autonomous interaction. For instance, during the
second school study (School B), the robot withstood
interactions that lasted for a total of 160 min. During this
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time, the robot wrote 335 letters, 152 of which were in
response to demonstrations received from the 21 children.
Technical intervention was only required for the three
instances where the robot fell during that day. Otherwise,
the technical components of the system operated autonomously and as expected with all the groups of children.
Due to the modular software architecture (mostly independent ROS nodes), the occasional crashes occurring
during others studies were usually quickly resolved by
relaunching the faulty node alone and did not significantly impact the interaction. The otherwise technical limitations were related to some letters or writing styles (most
notably, the ones requiring multiple strokes per letter) not
being adequately processed by the learning algorithm.
Support for such letters was added as a follow-up to the
validation studies.
Acceptance
Children’s recognition that the robot is writing by itself is critical for our approach to be effective. When asked, no child
indicated that they did not believe that the robot was writing
by itself. There were, at times, questions about the robot’s
writing without a pen at the beginning of the interaction, but
when advised that the robot tells the tablet what it wants to
write, this was accepted by the children. During two focus
groups organized with teachers, they welcomed the approach
and recognized it as useful and promising; this was a posteriori confirmed by multiple spontaneous contacts made by parents and therapists who were looking forward to using the
system with their children.
Sustained Engagement
Factually, the children engaged into the teaching activity: in
the study at school B, for instance, they demonstrated an
average of 10.9 demonstration letters [standard deviation
(SD) = 4.4] for an average session duration of 11 min. In
nine out of the 14 sessions (64%), the robot received demonstration letters even after reaching the final stage of the
interaction, suggesting an intrinsic motivation to further
engage in the interaction. We also conducted a quantitative
assessment of the engagement levels of the children. Table 1
reports the levels of with-me-ness of the children during the
second study at school A. With-me-ness is a quantifiable precursor of engagement: it measures the percentage of time
spent by the child focusing on the task at hand [9]. We compute it by first estimating the focus of attention of the child
over the course of the interaction (using real-time six-

dimensional head pose estimation) then, by matching this
measured focus of attention with the expected attentional
targets. For instance, when the child is supposed to write a
demonstration, we expect her to look at the tablet if she is
actually engaged into the task; when the robot is telling a
story, we expect the engaged child to look at the robot, etc.
The average with-me-ness is well above 80% and confirms
that the children were very much engaged in these 20 min of
interaction with the robot, paying close attention to the task.
Clinic Study: How Children Take on the
Role of a Teacher
Context, Study Design
This experiment was conducted to study how easily children
with actual deficits take on the role of a teacher and
to what extent they adopt this role (measuring actual
handwriting improvements was not a primary
goal of this experiment).
Children’s recognition that
The experiment took
place at an occupational
the robot is writing by itself
therapy clinic in Normandy, France. Eight
is critical for our approach
children participated,
selected by the occupato be effective.
tional therapist based on
their ages and type of
deficit (all related to
handwriting). Given their ages (six to eight years old) and
school year, all of these children would be expected to know
how to correctly shape cursive letters. Each child attended,
three times, a 1-h-long session spread over two weeks
(except for two of them who only attended one session). The
experimenter’s role was limited to the explanation of the
task and the basic tablet usage. The children were provided
with two tablets: one to choose the words (or letters) to
teach to the robot, and one to write.
We only provided the children with minimal explanations
on the task (they would have to help the robot to improve its
writing style) so as to assess if and how the children would
naturally take on the role of the teacher. We additionally
assessed how seriously they engaged into helping the robot
through two additional buttons on the tablet: a green thumbs
up and a red thumbs down. The children were told to freely
use them to evaluate the robot’s improvements (thumbs up
to give positive feedback, thumbs down to give negative

Table 1. The Levels of With-Me-Ness.
Child
W

1

2

3

4

5

6

79.4%

81.6%

90.5%

87.9%

90.7%

80.9%

M
85.2%

SD
5.1

Percentage of interaction time during which the child was effectively focusing her attention on the task. The six children are those from the second
study at School A. Interaction duration: M = 19.6 min, SD = 1.58. Results taken from [9].
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(a)

(b)

Figure 8. The text (in French) generated by the robot before and
after a 1-h-long interaction session with the child. The red box
highlights one instance of striking improvement of the robot’s
handwriting legibility “envoyer.” (a) Some initial text, generated
by the robot, and (b) the final text, after training with Vincent.

feedback). Our assessment builds on the hypothesis that
the more the child provides feedback to the robot, the
more they assume the
role of a teacher. Then,
Robots in an educative
by correlating the feedback with the actual percontext are certainly
formance of the robot,
we can measure to what
relevant and effective
extent the children are
adopting their teacher
beyond science,
role: if their feedback
does correlate with the
technology, engineering,
actual performance of
the robot, the child has
and mathematics teaching. likely successfully adopted the teacher role.
Results
All children maintained their engagement during the
whole sessions. They provided, on average, 42 demonstrations per session. All children used the feedback buttons (in
total, 99 thumbs up and 33 thumbs down were recorded).
This indicates that they were all able to engage into playing
the role of a teacher. To study the correlation between the
children’s feedback and the actual improvements of the
robot, we estimate the robot’s progress as the difference
between an initial score (Euclidian distance between the
shape drawn by the robot at its first attempt and the shape
of the reference letter) and the robot’s score at the current
round of demonstrations. We then correlate this progress
to the positive or negative feedback provided by the children (details of the method as well as the complete results
are presented in [7]).
We found that the feedback of five out of the eight
children did significantly correlate with the actual performance of the robot. This indicated that these children were effectively taking on the teacher’s role and
were seriously providing feedback to the robot. The
62
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observation of the three remaining children revealed a
variety of behaviors (for instance, one was actually rating how nice the robot was, and another one had rather
artistic writing style preferences that were independent
of the actual legibility of the robot), but none of these
children adopted a playful-only behavior toward the
robot. To summarize, this experiment shows that children with actual handwriting impairments accept the
robot well, can commit themselves into long interactions, and adopt the role of the teacher (as evidenced by
both the number of writing demonstrations they
provided and their self-inclination to give adequate
feedback to the robot).
Case Study 1: Vincent
For the first case study, we invited and followed Vincent, a
six-year-old child, once per week over a period of a month.
Our primary aim was to address the question of whether we
could sustain Vincent’s engagement and commitment to the
writing activity over such a period. The study took place at
our laboratory (Figure 3), and we chose to design the activity
around a storyline meant to be attractive for a six-year-old
boy: one of our NAOs was away for a mysterious scientific
mission, and it needed the support of another one—which
would remain at the laboratory—to interpret curious pictures that were sent every week. Vincent had to help the second robot understand the pictures, and since the two robots
had somehow, beforehand, agreed to communicate with letters written like humans (i.e., handwritten), Vincent also had
to help the robot to write good-looking letters (because, well,
this robot was terrible at writing!). The experimental setup
was similar to Figure 2, except that Vincent had to tell the
robot what to write with small plastic letters (visible behind
the robot in Figure 3).
To supplement the intrinsic motivation of helping a
robot to communicate with another one, we gradually
increased the complexity of Vincent’s task to keep it challenging and interesting [the first week: demonstration of
single letters; the second week: short words; the third
week: a full letter (Figure 8)]. The last session was set as a
test: the “explorer” robot had come back from its mission,
and it actually challenged the other robot in front of
Vincent: “I don’t believe you wrote, yourself, these nice
letters that I received! Prove it to me by writing something
in front of me!” This situation was meant to evidence the
protégé effect: by judging the other robot’s handwriting,
the explorer robot would implicitly judge Vincent’s skills
as a teacher and, in turn, Vincent’s handwriting.
Results
Over the whole duration of the study, Vincent provided
154 demonstrations to the robot, and he remained actively
engaged over the four weeks. The story was well accepted
by the child, and he seriously engaged with the game. After
the first week, he showed good confidence in playing with
the robot, and by the end of the study, he had built
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Figure 9. The normalized distance between Thomas’ demonstrations and reference allographs for the numbers (a) 2 and (b) 5. The
horizontal dashed line corresponds to the threshold for the robot to
accept a demonstration. Thomas’ progress is visible in these figures:
we find a significant negative regression equation (r = –0.023,
F(1,19) = 8.69, p < 0.02, and adjusted R2 = 0.461) for the number
2 (dotted red line), indicating that Thomas’ shapes are getting
closer to the reference. The regression is not significant for the number 5, but we can observe that after about ten repetitions, all the
demonstrations are deemed of acceptable quality by the robot.

rithm of the robot initially tended to converge
toward meaningless scribblings. We addressed this
issue by having the robot
refuse allographs that
were too far from the reference shape (the robot
would, instead, say “I’m
not sure I understand
what you are drawing...”)
so that the child had to
pay good attention to
what he would demonstrate to the robot. Also,
to make the robot’s progress evident, we modified
the initialization step of
the learning algorithm
to start with a roughly
JUNE 2016
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Case Study 2: Thomas
The second long-term study was designed in collaboration
with an occupational therapist in Geneva and aimed at
deploying the system on the longer term with a real therapeutic case. Thomas is a 5.5-year-old child. He has been diagnosed with visuoconstructive deficits, which translate into
difficulties for him to consistently draw letters. In addition,
focusing on a task is difficult for Thomas, who tends to rapidly shift his attention to other things. Since the robot’s learning
algorithm requires repeated demonstrations of similarly
shaped letters to converge, the occupational therapist was
especially interested in observing if the robot would induce a
strong enough motivation for Thomas to focus on producing
many regular consistent letters, thus, overcoming his deficit.
The experiment took place at the therapist’s clinic (four
sessions spread over five weeks). Contrary to Vincent’s experiment, we chose not to introduce any backstory beyond a simple prompt (“the robot wants to participate in a robotic
handwriting contest, will you help him prepare?”) only provided during the first session. Hence, we also tested, during
this case study, if the robot (and the protégé effect) would
induce by itself a strong enough intrinsic motivation to keep
the child engaged over the five weeks. The occupational
therapist had recently carried out activities with Thomas on
writing numbers, so we decided with her to focus on these as
well: Thomas would use a secondary tablet to tell the robot
what number to write and would then correct the robot’s
attempts, such as in the other experiments. Figure 6 shows the
attempts/corrections cycles that occurred during one of the
sessions on the number six.
Since Thomas would frequently draw mirrored numbers
or hard-to-recognize shapes (see Figure 9), the learning algo-

0

1.0
Euclidian
Distance in Cartesian Space

affective bonds with the robot as evidenced by several letters he sent to the robot after the end of the study (one of
them four months later) to get news. This represents an
initial validation of our hypothesis: our system can effectively keep a child engaged with the robot for a relatively
long period of time (about 5 h spread over a month), and
we can build a tutor/protégé relationship.
No hard conclusion can be drawn in terms of actual
handwriting remediation as we did not design this study
to formally assess possible improvements. However, as
visible in Figure 8, Vincent was able to significantly
improve the robot’s skill, and he acknowledged that he
was the one helping the robot during post hoc interviews.
In that respect, Vincent realized that he was good enough
at writing to help someone else. The fact that Vincent
adopted the role of a teacher is further supported by feedback sent by Vincent’s parents a week after the end of the
experiment: “Vincent’s handwriting has changed over the
last weeks, going from a mix of stand-alone and cursive
letters to full words in cursive. This requires a lot of effort
and concentration from him, but he did succeed during
the sessions with the robot as he knew he had to show a
consistent style of writing to the robot.”

After the first week, Vincent
showed good confidence in
playing with the robot, and
by the end of the study, he
had built affective bonds
with the robot as evidenced
by several letters he sent
to the robot after the end
of the study.
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vertical stroke instead of a deformed number (see the initial
state in Figure 6).
Results
Despite his attention deficit, Thomas was able to remain
engaged in the activity during more than 40 min in each
session (a long time for a five-year-old). In total, 55 allographs
out of 82 demonstrated by the child were acceptable considering our threshold (with a progressive improvement from 13
out of 28 in the first session up to 26 out of 29 in the last session). As soon as Thomas
understood that the robot
Blending machine-learning was only accepting wellformed allographs, he
started to focus on it, and
techniques with human–
he would typically draw
the number before actualrobot interaction allows
ly sending it to the robot
five or six times (the tablet
for building a believable
lets children clear their
drawing and try again
agent that induces social
b e fore s e n d i ng it ) .
According to the theracommitment.
pist, it was the first time
that Thomas was seen to
correct himself in such a way, explicitly having to reflect on
how another agent (the robot) would interpret and understand his writing. Figure 9 shows how he gradually improved
his demonstrations for two different numbers. Since the
robot’s handwriting started from a simple primitive (a stroke),
each time Thomas succeeded in having his demonstration
accepted by the robot, the improvement was clearly visible (as
shown in Figure 6). This led to a self-rewarding situation that
effectively supported Thomas’ engagement.
Summary of the Findings and Discussion
The four school studies, the experiment at the clinic, and the
two case studies provide the first broad picture of how a
robot-based remediation to handwriting is accepted by the
children and practitioners and what outcomes can be expected. In total, more than 80 children have interacted with the
system, for a total duration of more than 38 h, in multiple
experimental configurations (individual interaction versus
pairs versus groups; at school, in the laboratory, at an occupational therapy clinic; short interactions versus long repeated
interactions; five- to eight-year-old children). We summarize,
hereafter, the main findings from these experiments and discuss some of the critical points of our approach.
Technical Assessment
We set ourselves the challenge of developing an autonomous
robotic system able to perform handwriting tasks with children in real-world environments. The system performed
generally well: the children had no issues interacting with
the robot, the robot experienced relatively few crashes, and
those crashes did not significantly impair the interactions.
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The system has furthermore proved robust enough to conduct several hour-long experiments. However, we also
found that the level of expertise required to deploy and
operate our system still makes the presence of an experimenter mandatory at all times. Nontrivial technical developments may be required to reach a level of usability
suitable for a broader nonexpert audience.
Acceptance
The acceptance of the robot in an educative and/or medical
context was not initially obvious, and the attitude of practitioners toward the robot varied. For instance, whereas Thomas’ therapist did voluntarily contact us (after hearing about
the project on the radio) and readily involved herself in the
design of the experiment, we had less positive feedback from
other practitioners: in one instance, we contacted a local
group of school psychologists to present the project: after the
meeting, the opinions were definitively mixed, with some
therapists willing to conduct actual experiments with their
children and others not quite as enthusiastic. Expectedly, the
reaction of the children to the robot was good: they enjoyed
interacting with the system, and, as we have shown, they
actually committed to their teacher role over extended periods of time. The teaching situation was well accepted, and
technical constraints, such as having the robot to only gesture writing on the tablet instead of actually physically writing with a pen, were not actually raised as issues.
Engagement
We measured the engagement of the children by three different means: the number of demonstrations they provided
to the robot, the amount of qualitative feedback they gave to
the robot (in the Clinic experiment), and to what extent
they were focusing on the task (measure of the with-meness). Independent of the experimental setting, it appears
that the children engage easily with the interaction. More
interestingly, we show in the Clinic experiment that they
generally take on the role of a teacher easily, that they act out
this role seriously (and not only playfully), and that they can
assume this role over an extended period of time. Designing
a system that keeps children engaged over several hours is
especially important for handwriting remediation, and we
show in the case studies that even children as young as
5.5-years-old, such as Thomas, were able to do so. This
seems to indicate that our approach could be relevant for a
broad range of ages.
Another finding relates to the protégé effect: as seen with
Vincent (when he sends us a mail several months later to
know how the robot is doing with its writing) or with Thomas (when he realizes that the robot does not understand and,
consequently, quickly improves his own writing to better
help the robot), our system does elicit a protégé effect that
not only helps the children to remain engaged in their teaching over several weeks, but also positively impacts their
learning process (Vincent strives to write in a consistent
manner as does Thomas). This supports a posteriori our
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choice to build an interaction situation based on the learning
by teaching paradigm.
Remediation Efficacy
Vincent’s case study did provide us with initial material to
evidence handwriting improvements (Figure 8), and the
study with Thomas provides further data, both quantitative
(Figure 9) and qualitative (feedback from the therapist that
points how Thomas is much better at drawing consistent
shapes in a repeated manner as well as reflecting on his
own performance by training several times before actually
sending a demonstration to the robot). We must, however,
remain cautious here regarding the actual role of the system: although the children were the ones deciding what to
teach to the robot, and the robot was autonomously learning and responding, the role of the adults (the experimenters or the occupational therapists) should not be
underestimated. Beyond the normal explanations of how to
operate the tablet and how to interact with the robot, the
adults played the role of a facilitator in each of the studies
by prompting the children to comment on the robot’s performance, suggesting possible corrections, or proposing to
try another letter/number/word. This facilitation not only
compensates for the possible shortcomings of the interaction but also is a fundamental part of the learning process
itself. In that respect, our robot is essentially a tool that creates a favorable learning situation for the child and where
the adult (be it a teacher or a therapist) keeps their entire
educative role.
Conclusion
We believe that this research provides a novel perspective on
educative robots at several levels. Namely, we show that:
● Robots in an educative context are certainly relevant and
effective beyond science, technology, engineering, and
mathematics teaching.
● We can successfully transpose the well-established learning
by teaching paradigm from education sciences to robotics,
even in a complex form: handwriting is a difficult physical
skill, and the robot learns and interacts autonomously, and
the child is responsible not only for the teaching, but also
for the teaching orchestration by managing the turn taking
and the progression of the activity.
● Blending machine-learning techniques with human–robot
interaction allows for building a believable agent that
induces social commitment.
● This social commitment induces cognitive engagement of
the child with the robot, which is a key learning lever as it
elicits reflective metacognitive mechanisms on the learning task.
● We have been able to sustain a long-term interaction (several hours) involving a task that would typically be considered repetitive and challenging by the children.
Supported by several field experiments, our initial results are
promising as we ultimately evidence handwriting improvements. It is, however, still early to quantify the lasting effects

of this remediation: handwriting is a complex cognitive skill
that builds on many individual and social factors. Self-confidence is one of them. Our approach endows the child with
the role of a teacher who can help a robot: we expect it may
as well help some children to recover self-esteem and selfconfidence by putting them in a positive gratifying role. The
experiments that we have conducted so far do not allow us to
confirm this hypothesis yet, and more research will have to
be conducted in this direction.
Possible Ethical Concerns
There are two aspects of this research that should be discussed in terms of their possible ethical implications: the
perceived role of the robot vis-à-vis the real teachers, and
the implications of the
mentor–protégé relationship for children, espeSocial commitment
cially vulnerable ones.
The place and role of the
induces cognitive
robot vis-à-vis the teacher can be questioned: as
engagement of the child
we see it, the role of the
robot within the classwith the robot, which is
room (or at the therapist’s
clinic) does not infringe
a key learning lever.
upon the role of the adult
(teacher or therapist).
The core of the learning
by teaching paradigm relies on the child becoming the
teacher of an underperforming pupil (the robot): from that
perspective, the robot does not replace the teacher; on the
contrary, it plays a different role in the classroom, which
happens to be novel as well: the robot is the least performing
student and still a very patient, always eager to improve, one.
In our experience, the teacher/facilitator retains an instrumental role during the interaction, and the learning would
hardly occur if the child is left alone (or even semialone).
The initial feedback that we received from the teachers
during the focus groups confirms this perception: once
explained, our approach makes sense to them and is welcomed as a relevant pedagogical innovation.
The implication of the mentor–protégé relationship on
the children is less clearly understood. We have certainly
seen that the children can establish strong affective bonds
with the robot (as witnessed, for instance, by the letter sent
by Vincent several months after he interacted with the
robot), but we are not yet able to precisely characterize these
bonds. The ethical implications of the mentor–protégé relationship have been explored before in the context of human
teaching [8], [16], but they mostly looked at the question
from the perspective of the protégé, whereas in our case, the
child is the mentor. As such, relatively little is known about
the psychological implications for a child to commit to helping a robot, and as advocated by Belpaeme and Morse [1],
we likely need to first gain more field experience before
being able to draw conclusions. Beyond handwriting, we do
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however believe that this work provides a novel perspective
on the role for robots in the field of education. Learning by
teaching is a powerful paradigm because of not only its
pedagogical efficacy, but also its potential to positively
impact the child’s motivation and self-esteem. Although we
need to carefully clear up the possible ethical concerns, we
hope that this article shows that this is a very relevant context of the use for robots: when facing a child with school
difficulties, robots can play the role of a naive learner that
neither adults nor peers can convincingly play.
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Teaching Introductory
Robotics Programming
Learning to Program with National Instruments’ LabVIEW

By Timothy Bower

T

his article considers strategies for teaching
beginning students how to program mobile robots
for autonomous operation. Many high school and
beginning undergraduate students desire to learn
about robotics, but they may lack the required
knowledge. Experiences from an undergraduate course are
described to illustrate the robot, its programming
environment, software design, and algorithms, which faculty
can use to guide beginning students from a place of no prior
experience to writing impressive, autonomous mobile-robot
programs. Autonomous algorithms that perform well and are
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appropriate for beginning students, including a new
wall-following algorithm, are reviewed.
Robotics has become quite popular in education. As the
potential for applying robotics to meet real needs expands
with the maturation of the technology, so too has interest
in learning about robotics. Students of all ages and educational levels want to learn how to build and program
robots. The cross-discipline nature of robotics makes it
ideal for youths to explore career possibilities in science,
technology, engineering, and mathematics (STEM).
Affordable hardware options abound for the beginning
student wishing to build a simple robot. Sufficient documentation for learning to write a program for the manual
operation of robots is also available. Thus, a lack of prior
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Figure 1. The LabVIEW Robotics Starter Kit, also called the DaNI
Robot. (Photo courtesy of National Instruments.)

knowledge does not need to prevent students at any age or
educational level from pursuing their interest in robotics.
The beginning student’s lack of preparation, however, could
become a problem when it comes to writing programs to
implement autonomous
algorithms. Beginning students may not have a suffiLabVIEW’s simple
cient level of programming
experience or may not be
programming model and
prepared to understand
some of the mathematics
graphical capabilities
of autonomous algorithms.
Thus, the robotics promake it a well-suited
gramming instructor has a
challenge. To be successful,
environment for rapid
the instructor must challenge beginning students
prototyping and data
to learn new concepts that
are appropriate to their
visualization.
educational level and to
exercise their problem
solving skills. Zajac [1] points out that mentors and teachers
of young and underprepared students must continually
hover at the boundary between two states: 1) providing too
much assistance in solving problems and 2) providing too
little assistance. Students should learn to appreciate the complexities of autonomous algorithms, yet they should also
find personal success from implementing simpler algorithms. This article aims to highlight some of the programming and algorithmic solutions appropriate for introducing
beginning students to autonomous robot programming.
A new course in robotics programming was recently
developed at the polytechnic campus of Kansas State University. To allow lower-level undergraduate students to take the
course, the prerequisites were limited to a programming
course and trigonometry. Based on experiences from the first
two offerings of the course, matters related to the robot, the
programming environment, software design, and algorithms
for introducing beginning students to autonomous mobile68
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robot programming are considered in this article. Students
began the course by writing a sequence of fairly simple programs to operate and test the robot’s motors and sensors. As
the students learned about robotics, they also learned how to
program with LabVIEW. LabVIEW is a trademark of
National Instruments (NI) [2], [5]. Later, network programming was used to couple the robot program with a program
developed to run on a host computer. Autonomous algorithms could then be studied and implemented. By the end
of the semester, each student wrote a program to move the
robot to a goal location while avoiding convex and concave
obstacles and also completed a self-determined final project.
Avoidance of a large concave obstacle, which was referred to
as the cul-de-sac problem, proved to be an interesting and
challenging assignment for the students.
The Development Environment
Because the focus here is on programming robots, it is important that students are able to write robot programs without
delay. For this to happen, a prebuilt, dependable robot is needed as well as a programming environment where it is easy to
develop, download, run, and debug robot programs. The NI
LabVIEW Robotics Starter Kit, also called the DaNI Robot,
was used [2] (see Figure 1). Using this environment, students
were writing robot code by the second week of the semester.
The DaNI Robot Platform
The DaNI Robot uses an NI single-board reconfigurable
input/output-embedded controller which has a real-time processor, a user-reconfigurable field-programmable gate array
(FPGA), and input/output (I/O) on a single circuit board. The
robot’s built-in motors and sensors are controlled through the
FPGA. Additional I/O ports for analog and digital I/O and
pulse width modulation are available if needed. An ethernet
port is used for communication between the robot and a host
control computer. For wireless communication, a Wi-Fi
bridge with an external battery pack is attached to the robot.
The robot uses two 4-in wheels in a directional drive configuration with a trailing omni-wheel. Wheel rotation is measured
with optical quadrature encoders. The distance to objects is
measured with an ultrasonic sensor that is mounted to a
servo motor so that the sensor can rotate from side to side.
The LabVIEW Environment
LabVIEW is a graphical programming environment. It
uses a graphical model for expressing program logic on
block diagrams. Graphical capabilities are also employed
for building user interfaces. Each function in a program,
which is called a virtual instrument (VI), consists of a
block diagram and a front panel. Some VIs only need a
simple front panel to connect the VI’s input and output
terminals to the block diagram. Other VIs may use a
front panel with a graphical user interface and a variety
of meters and graphs. LabVIEW’s simple programming
model and graphical capabilities make it a well-suited
environment for rapid prototyping and data visualization.

JUNE 2016

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

IEEE

obotics
utomation
M AGA Z INE

M
q
M
q

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

A less obvious but important feature of LabVIEW is
that it uses a data-flow model for sequencing the execution of code. This means that a node on a block diagram
will execute when data for all of the node’s input terminals
are available. Nodes are often arranged in a sequential
data path where an output from a node is an input to
another node; thus, the second node cannot execute until
the first node is finished and the data are passed along.
However, the sequence of execution for parallel nodes is
indeterminate. This behavior occasionally requires special
consideration by the programmer; however, capabilities
are provided to control the execution order when needed.
The advantage of the data-flow model is that it allows
LabVIEW to be inherently parallel. When code elements
and loops are not in a sequential data path, they can be
considered to run as parallel threads of execution.
LabVIEW provides convenient capabilities to synchronize access to critical code sections and to exchange data
between parallel threads. The following are two ways synchronization facilities can be used in robotics programming.
● Both the robot and the host controller programs use
parallel loops. Various loops generate messages to be
sent over the network. The built-in queue facility provides a convenient mechanism for combining the messages into one data stream. Another loop takes messages
from the queue and sends them over the network.
● The action engine provides a simple mechanism to synchronize access to critical code sections and to exchange
data between threads. An action engine is a VI that can
store data using either feedback nodes or uninitialized
shift registers. A case structure is used with an enumerator input to the VI for selecting actions to perform when
the VI is invoked. Because VIs are, by default, nonreentrant (mutual exclusion), instances of the same action
engine VI may be placed in parallel threads to safely
share data or access a critical section [3].
As messages from the robot containing sensor data are
received, the host controller can use action engines to
make calculations and save the data. The autonomous
algorithms safely read the data from the action engines as
needed. The simplicity of developing programs with parallel threads of execution makes LabVIEW ideal for
robotics and especially for teaching robotics programming to beginning students [3], [4]. In the robotics
programming class, LabVIEW provided a gentle introduction to parallel programming concepts that would
benefit the students in more advanced programming
classes. LabVIEW can be viewed as a programming language, but it is really an integrated development environment [5]. LabVIEW makes it easy to program, deploy,
and debug robot programs.
LabVIEW Robot Programs
There are two distinct modes for operating robots with
LabVIEW. The first mode is useful for debugging programs, is simple to use, and provides students with a

convenient mechanism to learn about robot motors and
sensors. However, it does not have the real-time performance and program modularity of the second mode. The
second mode requires more effort, but results in a better
framework for running autonomous programs.
LabVIEW Interactive Mode
When a program intended for a robot platform is initiated
on a computer, the robot code is downloaded to the robot
and runs. In this mode, the robot is controlled from the computer, and any robot data may be viewed from the computer.
This mode has a lot of value for educational and debugging
purposes. However, LabVIEW on the computer and on the
robot are coordinating extensively, using resources of the
robot central processing unit and the network.
Networked Standalone Mode
A LabVIEW program may be compiled and downloaded
to the robot to run as a start-up program. Such a program
could run as an autonomous application with no interaction with a host controller. However, a purely standalone
program has limited functionality. Networking code
should be added to the application so that the robot communicates with a host controller program that is running
on a computer. The host controller allows a user to control the robot and can also provide another processing
resource to augment the robot processor.
In the robotics programming course, the interactive
mode was initially used for a sequence of programming
and experimentation assignments. In addition to learning
about robotics hardware, students developed programs
that implemented major algorithmic components for the
programs to be developed later in the semester. The reuse
of code made the more complex assignments seem less
daunting and more like incremental assignments. In the
early assignments, students developed the code to drive
the robot and to operate the servo motor and ultrasound
sensor to collect data for avoiding obstacles. After an introduction to network programming, a framework for future
assignments was developed based on the networked standalone mode. To allow immediate sending of data, two TCP
connections are made, each used for sending data in one
direction. The robot acts as the server waiting for connections from a host controller.
In the first course offering, the host controller only
gave operating instructions to the robot. However, in the
second course offering, the controller also performed the
algorithmic computations. Thus, the robot ran a simple
program to control its hardware while taking driving
directions from the controller and returning sensor data.
Shifting algorithmic processing from the robot to the
computer offered performance benefits and made program development easier due to the computer’s faster
processing capability. All students used the same messagepassing application programming interface between the
robot and host controller, so it was not necessary to make
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Goal

Figure 2. The cul-de-sac problem uses a large concave obstacle.
Once inside the cul-de-sac, the robot must temporarily move
away from the goal to get out of the cul-de-sac.

any changes to the robot as each student tested his or
her program.
After the programming efforts switched
from developing proWith the exception
grams to run on the
robot to programming
of a few introductory
the host controller, the
lectures and assignments
assignments, each
shifted to autonomous
programming assignment algorithms. Students developed a sequence of
contributed code that was autonomous behaviors
for the go-to goal withused in the solution to the out obstacle avoidance,
the go-to goal with
avoidance of convex
cul-de-sac problem.
obstacles, wall following,
and the cul-de-sac problem. With the exception of a few introductory assignments, each programming assignment contributed code
that was used in the solution to the cul-de-sac problem,
shown in Figure 2.
Autonomous Algorithms
Autonomous behaviors often have multiple solutions. So,
in an introductory course, the instructor might discuss
more than one algorithm capable of producing a desired
behavior, but direct students to implement algorithms
that yield acceptable behavior with concepts appropriate
to the students’ educational level. Except for wall following, all of the algorithms used in the robotics programming course may be found in literature. In the case of
wall following, a new algorithm was developed that was
simple for students to understand and implement, yet
performed well.
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A Comment on PID Controllers
The proportional–integral–derivative (PID) feedback-control system is certainly one of the most important control
algorithms used in robotics [6]. PID controllers were discussed in a lecture of the introductory course on robotics
programming. However, because the focus of the course is
on programming rather than control theory, it was felt that
tuning the PID controllers would introduce challenges that
are not appropriate for the objectives of the course.
Odometry
Early in the semester, students learned to read odometry
data from the optical encoders and convert the data to linear distance traveled within a time interval. Initially, they
used the odometry data to track the robot position on the
robot platform. Later in the semester, the data were sent to
the host controller for processing. The robot’s location and
orientation in the global coordinate frame is called the
pose of the robot. The robot’s pose consists of its x and y
location and its angle of orientation, θ
x
P = > yH .
i

Using the distances traveled by the left and right wheels
within an interval of time, the change to the robot’s pose is
calculated using established equations for the kinematics
of differential drive robots. Olson provides a nice online
primer that helps students understand the kinematics
because it works though the calculations in detail [7].
d left + d right
,
2
d right - d left
}=
,
L

d moved =

(1)
(2)

where L is the radius of rotation, which is the distance
between the wheels
xi
d moved cos i i
Pi +1 = > y iH + > d moved sin i i H .
ii

(3)

}

Steering the Robot
The right- and left-wheel velocities to steer the robot are
determined by the desired forward and rotational velocities, v(t) and ω(t). L is the distance between the wheels in
meters. The velocities are in units of m/s. The rotational
velocity, ω, is expressed in rad/s
vr = v + ~ L ,
2
vl = v - ~ L .
2

(4)
(5)

However, the rotational velocity is not usually a given for
steering the robot. Steering is specified by a desired heading, z (t) in the global coordinate frame or a (t) = z - i
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in the robot’s local coordinate frame, and a forward velocity, V. This is commonly called the unicyle model, which is
expressed as a velocity vector in the global coordinate
frame, U. The steering controller needs to accept U as
its input and provide (v, ω) as output.

more detailed analysis of the controller [13]. The students
were able to understand most of the math involved in the
derivation of the controller equations. They certainly
appreciated using a steering controller with a simple, direct
calculation and only one tunable parameter.

PID Tracking
When the robot’s pose is calculated, the point, X, halfway
between the drive wheels is used, which moves in-line
with the wheels, but not perpendicular to the wheels.
Thus it is not possible to directly determine (v, ω) using
the velocity vector for X

Obstacle Avoidance
The obstacle-avoidance algorithm used a simple sum of
vectors as described in [14]. Using only one ultrasound
sensor required refinements to the algorithm, which the
students designed. The servo motor rotates side to side
stopping at fixed positions where ultrasound measurements
are taken. The ultrasound data represent the
distance in meters to any
The students appreciated
object detected. When
no object is detected, the
using a steering controller
maximum range of the
sensor (3 m) is used.
with a simple, direct
Ultrasound measurements are taken at angles
calculation and only one
of {–1.5, –1, –0.5, 0, 0.5,
1, 1.5} rad. Using the
tunable parameter.
measurements as vectors, the sum of the vectors is calculated to yield the “avoid-obstacle” heading
(see Figure 3). Due to the symmetry of the measurement
angles, αao = 0, when no obstacles are detected, shorter
vectors from obstacle detection cause the sum of vectors
to deflect away from the obstacle. The simple sum of vectors from the ultrasound data was a good start, but the
resulting heading was not adequate. This provided an

V cos z
v cos i
E ! Xo = ;
E.
U =;
V sin z
v sin i
So, the common solution is to regulate ω with a PID controller: ~ = PID (a = z - i) . The wheel velocities can
then be calculated from (4) and (5).
Direct Calculation
It is possible for a steering controller to directly calculate
reasonable values for (v, ω) from U. Instead of basing the
kinematic analysis on the point X, a new point is used that
is positioned a small distance, l, directly in front of X,
Xu = (x + l cos i, y + l sin i) . This new point, Xu , can move
in line with and perpendicular to the wheels. So a controller can be designed to satisfy U = Xuo .
xuo = xo - l io sin i
= v cos i - l~ sin i
oyu = yo + l io cos i
= v sin i + l~ cos i.
By equating U to Xuo , v and ω may be determined
cos i -sin i 1 0 v
V cos z
E =;
E;
E; E
;
sin i cos i 0 l ~
V sin z
v = V cos (z - i)
V sin (z - i) .
~=
l

αao

Applying (4) and (5) yields the wheel velocities. Recall that
a = z - i , which is the steering heading in the robot’s coordinate frame
v r = V (cos a + K sin a),

(6)

v l = V (cos a - K sin a) .

(7)

The variable K = (L/2l) can be regarded as a single tunable
parameter. With K = 0.66, our robots demonstrated responsive, yet smooth and stable steering. The kinematics of an
alternate point Xu are discussed in [8]–[10] and applied to
directional drive robots in [11] and [12]. The online study
guide used with the robotics programming class shows

Figure 3. The sum of ultrasound measurement vectors yields the
“avoid-obstacle” heading, aao.
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(x0, y0)

| a ao |
h = * Threshold if | a ao | 1 Threshold,
1
otherwise

(x1, y1)

Dwall
y1 − Dwall

αwall
x1

a

Wall_lead

Figure 4. An abstract right triangle for computing the wall-following
heading.

opportunity for the students to observe, analyze, and collaborate to find solutions:
● It detects objects to the side that pose no collision threat.
r The solution was to limit the lengths of the ultrasound data linearly by measurement angle so that
forward measurements have greater range than side
measurements.
● The sum of the vectors always points forward and does not
adequately deflect away from obstacles.
r The solution was to shift each vector in the opposite
direction. Thus, detected obstacles can result in negative vectors. A panic element to the shift was also
adopted to give larger negative vectors in the event of
a near collision.
Autonomous
Behaviors
One of the parallel executing loops of the host condemonstrated their
troller program contains a
finite state machine (FSM)
program to solve the
where the robot’s algorithmic behaviors are implecul-de-sac problem, they
mented. With each loop
iteration, an updated
consistently expressed a
heading and velocity is
sense of accomplishment. calculated so that the
robot drives according
to a specified behavior.
The FSM is a natural construct for implementing autonomous behaviors. Implementing the FSM was also a valuable educational experience for the students.

After students successfully

Blending Headings
In both the go-to goal and wall-following behaviors with
obstacle avoidance, the final steering heading is a blended
combination of two angles: αao for avoid-obstacle and β
for the behavior component. When there is little threat of
a collision, | a ao | . 0 and the behavior component dominate. When the risk of a collision is increased, | a ao |
becomes larger and the robot is diverted. We define a
weighting variable, h:
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(9)

Pure obstacle avoidance, a = a ao , occurs when | a ao | $
Threshold. The Threshold is a tunable parameter for
each behavior.

y0

x1 + Wall_lead − y0

72

= h · a ao + (1 - h) ·b.

(8)

Go-To Goal
The go-to goal behavior uses the robot’s pose and the
location of a goal. A simple trigonometry calculation
provides the direction to the goal, z g. The robot heading
is then simply a g = z g - i. Adding blended obstacle
avoidance simply requires using the VI to compute the
steering heading with (8) and (9) using b = a g and
Threshold = r/4 . The only difficulty that any students
had with this quick assignment was making sure that the
robot stopped at the goal.
Wall Following
Autonomous controlled mobile robots require a wall-following behavior to maneuver around large concave obstacles. Convex obstacles may be avoided using a blended
go-to goal with avoid-obstacle behavior. However, when
inside a large concave obstacle, such as a cul-de-sac, the
go-to goal-based behavior causes the robot to become
stuck in a local minimum, where it wanders in the cul-desac but refuses to drive away from the goal as is needed to
exit the cul-de-sac. When a wall-following behavior is
used, the robot can follow the contours of the obstacle to
move around it and then proceed toward the goal location.
The algorithm used to achieve wall-following behavior
uses the blended avoid-obstacle concept along with a
behavioral heading, αwall, which follows the contours of
the wall. The algorithm for computing the behavioral
heading was original. It was developed specifically to be a
simple algorithm for students to understand and implement. Despite its simplicity, the overall algorithm has demonstrated good performance for the intended application.
The behavioral heading calculation uses an abstract right
triangle, shown in Figure 4. The side lengths of the triangle
derive from the first two ultrasound measurements from the
side of the robot facing the wall. The wall-following heading
is then simply an angle calculation from the triangle. Using
the known measurement angles, the first two measurements
are converted to points in the robot’s local coordinate frame.
The wall-following heading is given by
= a tan 2 ((| y 1 | - D wall),
(x 1 + Wall_lead -| y 0 |))
if the wall is to the left
t
a wall = )
-t if the wall is to the right.
t

The relationship of |y1| to Dwall reports the robot’s current
position relative to what is detected about the approaching
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αwall

αwall

Figure 5. At the end of a wall, the term y0 modulates the side
length of the abstract triangle and thus the turning heading.

Start

Stop

At Goal

Go-to-Goal
Init

Making Progress
|αao| < π /4

Blended
Go-to-Goal

Not Making Progress

|αg | < π /2

Blended
Wall Follow

Wall Follow
Init

Figure 6. State transitions for go-to goal with avoidance of
convex and concave obstacles.

contour of the wall. The x1 and Wall_lead terms serve as
damping factors in the equation. The |y0| term strongly
influences the heading when the wall ends or turns away
from the robot; see Figure 5.
The wall-following heading and the avoid-obstacle heading complement each other. The wall-following component is
most adept at keeping the robot from getting too far from the
wall and induces the turning when the wall turns away from
the robot. Conversely, the avoid-obstacle heading diverts the
robot when it or its projected path is too close to the wall. The
steady-state distance from the wall is where the wall-following
and avoid-obstacle headings offset. On our system, Dwall was
set at 0.4 m, and the robot tracked walls at a range of approximately 0.5 m. Adding the blended obstacle avoidance simply
requires the use of VI to compute the steering heading, with
(8) and (9) using b = a wall and Threshold = r/2 . On our
system, the value of 2 m worked well for Wall_lead.
The Cul-De-Sac FSM
After completing the algorithmic behaviors, students
only needed to add state transitions to the FSM to solve

the cul-de-sac problem, as shown in Figure 6. Both the
blended go-to goal and wall-following functions have initialization states that save the distance to the goal in a
make-progress action engine. Making progress is defined
as the current distance to the goal being within 10 cm of
the previous nearest position to the goal. The wall-following initialization state also determines if the goal, and
thus also the wall, is to the left or right of the robot. After
students successfully demonstrated their program to
solve the cul-de-sac problem, they consistently expressed
a sense of accomplishment for writing a fairly challenging
autonomous mobile robot program. A short video of a
robot going to a goal while avoiding a cul-de-sac obstacle
may be viewed online at ___________________
https://www.youtube.com/
watch?v=OyqRtPnqP7w.
________________
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Science Class
with RoboThespian
Using a Robot Teacher to Make Science Fun
and Engage Students

T

here is growing interest in observing how
interaction with a robot can enhance human
learning. Recent studies of educational processes
mediated by human-like robots (HLRs) focused
mainly on individual learning with robot
companions. This article presents a study of a science lesson
mediated by the life-size humanoid robot, RoboThespian.
Participants in the study were school groups from grades 5–7
who participated in a lesson at the science museum
MadaTech in two different classroom environments. The
study evaluated the effectiveness in learning new science
concepts and creating positive perceptions of the robot
teacher. The results show that the lesson achieved its
educational objectives. The level of learning interaction was
influenced by the design of learning activities, robot
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behaviors, and the students’ perceived psychological distance
from the robot.
Overview of an HLR
Interactive robotic environments are widely used to facilitate
playful experience, that allow elementary school students to
acquire necessary knowledge and skills [1]. Science museums
are placing greater emphasis on presenting robots as exhibits,
remote facilitators, and entertaining guides, exposing visitors
to innovative technologies and providing services and information attractively [2], [3].
Recent progress in intelligent robotics has opened new
opportunities for learning through interaction with
robots. Student–robot interaction (SRI) is a new, rapidly
growing direction of research, which considers how interaction with a robot can facilitate and enhance human
learning [4], [5]. Interaction with robots that imitate
human appearance and behavior has attracted the interest
of researchers [6]–[8].
The majority of the studies of learning interactions with
different HLRs explore the use by individual students to
learn a second language, elementary mathematics, and additional subjects [9]. In most cases, the learning activities were
limited to remembering specific items. Less investigated are
cases when a lesson mediated by an HLR is delivered to a
group of students with the intention of teaching new concepts. In such cases, students’ interaction with the robot can
occur in the Wizard-of-Oz (WoZ) mode, where the behavior of the robot is fully or partially controlled by the teacher
via teleoperation. Pedagogical literature provides recommendations for effective instruction, but their application to
robot-assisted learning has not yet been developed.
Some open questions include the following.
● How can autonomous operation of the robot teacher be
combined with its operation in the WoZ mode in teaching
a class?
● What is the impact of the class environment on SRIs, and
what arrangements in the environment are needed to foster
the learning process?
● How can interactions with the robot teacher on the achievement of learning objectives of the lesson be targeted?
The aim of this article is to address the questions by providing empirical evidence on the effectiveness of a science lesson delivered to groups of elementary school students in a
museum setting. We hope that our educational study will
motivate further empirical research and discussion of robot
assisted lessons.
The study is part of our research focused on the investigation of different approaches to learning through interaction
with robots [10]. The rationale for this focus is that learning
through interaction with robots concurs with learning from
interactive exhibits, the central and inherent activity in science museums. We developed a study that was implemented
at Israel National Museum of Science and Technology
(MadaTech) and evaluated an elementary science lesson
mediated by RoboThespian.

Background of the Study
The HRI research group in the Tokyo University of Science
(TUS) initiated experiments where science classes were
given to children by the android SAYA in the role of the
teacher. In the proposed setting, all SAYA’s behaviors and
interactions with the students in the class were teleoperated
by a human instructor. The TUS group conducted a series
of trial lessons in elementary schools on different topics,
testing the effectiveness
of the android-type remote system for commuStudent–robot interaction
nication in class [11].
One of the lessons
is a new, rapidly growing
developed was “ The
principle of leverage.”
direction of research.
The outline of this lesson
included a self-introduction of SAYA, a lecture on the concepts of the lever, examples of levers in daily life, experiments with a lever kit, and
a conclusion. The questionnaire administered at the end of
the lesson related to students’ interest in science, technology, and robots.
In 2011, the TUS group invited our Technion Group to
conduct a collaborative educational study. For this study, our
group implemented the lesson, “The function and law of the
lever” with RoboThespian at MadaTech by translating it into
Hebrew and adapting the instructional materials developed by
the TUS group. In the study, the lesson was delivered to two
classes in a Tokyo elementary school and two classes at
MadaTech. The study aimed to evaluate and juxtapose the
learning outcomes, students’ perceptions of each robot
teacher, and attitudes toward the lesson [12]. The research
tools developed and applied to both lessons included a worksheet, quiz, and questionnaire. In the worksheet, the students
reported the results of experiments with a lever. The quiz,
given at the end of the lesson, evaluated the acquired knowledge. The questionnaire inquired about the students’ perceptions of the robot and attitudes toward the lesson.
Motivated by the positive results of the collaborative study,
MadaTech asked our Technion Group to further elaborate the
lesson with the goal of using it on a regular basis for visiting
classes. Thus, we initiated a new study and redesigned the lesson to improve the learning environment and the instructional strategy implemented in the operation of RoboThespian. The study examined the impact of the improvements on
learning outcomes, attitudes toward the lesson, and perceptions of interaction with the robot.
RoboThespian
RoboThespian is developed for interaction and communication with people in public environments (https://www.
________
engineeredarts.co.uk/).
The 24-degrees-of-freedom (DOF)
______________
robot is made almost entirely of white aluminum with
pneumatic artificial muscles (McKibben muscles), dc
motors, and passive spring elements to simulate human
body motion. The robot can be controlled in two modes:
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1) the execution of preprogrammed scripts via the operation kiosk and 2) teleoperation using a special user interface. In the teleoperation mode, the operator can command the robot to use simple movements, such as turning,
basic gestures, and live interaction. There is a small bank
of preprogrammed responses that the operator can use to
interact with the public. In the preprogrammed mode, the
robot performs scenes autonomously, incorporating all of
its features.
RoboThespian has modules and functions that can be
utilized to mimic human locomotion and behavior. DC
motors and artificial muscles are used to create human-like
full-arm and abdominal movements. Using head movements, the robot observes its surroundings through a highresolution red, green, and
blue camera mounted on
its forehead. The robot
In 2011, the TUS group
also has communication
invited our Technion Group capabilities, including
gaze expressions through
to conduct a collaborative blinking and squinting
with its liquid crystal display eyes, speech based
educational study.
on prerecorded audio
files, and real-time lip
synchronization. The head is equipped with multicolored
light-emitting diodes that can color the face and are utilized
to convey mood and emotional expressions.
Programming Teaching Behaviors
Educational literature characterizes teacher–student communication by the concept of teacher immediacy—a student’s perception of the psychological distance between
the teacher and the student [19, p. 65]. Teachers are recommended to enact immediacy behaviors, verbal and
nonverbal, that reduce this distance, e.g., use gestures,
visual contact, and various facial and vocal expressions
when talking to the class. When designing autonomous
behaviors of RoboThespian, we tried to meet the teacher
immediacy criteria.
The scenes were programmed using a graphical user interface (GUI) based on the open-source three-dimensional animation software (Blender). The GUI has a virtual twin of
RoboThespian that can be placed into different postures by
moving its joints. Sequences of key-frame postures along a
timeline are used to animate robot motion. The soundtrack
can be imposed on the animation timeline to synchronize
speech and motion. Thus, the behaviors of RoboThespian are
first designed in the form of animations, and then tested and
perfected on the real robot.
To create lively scenarios, we defined the sequences of
essential key-frame postures through a tradeoff between the
number of key-frames and the length of the scene. Too many
key-frames resulted in a jumpy personality, and too few made
for a monotone personality. Our strategy to achieve a suitable
scene was to place meaningful gestures at information peak
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key-frames, and to add only small motion increments before
changing to the next key-frame.
Another important parameter that had to be considered
was the movement speed between key-frames. Although the
robot could move quickly between different gestures, we
chose to limit its speed for safety reasons and to feature a
more human character.
When programming RoboThespian behaviors, we
attempted to mimic gestures and expressions of an experienced teacher, based on our personal experience and literature recommendations [13]. Accordingly, we avoided finger
pointing at people and routine replications. The programmed
behaviors implemented the following features:
● moderate gestures integrated temporally with the speech
they accompany
● occasional turning of the robot torso and head and gaze
shifting from side to side to raise awareness that the robot
is communicating with the entire classroom
● turning the torso and head and directing the gaze toward
the slides projected on the screen to emphasize the importance of their content
● hand gestures, such as finger counting, pointing, opening
arms in invitation, etc., to add subtle dramatization to
the speech.
While programming bodily movements and gestures of
RoboThespian, we strove for maximal resemblance to a
human teacher’s behavior; in programming facial expressions, we followed a different approach and used the facial
capabilities of the robot to display expressions that are
intentionally unnatural. Changing the color of the robot’s
face served to express different emotions, such as excitement (orange), anger (red), and sadness (blue). Another
use of facial expressions was to draw the students’ attention to the colors of objects presented by the robot, by
staining its face with the same colors. A display of signs
was programmed into the robot’s “eyes,” such as “#” to
express puzzlement, “ ” to call to order, or “ ” to show
pleasure from a correct answer given by a student. These
were used with moderation and caution to keep students
engaged in the lesson and reinforce their perception of
RoboThespian as an HLR.
We used different approaches to programming gestures
and facial expressions to match the robot’s capabilities and
behaviors and to avoid the uncanny valley effect [14]. While
most publications on the effect consider the robot as a
whole, the original work of Mori [15] discusses it with
regard to the robot’s organs. A specific feature of RoboThespian is the combination of high capabilities for human-like
realistic movements and gestures with relatively limited
capabilities for facial expressions. This duality entails the
need to use different approaches, as we implemented in
RoboThespian’s behaviors.
One important change made to RoboThespian’s external
appearance was the removal of the plastic exterior parts that
covered its body, allowing students to see the mechanical
structure of the robot.
STOP
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Classroom Organization
While classroom organization is known to be a factor
that strongly influences the educational process [16], the
effect of this factor on learning mediated by a robot has
not been discussed. Therefore, our experience of implementation of the lesson in two different classrooms may
be of interest.
The first classroom was a spacious studio originally
intended for informal meetings and discussions (Figure 1).
To adapt the studio for the lesson, we placed three tables,
with four students at each. RoboThespian was located in
front of the tables and close to the screen, where the PowerPoint presentation of the lesson was projected. The
microphone mounted on the screen received students’
questions which were transmitted to the control room to
inform the operator.
The electronic and pneumatic drive systems, as well as
the video camera that transmitted the image of the class to
the control room, were placed behind the robot. Figure 2
shows the operator controlling the lesson from the control
room. The second classroom was the interactive lab—a science laboratory used for lessons assisted by RoboThespian
(Figure 3).
The lab had four tables with workplaces for up to six students at each table [Figure 3(a)]. Four microphones and four
video cameras were attached to each table, providing the
operator with real-time data. In Figure 3(a), they are marked
as 1 and 4 correspondingly. In addition, the laboratory was
equipped with a classroom response system (marked as 2 ),
used to operatively receive students’ answers to multiplechoice questions asked by the robot teacher (marked as 3 )
during the lesson. The answers served to assess students’
understanding of the material operatively and to adapt the
instruction to their needs.
The diagram in Figure 3(b) presents the communication
flow between the students, the robot teacher, and the operator.
It also shows that the classroom space is divided into three
main zones: 1) the students’ zone, 2) the RoboThespian zone,
and 3) the operator zone. The zones are marked in Figure 3(b)
by different colors.
The operator’s workplace was equipped with the following systems:
● a robot control personal computer (PC) to launch preprogrammed behaviors and to communicate with the class in
the WoZ mode through the robot lip-synchronization
speaker and the robot’s forehead camera
● a presentation PC to run the PowerPoint presentation on
the screen
● a class response PC to receive and analyze students’ answers
● a monitor to display images from the four workstation cameras
● a headset to listen to students’ speech from the four microphones controlled by the audio mixer
● a microphone to speak with the class directly, without
using the lip-synchronization option.

Figure 1. The lever lesson with RoboThespian. (Photo courtesy of
MadaTech.)

Figure 2. The control room. (Photo courtesy of MadaTech.)

The Lesson
Levers are studied in
Israeli schools as part of
RoboThespian gives
the simple machines
topic in middle school
preprogrammed
science and technology
curriculum. The particiexamples by means of the
pants in the study did not
learn the subject before our
PowerPoint presentation
lesson at MadaTech. The
1-h lesson was planned
and video clips.
to give a detailed explanation of basic concepts of
levers and facilitate understanding by providing experiments and problem-solving activities. The lesson outline
is as follows:
● Introduction (5 min): a coordinator (one of the authors)
explains the role of the robot and how to interact with it.
Then, RoboThespian greets the class
● Definition of lever, leverage points, arms, and the principle of
the lever (8 min): The explanation is given by RoboThespian
through the PowerPoint presentation in the preprogrammed
mode. It includes knowledge control questions answered
through the response system
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Entrance

teacher in the preprogrammed
mode, and ask RoboThespian questions answered by the operator
5
Screen
through the WoZ
●
Solving lever balance problems
(7 min): Problems are assigned
by the robot, using PowerPoint
Control Room
slides. The students solve the
4
4
problems individually and submit solutions via the response
Projector
1
1
system. The robot presents correct solutions in the prepro3
3
grammed mode and the opera2
2
tor discusses them with the
class in the WoZ mode, bearing
4
4
in mind the response scores
●
Summary (3 min): The robot
teacher reviews the principle of
1
1
leverage and the law of lever
using PowerPoint slides, and
3
3
explains in the preprogrammed
2
2
mode how this law works in
cases of balance
●
Quiz (10 min): The quiz is the
same as in the previous study
(a)
[12], but its nine questions are
transformed into multipleWorkstations
choice questions. RoboThespian
presents (in the preprogrammed
Camera and
Microphone
mode) the questions, using
slides. The students individually
CRSs
submit their answers through
the response system. At the end
of the quiz, the robot teacher (in
RoboThespian
the WoZ mode) announces the
names of the students with the
Virtual
Projection
highest scores
Teacher
Screen
Internal
Speaker
●
Questionnaire (10 min): 15
Speaker
multiple-choice questions
were presented in the same as
the quiz.
After the lesson, we conduct a short
Class
Robot
Presentation
Response
Control PC
PC
briefing where we demonstrate
PC
Monitor
RoboThespian’s capabilities, and
Headphones
Microphone
then the robot answers students’
questions (in WoZ) and entertains
(b)
the class (https://www.youtube.com/
_________________
watch?v=qkEPQtuF3DI).
_______________
Figure 3. The interaction laboratory: (a) the layout and (b) the communication systems.
The presented lesson extends the
students’ interaction with RoboTh● Levers in everyday life (2 min): RoboThespian gives preproespian. The new functions of the robot teacher include
grammed examples by means of the PowerPoint presenta- communication through the responsive system, team
tion and video clips
guidance based on audiovisual feedback, control questions
● Experimental inquiry of the lever balance law (15 min):
during the explanation stage, conducting of the quiz,
Students perform experiments with lever kits. They administering the questionnaire, and the briefing in an
work in groups on inquiry tasks given by the robot interactive and playful manner.
78

IEEE

t

IEEE ROBOTICS & AUTOMATION MAGAZINE

obotics
utomation
M AGA Z INE

t

JUNE 2016

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

IEEE

obotics
utomation
M AGA Z INE

M
q
M
q

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

Table 1. The students’ perceptions and attitudes
in different classrooms: percentage of positive
answers.

Number One

Questions

Studio

Interactive Lab

Pilot Main

O

Number Two

Figure 4. The boys seated on the seesaw in question 9.

Learning Outcomes, Perceptions, and Attitudes
We explore the effectiveness of an elementary school lesson
mediated by a humanoid robot in a science museum and how
students’ outcomes, perceptions, and attitudes are influenced
by the level of SRI. The two specific questions are as follows.
1) Is there evidence that elementary school students participating in a science lesson mediated by a humanoid robot acquire
and understand the concepts taught? If so, are the outcomes
influenced by the level of interaction with the robot?
2) Do the students like the lesson and the robot teacher? If so,
are there perceptions and attitudes influenced by the level
of interaction with the robot?
There were 189 students (15 groups) from grades 5–7
(11–13 years old) who participated in our study at MadaTech in 2013–2014. We distinguish between students who
learned the lesson in the studio (118) and in the interactive
laboratory (71).
The learning outcomes were evaluated by a quiz with nine
questions. The first three questions asked to identify leverage
points. The next two questions checked understanding of the
dependency between the effort and the lever arm distance.
Question 6 asked how to counterbalance a given weight put
on one side of the lever. Question 7 tested understanding of
the law of the lever. The last two questions were on the use of
the lever in two real-life situations: 1) wallet holding and 2)
seesaw swinging.
The questionnaire was developed in the previous study,
based on the Godspeed Human–Robot Interaction Questionnaire [17]. It includes 15 questions, seven of which are relevant for this study and presented in this section.
Learning Outcomes
The average score on the quiz was 68.3% for the students in
the studio and 78.7% for those in the interaction laboratory.
These results indicate that the majority of the students successfully learned the subject. The learning outcomes in the
interactive lab were significantly higher than that in the

1) Was the robot responsive 68
to the class?

79

64

2) Was the robot friendly
during the lesson?

75

88

70

3) Did the robot behave like 61
a real teacher?

76

49

4) Was the robot energetic
during the lesson?

72

78

34

5) Do you like the robot
teacher?

75

85

84

6) Was the lesson with the
robot teacher pleasant?

75

85

94

7) Was the lesson with the
71
robot teacher interesting?

79

81

studio. We attribute this to the more targeted focus of SRIs in
the laboratory on learning objectives of the lesson.
The use of the response system helped the students to better prepare for the quiz. In addition, in the studio, the quiz was
given in paper format, and the students had to comprehend
the written questions by themselves and misunderstood some
of the questions. In SRI design for the interactive laboratory,
we treated this problem and imitated the practice of school
teachers who present the questions to students, emphasizing
their meaning by intonations and gestures. Accordingly,
RoboThespian presented the questions orally and on the
screen, helping students to better understand them.
The gap between the results is clearly observed in question
nine, which is formulated as follows: which of the boys in Figure 4, each of whom has a different weight, should sit closer to
the center to balance the swings? The score for this question
in the studio was 27%, in the interactive lab it was 54%.
Students’ Perceptions and Attitudes
The results of the questionnaire from the studio (pilot study
and main study) and from the interactive lab are given in
Table 1. The data indicate the following points.
● The majority of students that participated in both classrooms had positive attitudes toward the lesson and perceptions of the robot teacher.
● Perceptions and attitudes of the students who learned in
the studio during the main study were higher than those
during the pilot study. We relate this result to the lesson
delivery experience acquired in the study.
● Students’ perceptions of the robot (questions 1–4) in the
interactive lab were significantly lower than that in the studio. We explain the finding by the different conditions in
the two classes in relation to the number of students, their
proximity to RoboThespian, and eye contact with the robot
teacher. In general, classes with up to 20 students, sitting at
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●

a distance of 1.2–3.7 m from the teacher [20, pp. 121–124]
and within eye contact are considered most favorable for
teaching communication. In our case, the lessons in the
studio were delivered to 12 students who sat at three tables
at that were 1.8–2.4 m from the the robot teacher, therefore, full eye contact was established. The lessons in the
interactive lab were given to 24 students, 16 of whom sat at
a distance exceeding 3.7 m and the majority of whom had
limited eye contact with the robot.
Students’ attitudes toward the robot and the lesson (questions 5–7) in the interactive laboratory were at the same
level and even higher than that in the studio. Our explanation is that due to using the upgraded audiovisual system, the operator was able to observe the behavior of
every student and react to the questions, answers, and
comments when operating robot interactions. Another
advantage was that the students answered the robot’s
questions through the classroom response system and not
on paper questionnaires.

Discussion and Conclusions
Returning to the first question posed in the “Background of
the Study” section the study shows that an elementary school
science class can be mediated by a humanoid robot, such as
RoboThespian, so that explanations, examples, assignments,
and correct solutions are given in the autonomous mode,
while other parts of the lesson are given through the WoZ
mode. Our recommended design considerations in programming the robot teacher for further use:
● design behaviors that satisfy teacher immediacy criteria
● determine the key frames and animation rate to feature a
human teacher character
● use unnatural behaviors to attract attention to certain
details.
Regarding the second question, the study explored factors
of classroom design that significantly affects SRI: the number
of students, proximity to RoboThespian, and eye contact.
Regarding the third research question, the study shows that
students’ interactions with the robot teacher can be focused
on achieving lesson objectives through more detailed modeling of the human teacher’s behavior. Such interaction can
engage students in active learning, keep their attention and
attract interest in the lesson, exposing them to leading
humanoid robots in the service of education.
We note that to make lessons with robot teachers effective,
their design should consider such factors as the match between
the robot’s capabilities and behaviors, the right combination of
autonomy and WoZ, classroom organization, careful planning
of learning activities, and assessment of their outcomes.
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n this article, we discuss our experience in developing
and implementing two massive open online courses
(MOOCs) at Queensland University of Technology
(QUT), Brisbane, Australia. The MOOCs, titled
Introduction to Robotics and Robotic Vision, each ran for six
weeks and comprised online lectures, assessments,
programming exercises, and an optional robot-making or
vision-system-creating project, respectively. As well as
being among the first MOOCs in the world on these topics
at the undergraduate level, the QUT MOOCs were
innovative in two particular areas: first in the integration of
automatically graded MATLAB programming assignments
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and second in the use of an automated process for student–
peer review of project outcomes.
Central to this article is a discussion of our motivation for
creating the two online courses and of the tools, processes,
and platforms we developed to create the MOOCs. We present some preliminary
findings regarding our
experience in implementAs an innovative approach
ing and facilitating the
courses and responses
to educational change,
from the first student cohort. We conclude with
MOOCs are shaping the
final observations about
the importance of a conew online learning
hesive, multiskilled team
approach to MOOC deenvironment.
velopment and implementation, the need for
effective support and facilitation of the student community in the discussion forums, and the value of effective relationships with
third-party providers in educational ventures that rely
heavily on new digital technologies.
Motivation for Development of the MOOCs
As digitization transforms how knowledge is produced
and consumed and how learning takes place [1], higher
education institutions are driven to explore innovative
approaches to the design and development of learning
and learning environments [2]. As an innovative approach
to educational change, MOOCs are shaping the new
online learning environment [3], [4] and, to some extent,
are being used to capitalize on the affordances of digitization. Since late 2011, beginning with the emergence of
MOOCs from institutions such as Stanford, Harvard, and
MIT, they have attracted widespread media attention and
global interest [5]. This renewed interest in online learning, piqued by the rise of the MOOC, is the result of a
combination of factors. This includes greater competition
and increased privatisation of higher education, shifts in
economic models, and changes in sociodemographic factors leading to a greater diversity of the student population [2]. Other drivers include pressure on educational
institutions to broaden student participation and the
emergence of concepts of lifelong learning and portfolio
career paths [6]. The proliferation of MOOCs has heralded the mainstream recognition of online learning as part
of the higher education landscape and, as interest has
grown, opportunities have emerged.
From the early stages of our MOOC project, QUT strongly supported the development and delivery of the online
courses. A scan of existing MOOCs in the field of robotics
worldwide indicated that while a small number of introductory courses were offered, none had a specific focus on
robotic vision or approached the topic at the level of difficulty demonstrated by the two QUT MOOCs. QUT recognized
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an opportunity to profile a major engineering research area
(robotics) in a course championed by an international expert
in the field, while simultaneously positioning the university
as a modern and transformative institution: a global participant in emerging educational practice. These first MOOCs
were also an opportunity to strengthen capacity and capabilities in innovative online course design and development.
This included the professional development of participating
teaching staff and the development of a scalable approach for
the design, production, and support of subsequent MOOCs
and online courses. The university also has a strong social
justice agenda and supports programs that broaden the participation in education by students from a wide range of
backgrounds. QUT’s objectives for offering MOOCs have
been found to be commonly held with a recent report,
“Higher Education Online: MOOCs the European Way” [7],
confirming the key drivers for MOOC development as being
the enhancement of institutional reputation and institutional visibility, the strategic use of MOOCs as part of policies around innovation, and a response to the changing
demands of learners and society.
The development of a MOOC requires willingness on the
part of individual lecturers to take a risk and to try a new
mode of online learning. It also requires institutional support. In the case of the QUT MOOCs, it was a combination
of university interest in moving into the MOOC space and of
the realization by the first author that there was a demand for
trustworthy educational material in the area of robotics and
robotic vision. In particular, there seemed to be a demand for
courses pitched between the hobby-level (how to build a
robot with servo motors and an Arduino) and the graduatelevel online courses. Our theory about this demand was
based on an overwhelming response to a set of unedited
robotics lecture videos uploaded to YouTube at the end of
2012. These were devised by the first author for his undergraduate robotics course when, due to unforeseen circumstances, he was unable to present face-to-face lectures on
campus and so recorded the lectures to meet his commitment
to his students. These videos on YouTube were discovered by
students around the world, and to date there have been over
100,000 views. One lecture alone has over 50,000 views.
A survey of existing open online robotics courses supported our theory about the need for courses in this field.
Our courses attracted, in total, over 20,000 participants in
the initial offering in the first half of 2015. Students came
from 145 countries, with the top three countries being
India, Australia, and the United States. Unusually for a
MOOC, according to recent Harvard MIT research on
MOOC participants [9], our cohort was young (73% under
30 years old), and 40% had no university qualifications.
Course Design
The two MOOCs were based on the QUT course ENB339
Introduction to Robotics, which has been taught as part of
the mechatronics major since 2011. This was a conventional
13-week course, and each week comprised two one-hour
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lectures, a one-hour tutorial, and a two-hour laboratory
session in which the students created a simple robot and
vision system using LEGO, a web camera, and MATLAB.
The MOOCs derived from their undergraduate counterpart were challenging for students as they covered similar
topics and activities set at a third-year level: there was considerable theory to master, and programming skills were
required. For reasons of equity and access, the robot-making
project was optional. In overview, the topics covered in the
Introduction to Robotics MOOC included a review of the
Cartesian coordinate system and pose representation in
two-dimensional and three-dimensional (3-D), trajectories,
measuring motion using inertial sensors, robot arm forward
and inverse kinematics, Jacobians, over and underactuation,
independent joint control, and rigid body dynamics. Lectures also covered a general introduction to the field of
robotics, a history of the technology, the diversity of robots
today, the future of robotic technology, its societal impact,
and associated ethical issues. Building on the first MOOC,
the second MOOC focused on conceptual understanding
and practice regarding robotic vision including acquiring
images; image processing (including resizing, image warping, and spatial operators such as convolution, edge-detection, morphological filtering, template matching, and the
hit-and-miss transform); segmentation and feature extraction; light and color perception; image formation using geometric and linear algebraic approaches; homographies; 3-D
vision and stereo; and optical flow and visual servoing.

(a)

Both MOOCs had the
same format and design:
The two MOOCs were based
each week comprised two
video lectures, each one
on the QUT course, ENB339
hour in length, divided
into small segments, a
Introduction to Robotics,
multiple-choice quiz,
and a small number of
which has been taught as
MATLAB programming
assignments. The video
part of the mechatronics
segments were no longer
than 10 min in duration
course since 2011.
(mostly 5–8 min), as
experience and evidence
[10] suggest this length is
optimal for learning. Each video was followed by a set of
formative comprehension questions to help students gauge
their understanding. Some segments linked to additional
support material such as just-in-time tutorials on specific
mathematical topics or aspects of MATLAB usage.
In parallel with these activities, there was an optional
project. For Introduction to Robotics, the students were
tasked to build a two-axis planar robot that could move its
end effector along a path printed on a worksheet, which the
students downloaded from the course website [see
Figure 1(a)]. Students could use any technology they chose
to build the robot, for example LEGO NXT or EV3, Arduino, or Raspberry Pi, with direct current, radio-control servo,

(b)

Figure 1. Downloadable worksheets specify the tasks for the robot and robot vision projects, including the path
to be drawn by a robot arm (a) and the shapes of various color, shape, and size to be located and identified by
(b) a robotic vision system. (Used with permission of QUT.)
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to workspace coordinates, to joint
angles, to motion. The final task was
something equivalent to “move to the
large green square, the small red
circle, and then the large red triangle”.
We provided scaffolding for the
projects with an optional weekly
video segment where one of the
tutors worked through the process of
building the robot (see Figure 2) and
the vision system. The tutor demonstrated the capability that students
were expected to develop each week.
For the robot project, he built a sample robot using LEGO NXT; however,
students were free to choose whatevFigure 2. One of the tutors (Liam O’Sullivan) guides students through the weekly
er technology they wanted or could
robot-building tasks using video and text-based support materials. (Used with
permission of QUT.)
access to create their robot.
The outcome of the student projects were physical artifacts located in homes, universities,
and workplaces around the world. This presented a real
challenge for grading, as the performance of the students’
robots needed to be viewed and assessed, so we developed
an innovative approach to assessment utilising peer review.
Students who completed the project submitted a video of
their system performing a specified set of tasks over one of
the worksheets (see Figure 1), as shown, for example, in
Figure 3. Each student was auto-assigned to three peer
reviewers from the student cohort. To develop their peer
review skills prior to assessing others’ robots, students practiced peer reviewing via an automated mastery system utiFigure 3. A student project recorded on video and submitted
for peer review. We see the constructed robot on the worksheet
lizing a poor performance example and good performance
shown in Figure 1(a). (Submitted by Nikolay Falaveev.)
example. This approach was very effective, using automated
allocation and collation processes integrated into the
or LEGO motors. The task was to move the end-effector EdCast platform. Using the students for the peer review
smoothly between the points marked on the sheets (coordi- process means that the system is scalable according to
nates given in the table) while staying within the marked cohort size. It also encourages peer-to-peer interaction. The
spatial corridors. For the successful projects were submitted in video form and disRobotic Vision MOOC, played in a final project “mash-up” video and made availthe students used another able to the entire course cohort (see examples at https://
_____
Students were encouraged worksheet [see Figure www.youtube.com/watch?v = CpMm0j1zB8o).
_____________________________
1(b)]. They acquired an
Students were encouraged to engage with the course at
to engage with the course image using a camera at a level that suited their interest, capabilities, and time availan arbitrary viewpoint ability. In decreasing order of commitment the students
at a level that suited their
and segmented the scene could 1) watch the videos, study the course content, cominto shapes by color, size, plete the quizzes and programming assignments, and work
interest, capabilities, and
and shape. The blue cir- on the project; 2) watch the videos, study the course concles, whose coordinates tent, and complete the quizzes and programming assigntime availability.
are given, are used to ments; and 3) watch the videos and browse the course
compute a homography content. Students who gained at least 50% of the points
that enables the image available for the quizzes and programming assignments
plane coordinates of the other shapes to be converted into received a certificate of completion.
worksheet coordinates. If students had built a robot in the
first MOOC, then, as a final step, they could use the vision Production Values
system to determine the end-effector coordinates for their We strove to maintain student engagement in the course
robot to move from visual shape to image plane coordinates, video content by ensuring high production values throughout
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(a)

(b)

(c)

(d)

Figure 4. Examples of the diverse presentation formats, including (a) demonstrations, (b)–(c) example slides, and (d) video
recorded in the field (off campus). (Used with permission of QUT.)

Figure 5. An example of a MATLAB screencast used to
demonstrate programming. Having watched the demonstration,
students were encouraged to apply their knowledge to MATLAB
programming tasks. (Used with permission of QUT.)

Figure 6. Practical demonstrations using a conversational
and informal approach to concept development. (Used with
permission of QUT.)

and using a diversity of presentation techniques, sometimes combining several techniques within the one segment. Presentation formats ranged from traditional
narrated slides where we
employed high-quality
graphic design, a large
number of images, and
We strove to maintain
animations (see Figure
4); to screen casts of comstudent engagement in the
puter sessions (typically
MATLAB) (see Figure 5);
course video content by
to formal presentations to a
camera, using a green
ensuring high production
s cre en wit h images
superimposed behind; to
values throughout and
informal presentations
to a camera in the lecturusing a diversity of
er’s office, often in conjunction with model
presentation techniques.
robots and other props
to illustrate points, making the most of a conversational and hands-on style (see Figures 4 and 6); to
special lectures recorded in a lecture theater; to laboratory
and field trips; and finally to interviews between the lecturer and a guest. We used high-quality (16:9 aspect ratio
at 1080p resolution) video throughout, and videography
was undertaken professionally with either a one-person
crew and a high-end digital camera or with a full crew
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Figure 7. The QUT MOOC portal, showing the entry points to available online courses. (Used with permission of QUT.)

Figure 8. MOOC platform navigation tools. The screenshot shows the course overview page with the weekly course activities
linked on the left-hand navigation bar, the instructional text in the center, and the discussion board entries in the right-hand
column. (Used with permission of QUT.)
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comprising camera and sound operators plus a producer. Over 200 video segments were created and each
underwent video postproduction, quality assurance, transcript production, and captioning.
Integration with Third-Party Providers
A key part of the course was the use of MATLAB, the scientific programming environment from MathWorks.
They generously granted a time-limited MATLAB licence,
with relevant Toolboxes, free for all MOOC students for the
duration of their course. MATLAB was integrated into the
course as an integral part of the textbook [8] and was demonstrated in the video, animations, and screencasts.
To evaluate the students’ grasp of course material, we set
problems that the students answered by writing MATLAB
code to compute the solution. The students could test their
code on their own computer, using their free MATLAB
licence, or work directly with the web interface integrated
into the grading system. Students entered MATLAB code
into a text box, it was evaluated on a remote server, and
results (any displayed values, error messages, or even plots)
were returned to the student’s browser window. The problem statement specified what should be computed and the
MATLAB workspace variables in which the results should
be saved. When students were confident of their code, they
pressed the Grade button and the code was run as usual on
the remote server, and then the lecturer’s grading script was
run. This script executes in the workspace left by the
student’s script, and it checks the values of the workspace
variables, issues informative error messages for the student,
and updates the grade book as appropriate. The number of
attempts allowed is settable in the course platform.
The course was delivered on an Open edX platform
provided by EdCast, a Mountain View, California-based,
third-party vendor that created a customized MOOC platform for our university (see course entry page, Figure 7).
The platform, using the Open edX source code, was familiar to students who may have used MOOCs through the
edX consortium (edx.org).
_____ It included a number of EdCastspecific enhancements, including a customized discussion
forum, shown on the right of Figure 8, as well as discussion
groups and the ability to schedule Google Hangouts. The
textbook [8] publisher, Springer, made relevant sections of
the book available for free in electronic form, and this was
accessed by the students through the EdCast platform.
Workflow and the Video Development Process
It is well known that transforming a set of lecture materials
and a face-to-face course into a quality online course is a
complex and demanding task [4], [11], [12]. From the perspective of the lecturer, the bulk of the effort in this project
was devoted to adapting content from the classroom course
into modularized MOOC segments and turning tutorial and
examination questions into weekly assignments. The workflow for the translation of classroom lecture slides, for example, was as follows:

1) The existing one-hour lecture slides (in Keynote) were
partitioned into short segments, no longer than 10 min
each. Additional title slides and placeholders for screencasts and videos were inserted into the slide deck.
2) Copyright clearance was obtained for all images used in
the slides or substitutes found.
3) Standard templates with uniform fonts and color
schemes were applied by the graphic designers to the
videos and slides.
4) The slides, generally animated, were narrated by the
lecturer, and the audio and video were captured using Camtasia.
5) Postproduction editing was performed to add annotations to highlight items on screen, screencasts, and other
video segments as needed.
6) Quality assurance was completed by a nontechnical
member of the team.
7) Transcript files were created, one for voice narration
and another for all MATLAB commands used in
the segment.
8) Ashort introductory text was created for each segment to
accompany the containing web page.
9) The check understanding (comprehension) questions for
the segment were created, coded, and checked.
The lecturer was only one of many people involved in effecting this translation. The
production of a highquality MOOC requires
The production of a highthe efforts of a specialized
team that includes learnquality MOOC requires
ing designers, multimedia developers, and
the efforts of a specialized
videographers.
It was important that
team that includes
each lecture had an opening segment to introduce
learning designers,
the topic, and this was
done face to camera by
multimedia developers,
the lecturer to create a
personal classroom-like
and videographers.
connection. The lectures
themselves were not
scripted, but they were rehearsed. Conventional classroom
lectures are typically done this same way, and it was hoped
that by not using scripts there would be a greater spontaneity
and energy to the narration. Many MOOC presenters use a
digital tablet to highlight a particular part of the slide or to
illustrate sequential development of the topic. The effectiveness of this approach varies widely, and the quality of
tablet-drawn text and graphics is often poor. The first author
found the tablet distracting and unnatural, so we used simple Keynote animations instead. The developments were
preprepared and of high quality. We also added some additional annotations in postproduction, typically to resolve
ambiguity when the narration refers to a particular item on
the slide.
JUNE 2016

IEEE

obotics
utomation
M AGA Z INE

t

IEEE ROBOTICS & AUTOMATION MAGAZINE

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

t

87

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

IEEE

obotics
utomation
M AGA Z INE

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next Page

M
q
M
q

M
q

M
q
MQmags
q

THE WORLD’S NEWSSTAND®

The preparation workload was considerable; for example,
the issue of securing copyright clearance for images was an
unexpectedly large task. As the course materials were
designed to be viewed outside of the usual university copyright jurisdiction, many hundreds of images used in the
original slide sets needed to have explicit clearance or substitution with an equivalent free-to-use image, a purchased
stock image, or a newly created image. In addition, every
image on every slide had to be captioned with its source.
Further effort needed to be directed to preparing weekly
multiple-choice assessment questions as well as formulating
MATLAB programming assignments that required a problem description, a model solution, and a grading script, all
of which needed to be coded and tested. The quizzes and
MATLAB programming assignments were created through
a web-based authoring system. Frequently, we needed to
enter mathematical notation, and this was conveniently
achieved using the MathJax plugin which allows mathematics to be written directly using LaTeX notation.
Facilitating and Building
the Participant Community
Following the design and development of the courses, considerable effort was also required for implementation. For example, actively managing and building the student community
was important, and we focused considerable attention on this
phase [11]. Feedback from the discussion forums and the
post-course survey indicated that this support was valued
and appreciated by students.
We engaged a small group of teaching assistants (TAs), all
high-achieving students of the university undergraduate
course. They were now
senior undergraduates,
research assistants, or
Despite the challenging
graduate students who
were ably qualified to
work of designing,
assist with content, including MATLAB programdeveloping, supporting,
ming. They received
training in online facilitaand facilitating the online
tion for community
engagement and provided
courses described here,
an ongoing teaching presthere are exciting prospects ence [11] along with the
committed contribution
of the lead lecturer. The
for delivering a suite of
TAs were rostered on each
day to manage communirobotics courses for a
ty conversations, and they
hosted live events (synrange of purposes based
chronous Google Hangouts). The live events were
on this MOOC adventure.
also recorded and placed
on site as asynchronous
resources. Students were able to create groups based on geographical location, groups devoted to special interests such as
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discussions about the pros and cons of using different
technologies for creating the project robot (i.e., LEGO or
Arduino), or even groups for their own events. The overall
positive student rating of each of the MOOCs can in part be
attributed to the work put into supporting these online communities: 60% rated the first MOOC as excellent, and 31%
rated it as good in the post-course survey (n = 383).
Use in Blended Learning
In 2014, the classroom version of ENB339 was used to road
test the MOOC content. Using a flipped classroom
approach, one of the two weekly face-to-face lectures was
replaced with online material that the students reviewed
before class. The remaining one-hour lecture, termed a lectorial, became an opportunity for the lecturers and students
to engage in deeper thinking, discussion, and analysis
based on the previewed content. A web-based student
response system, GoSoapBox, allowed students to nominate, or up vote, a question that they would like covered
during the lectorial. This worked well with a class of 80 students, and the sessions were characterized by a lot of discussion. Theoretically, students did not need to come to the
lectorial, but generally two-thirds of the class attended each
week. The evaluation of this approach indicated that the
high-achieving students were even more successful; however, some students struggled with the increased requirement
for self regulation of their study.
Overall Outcomes
The two MOOCs provided an overwhelming amount of
data, much of which is still to be analyzed and will be discussed and reported elsewhere. With respect to our initial
higher-level goals, the two MOOCs have:
● Attained global reach and profile (visibility): Over
20,000 participants, (73% under age 30) had exposure
to Robotics and QUT (40% had no university qualifications). Pathways are being developed for using MOOCs
to introduce students to graduate and professional
courses. Other academic institutions have approached
the university regarding use of segments of the courses,
and certain companies have registered interest in customised, corporate online modules.
● Created and repurposed resources: Resources prepared
for the MOOC have been effectively adapted and reused
in the original undergraduate course ENB339.
● Enhanced production processes and expertise: This has
included the development of copyright clearance workflows and processes, effective online educational assets,
and educational design and multimedia design processes.
● Applied learning analytics to massive data sets: Participant
demographics, motivations, and engagement data has been
collected and is being analyzed. This informs future design
and learning and teaching processes.
● Increased knowledge about online pedagogy: New and
innovative approaches have been successfully introduced,
including integration of MATLAB for automatic grading
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●

and feedback and an automated peer review processes for
student projects. Teaching staff have developed new skills
and pedagogical understandings as a result of facilitating the
online communities.
Confirmed the challenges of offering online courses
with massive enrollments to a global audience: Challenges included, for example, designing meaningful
assessments that provided thousands of students with
appropriate feedback and building tools and systems
that reliably automated and managed marking at scale.
In addition, the student cohort was diverse. Therefore,
there were participants who, not surprisingly, struggled
with the mathematics and programming tasks, despite
the supports put in place to assist them and the statements about assumed knowledge in the course overview. Further, as with any delivery platform, there were
limitations to functionality; any technical problems that
arose during the course had to be solved promptly, and
solutions skilfully communicated to students.

Conclusions and Future Directions
Creating the MOOC was generally a rewarding experience
for those associated with the project. When we started, no
staff at QUT had experience in creating a MOOC. We
learned as we proceeded. A major success factor was the
breadth of experience, enthusiasm, and devotion of the
entire team. The transition from a classroom learning and
teaching environment to a successful online educational
experience at this scale required an iterative response and a
cohesive team effort. In addition to the support from the
university, third-party providers such as MathWorks provided exceptional support. The company made their MATLAB software available for free to all students in the course,
provided friendly and consistent technical support in the
MOOC discussion forums, and supported development of
the backend assignment grading system. In addition, the
publisher Springer made excerpts from the course textbook
available for free for the duration of the course via the
course website.
The MOOC program is part of QUT’s “wider strategy
for open online learning” where “institutions will need a
balanced provision of online and on campus solutions in
order to respond strategically to the challenges and opportunities facing higher education.” [13]. Despite the challenging work of designing, developing, supporting, and
facilitating the online courses described here, there are
exciting prospects for delivering a suite of robotics courses
for a range of purposes based on this MOOC adventure. To
access the Robotics MOOCs, see the QUT Open Online
Learning catalog: https://www.qut.edu.au/study/open__________________________
online-learning.
__________
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STUDENT’S CORNER

Welcoming Our New SAC Members
By Megan Emmons and Dénes Ákos Nagy

H

ello and welcome back to the
“Student’s Corner” column!
The Student Activities
Committee (SAC) of the IEEE
Robotics and Automation Society
(RAS) has recently undergone a
transition in members and is evaluating
current initiatives and future goals. As
before, the SAC is committed to
providing students with opportunities for professional development.
Our goal is to represent students in
Society initiatives, provide networking
opportunities with industry and
academic professionals, and provide
resources for students to further their
careers and the field of robotics.
To achieve these broad goals, we
welcome new Cochairs Dénes Ákos
Nagy and Ye Zhao and returning
Cochair Jory Denny. Megan Emmons, a previous cochair, will now
serve as the SAC chair. We would
like to thank Lauren Miller, Ashraf
Ajoudani, and all previous SAC
members for their inspiration and
vision in creating so many successful student initiatives. We are excited
to carry on your efforts and continue growing the SAC to meet the
diverse needs of students in the
robotics community.
We are committed to expanding
our presence at the two flagship
robotics conferences—the IEEE
International Conference on Robotics and Automation and the joint
IEEE/Robotics Society of Japan

Digital Object Identifier 10.1109/MRA.2016.2550999
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International Conference on Intelligent Robots and Systems (IROS). We
will continue to host the wellreceived Lunch with Leaders at both
conferences, providing students the
opportunity to network with robotics professionals in a more personal,
interest-specific setting. A student
lounge will offer students a casual
setting to interact with peers, grab
refreshments, and relax. As in previous years, an SAC-sponsored event
will encourage RAS members to
socialize and experience the culture
of the conference host city.
With over 150 RAS Chapters in
more than 40 countries, there are
many activities taking place outside
the flagship conferences, and the
SAC is dedicated to meeting the
needs of students in these areas as
well. To better facilitate communication between the SAC and student
Chapters, four regional student
representatives were appointed in
June 2015. Thassyo Pinto, Emad
Omari, Victor Carranza, and Tony
K. James represent Regions 1–7, 8, 9,
and 10, respectively. These students
serve as ambassadors between the
SAC and student Chapters to organize more regional activities and
improve communication.
Initiative Highlight
We are enthusiastic about the IEEE RAS
Young Reviewers Program (YRP) that
was initiated by previous SAC members
and recently launched at IROS 2015.
Registration is now open to students
and senior reviewers.

How Does it Work?
Upon accepting a new review request,
a senior reviewer can search the YRP’s
database to locate a student working
in the target field and then contact the
student to review the article. When
the student returns the review, the
senior reviewer can make the necessary modifications and provide feedback to the student. At the end of the
process, the senior reviewer submits
the final version.
We are enthusiastic about this program because it does not increase the
number of papers for review but provides a great platform for learning
and connecting people in the same
fields. It also enables students to learn
how to better present their own ideas
in writing and fosters increased interest in the publication process.
For more information about the
YRP, please visit http://www.ieee-ras.
org/publications/young-reviewersprogram.
______ To learn more about the
reviewing process, please read the article “The Reviewing Process: Assessing
Scientific Contribution,” published in
the March 2012 issue of IEEE Robotics
and Automation Magazine.
Thank you for taking the time to
read this student update! We are honored to represent students and will
continue looking for new strategies to
help students further their careers.
Visit the SAC website or like our Facebook group to stay up to date with the
latest SAC news. If you have any ideas,
suggestions, or exciting news to share
with the community, we encourage
you to contact us!
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Fuel your imagination.
The IEEE Member Digital Library gives you
the latest technology research—so you can
connect ideas, hypothesize new theories, and
invent better solutions.
Get full-text access to the IEEE Xplore® digital
library—at an exclusive price—with the only
member subscription that includes any IEEE
journal article or conference paper.
Choose from two great options designed
to meet the needs of every IEEE member:

IEEE Member Digital Library

IEEE Member Digital Library Basic

Designed for the power researcher who
needs a more robust plan. Access all the
IEEE content you need to explore ideas
and develop better technology.

Created for members who want to stay
up-to-date with current research. Access IEEE
content and rollover unused downloads for
NPOUIT

tBSUJDMFEPXOMPBETFWFSZNPOUI

tOFXBSUJDMFEPXOMPBETFWFSZNPOUI

Get the latest technology research.
Try the IEEE Member Digital Library—FREE!
www.ieee.org/go/trymdl
IEEE Member Digital Library is an exclusive subscription available only to active IEEE members.
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Introduing SAC Members
Megan Emmons,
Colorado State
University, Fort
Collins, United
States, IEEE
RAS SAC chair,
mremmons@rams.
____________
colostate.edu.
________
Megan Emmons received a B.S.
degree in engineering with an electrical focus from the Colorado
School of Mines in 2010 and an
M.S. degree from Utah State University in 2013. Missing the mountains
of Colorado but wanting to continue
pursuing robotics, Emmons moved
to Fort Collins, where she is now a
third-year Ph.D. student at Colorado State University (CSU). Her
field of research is swarm robotics—particularly, correlating local
and emergent behaviors in the
swarm. While at CSU, her advisor
encouraged her to become more
involved in RAS.
L ast year, Emmons had the
honor of serving as an RAS SAC
cochair. Working more closely with
R A S l e a d e r s h ip an d s tu d e nt s
around the world in that capacity
has heightened her appreciation for
the robotics community. Robotics is
a unique and exciting field that
brings people from many different
backgrounds together for a common vision. As an ever-evolving
f i e l d , s tu d e nt s are e s p e c i a l l y
significant to the advancement of
robotics—contributing enthusiasm,
new inspiration, and novel perspectives. Now as the chair of the SAC,
Emmons would like to extend the
many excellent initiatives from previous SAC members and reinvigorate student involvement. She wants
to further promote the positive
exchange of ideas between students
and robotics professionals by opening communication channels and
p r ov i d i n g v a r i e d n e t w o r k i n g
opportunities. She hopes you will
all stay tuned to upcoming SAC
events as we strive to provide more
opportunities for students!
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Dénes Ákos Nagy,
Antal Bejczy Center
for Intelligent
Robotics, Óbuda
University, Budapest,
Hungary, IEEE
RAS SAC cochair,
denes.a.nagy@ieee.org.
____________
Dénes Ákos Nagy graduated as a
computer engineer at first in 2012, but,
during his studies, he became more
interested in medical applications. In
his second year of computer engineering, he also started medical studies
and, in 2015, graduated as a medical
doctor. The following semester, he
began working toward a Ph.D. degree
instead of working in a hospital, with
the main goal of helping medical professionals and engineers understand
each other. Today, he works in the
Antal Bejczy Center for Intelligent
Robotics as a Ph.D. student in the field
of medical robotics applications. His
research interests are surgical robotics,
image-guided surgery, and teleoperation. He is passionate about creating a
link between people approaching
robotics from different backgrounds
and hopes that, as a cochair of the RAS
SAC, he will be able to help initiate
communication platforms among students as well as between students and
senior researchers. He is excited to
work with the RAS volunteer group
and hopes to meet many of you in person during upcoming conferences and
other RAS events.
Jory Denny, Texas
A&M University,
College Station,
United States, IEEE
RAS SAC cochair,
joryl
denny@gmail.
____________
com.
___
Jory Denny is a Ph.D. candidate in
the Parasol Laboratory of the Department of Computer Science and Engineering at Texas A&M University,
working with Prof. Nancy M. Amato.
He received a B.S. degree (magna cum
laude) in computer science from Texas
A&M University in 2011 and is an

honors undergraduate research fellow.
He received a National Science Foundation graduate research fellowship
(2013–2016) and was a finalist for the
Computing Research Association’s
Outstanding Undergraduate Researcher Award in 2011. His research
interests are robotic motion planning,
computational geometry, artificial
intelligence and machine learning, and
computer graphics.
Ye Zhao,
University of
Texas at Austin,
United States,
IEEE RAS SAC
cochair, yezhao@
______
utexas.edu.
______
Ye Zhao is a fifth-year Ph.D. student
in at the Human Centered Robotics
Laboratory at the University of Texas
at Austin. His research interests are
motion planning, whole-body control,
and decision-making algorithms of
legged and humanoid robots in
unstructured environments, with a particular concentration on the performance of robustness, optimality, and
agility. He serves as a review editor for
Frontiers in Robotics and AI: Humanoid
Robotics and is an active member of the
RAS Technical Committee (TC) on
Whole-Body Control and the RAS TC
on Algorithms for Planning and
Control of Robot Motion.
During his term as cochair, he will
work with Megan and the other
cochairs to organize social events at
RAS flagship conferences, maintain
web-based events, and propose appropriate activities. He hopes that his
enthusiasm and effort will contribute to
the RAS SAC community.
Considering recent rapid advancements in the worldwide robotics society, Zhao believes that this is a golden
time for our SAC to play a more significant role and better serve our
robotics students. He pledges to bring
passion, responsibility, and dedication
to the SAC. He appreciates the support
from the committee and looks
forward to a wonderful SAC year!
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IEEE
RAS
SOCIETY
AWARDS
CALL
FOR
NOMINATIONS

Nominations for the following
IEEE Robotics and Automation Society
Awards are due 1 August 2016.
RAS PIONEER AWARD
IEEE RAS GEORGE SARIDIS LEADERSHIP
AWARD IN ROBOTICS AND AUTOMATION
IEEE RAS DISTINGUISHED SERVICE AWARD
RAS EARLY CAREER AWARD

DUE
1 AUGUST 2016

IEEE INABA TECHNICAL AWARD FOR
INNOVATION LEADING TO PRODUCTION
IEEE ROBOTICS AND AUTOMATION AWARD
FOR PRODUCT INNOVATION
RAS MOST ACTIVE TECHNICAL COMMITTEE AWARD
RAS CHAPTER OF THE YEAR AWARD

A description and list of previous recipients of
each award is available at www.ieee-ras.org.
Nominators should use the appropriate
Nomination Forms, which are available in the
awards section of the site.
Nominations can be completed online or sent to
ras@ieee.org.
______________
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SOCIETY NEWS

RAS for Disaster Risk Reduction

T

he United Nations International Strategy for Disaster
Reduction (UNISDR) Science
and Technology Conference
on the Implementation of the Sendai
Framework for Disaster Risk Reduction 2015–2030 was held in Geneva,
Switzerland, on 27–29 January 2016.
IEEE Robotics and Automation Society
(RAS) President Satoshi Tadokoro, as a
representative of the IEEE RAS Special Interest Group on Humanitarian Technology
International Committee of Robotics
on Disaster Risk Reduction, presented

Figure 1. RAS President Satoshi Tadokoro presenting a poster at the UNISDR Science
and Technology Conference in Geneva, Switzerland.

a poster to demonstrate examples of
actual robotic contributions for disaster risk reduction and to represent the

Digital Object Identifier 10.1109/MRA.2016.2550918
Date of publication: 17 June 2016

leadership of RAS in bridging gaps
toward the social implementation of
robotics (Figures 1 and 2).

Figure 2. The disaster risk reduction poster presented by RAS President Satoshi Tadokoro at the UNISDR Science and Technology
Conference in Geneva, Switzerland.
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Connecticut RAS Chapter Develops
and Engages Volunteers with Teen
Robotics Workshop

T

he Connecticut Chapter of the
IEEE Robotics and Automation Society (RAS) developed
and launched a series of teen
robotics workshops, “Make a Robot
with Raspberry Pi and Scratch,” on
three Saturdays in January and February this year (Figure 1). The workshops engaged a broad spectrum of
the Connecticut robotics community.
Prior to the workshops, 28 volunteers—including college students,
robotic hobbyists, IEEE professional

Digital Object Identifier 10.1109/MRA.2016.2550941
Date of publication: 17 June 2016
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Figure 1. Students learning Scratch at the teen robotics workshop.
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Figure 2. One of the completed GoPiGo robots
created at the workshop.

members, and public school students
and teachers—from 14 different organizations were trained. Additionally,
16 students (eight girls and eight
boys) from sixth to eighth grade
attended.
The workshops were designed
based on a student-centered-learning pedagogy, integrating short traditional lectures with extensive
hands-on projects. During the
workshops, the middle school students learned about the various

Figure 3. Many volunteers contributed to making the teen robotics workshop
a success.

components that make up a robot.
They then learned the computer
prog raming language S cratch.
Scratch is used to control the Raspberry Pi microcomputer, which is
the brain of these robots.
In addition, students met with a
BattleBot team (HyperShock) to
learn and discuss robot design and
fabrication challenges. At the conclusion of the workshop, students
built and decorated GoPiGo robots
and ran them through a maze using

controls from their keyboards (Figure 2). The volunteers learned how
to use open-source robotics software and hardware, as well as how to
lead the workshops and pass on
knowledge (Figure 3). These workshops are part of a new robotics education program started by Prof.
Haoyu Wang of Central Connecticut
St at e Un ive r s it y an d Dr. Biao
Zhang of ABB, Inc., who is the
cochair of the RAS Chapter and
International Activities Committee.

Future of Robotics in Finland Seminar 2015

T

he third Future of
Technical Research Centre of
Robotics in Finland
Finland, Asea Brown Boveri
Seminar—organized
(ABB), etc.
by the IEEE Finland
The morning session was
Joint Chapter of the Control
organized by keynote talks
System Society, Robotics and
and pitch talks. Prof. Quan
Automation Society, and SysZhou began the seminar by
tems, Man and Cybernetics
introducing the Chapter and
Society—was successfully held
standing officers, followed by
on Wednesday, 25 November
four keynote speeches. Prof.
2015, at Aalto University in
Valeriy Vyatkin of Aalto UniEspoo, Finland (Figure 1). The
versity, Dr. Harri Nieminen of
Figure 1. The third Future of Robotics in Finland Seminar at
theme this year was ”Robotics Aalto University in Espoo, Finland.
Fasterms Oy, Dr. Tapio Heikand Digitalization Enabling
kilä of VTT, and Mr. Jari
Smart Manufacturing,” which attracted nearly 100 registrants from 42 organi- Hyytiöinen of ABB spoke on topics
zations, including 19 companies and such as Industrie 4.0, flexible factory
key players such as Tekes, Forum for automation, intelligent robot automaDigital Object Identifier 10.1109/MRA.2016.2550959
Intelligent Machines (FIMA), VTT tion, and industrial robotics. FollowDate of publication: 17 June 2016
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ing a break (Figure 2), there were
three additional talks from Prof. Ville
Kyrki, Prof. Martti Mäntylä, and Prof.
Riku Jantti on the Finnish robotics
roadmap, Aalto Industrial Internet
Campus, and machine-type communications. Finally, there were six pitch
talks given by representatives from
academia and industry.
Interactive sessions of demonstrations, exhibitions, and posters from
industry and academia were held
during the coffee and lunch breaks.
During the afternoon session, participants were divided into three groups
and visited three major research sites
at Aalto University related to the topic
of the seminar: Automation and
Robotics, Communication, and
Mechanical Engineering, including
the Aalto Industrial Internet Campus.
The standing officers of IEEE Finland
Joint Chapter of the Control System

Figure 2. The attendees at the Future of Robotics in Finland Seminar participate in a
poster/exhibition session during a coffee break.

Society, Robotics and Automation
Society, and Systems, Man, and
Cybernetics Society organizing the
event were Quan Zhou, chair; Ville
Kyrki, vice chair; Juha Orivuori, treasurer; and Peter Jakubik, secretary.
Quan Zhou was responsible for the
organization of the seminar in general,

and Ville Kyrki was responsible for the
morning program.
—Quan Zhou,
Chair of IEEE Finland Joint Chapter
of the Control System Society,
Robotics and Automation Society, and
Systems, Man, and Cybernetics
Society

_____________________

_________

________

_________
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Welcome to the New RAS Student Chapters

I

EEE recently approved nine new
Student Chapters of the Robotics
and Automation Society (RAS):
five in Section 9, two in Section 8,
and one each in Sections 1 and 10.
Congratulations and welcome!

●

Universidad Escuela Colombiana de
Carreras Industriales

Egypt
● Cairo University

Bolivia
● Universidad Privada Boliviana

Honduras
● Universidad Tecnológica Centroamericana (UNITEC)

Colombia
Corporacion Unificada Nacional de
Educacion Superior (CUN)

India
● MES College of Engineering (MES
Kuttipuram)

●

Mexico
● Instituto Tecnológico de Morelia
Tunisia
● Institut Supérieur des Sciences Appliquées et de Technologie de Sousse
(ISSAT Sousse)
United States
● Central Connecticut State University

Digital Object Identifier 10.1109/MRA.2016.2550978
Date of publication: 17 June 2016

Announcing New RAS Senior Members

C

ongratulations to the IEEE
Robotics and Automation
Society (RAS) Members who
were recently elevated to
Senior Member by the IEEE Admission and Advancement (A&A) Senior
Member Review Panel.
Senior Member is the highest grade
for which IEEE Members can apply.
The A&A Review Panel meets eight to
ten times annually to review applications and/or nominations for election
or elevation to Senior Member or Life
Senior Member grade.
IEEE Members can self-nominate,
or be nominated, for Senior Member
grade. To be eligible for application or
nomination, candidates must
● be engineers, scientists, educators,
technical executives, or originators in
IEEE-designated fields

Digital Object Identifier 10.1109/MRA.2016.2550998
Date of publication: 17 June 2016
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●

●

●

have experience reflecting professional maturity
have been in professional practice for
at least ten years (with some credit
for certain degrees)
show significant performance over a
period of at least five of their years in
professional practice.

23 May 2015
Cindy Bethel
Mississippi State University
Mississippi Section
Zack Butler
Rochester Institute of Technology
Rochester Section
Nikolaus Correll
University of Colorado
Denver Section
Habib Kammoun
University of Sfax
Sfax Subsection
Eva Maria Lang
Archives of the Bishopric of Passau
Germany Section

Wei Li
Nanjing University
Nanjing Section
Peter Mckibbin
Phoenix International Holdings, Inc.
Annapolis Subsection
Eduardo Ortiz
University of Puerto Rico
Western Puerto Rico Section
Riaan Stopforth
University of KwaZulu-Natal, Durban
South Africa Section
27 June 2015
Yang Cong
Chinese Academy of Sciences
Harbin Section
David Fillion
TeachOne
Piedmont Section
Harold Fowler
Western North Carolina Section
Sudath Munasinghe
University of Moratuwa
Sri Lanka Section

JUNE 2016
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Luz Abril Torres Mendez
Center for Research and Advanced
Studies
Monterrey Section
18 July 2015
Sergio Camacho-Leon
Tecnológico de Monterrey
Monterrey Section
Vincent De Sapio
HRL Laboratories
Coastal Los Angeles Section
Rami Khushaba
University of Technology Sydney
New South Wales Section
Tuan Nghia Nguyen
University of Technology Sydney
New South Wales Section
15 August 2015
Angel de Madrid
Spanish University for Distance Education
Spain Section
Chao-Chieh Lan
National Cheng Kung University
Tainan Section
Maura Moran
2016 IEEE-USA Vice President
of Government Relations
Law Offices of Maura K. Moran
Boston Section
Rafael Nevarez
Georgia Tech Research Institute
Atlanta Section
Aaron Ohta
University of Hawaii
Hawaii Section
Nizar Rokbani
University Sousse
Tunisia Section

We are very pleased to welcome the following two new associate editors to the editorial board of IEEE Robotics
and Automaton Magazine. We look forward to their contributions.

Fabio Bonsignorio, Sant’Anna
School of Advanced Studies,
Pisa, Italy.

Qining Wang, Peking
University, Beijing,
China.

Digital Object Identifier 10.1109/MRA.2016.2551003
Date of publication: 17 June 2016

19 September 2015
Paolo Rocco
Polytecnic University of Milan
Italy Section
Steven Scheding
University of Sydney
New South Wales Section
Qingsong Xu
University of Macau
Macau Section
24 October 2015
Stefano Di Cairano
Mitsubishi Electric Research Laboratories
Boston Section

___________________________
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Terence Fagan
Central Piedmont Community
College
Charlotte Section
William Goins
University of Pittsburgh
Huntsville Section
David Harvey
Liverpool John Moores University
South Australia Section
Bin Liang
Tshinghua University
Beijing Section
Musa Mailah
University Teknologi Malaysia
Malaysia Section
Drew McGuire
Southern Company
Alabama Section
Prabin Padhy
Indian Institute of Information
Technology
Madhya Pradesh Subsection
John Piccirillo
University of Alabama in Huntsville
Huntsville Section
Florian Roehrbein
Technical University of Munich
Germany Section
Rodrigo Salas Fuentes
Universidad Central de Chile
Chile Section
Soraya Sinche
Escuela Polytecnica Nacional
Ecuador Section
Engin Yesil
Istanbul Technical University
Turkey Section
21 November 2015
Atiqur Rahman Ahad
University of Dhaka
Bangladesh Section
Mojtaba Ahmadi
Carleton University
Ottawa Section
Messaoud Amairi
Gabes University
Tunisia Section
Rui Araujo
University of Coimbra
Portugal Section
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Mike Bangham
Bangham Engineering, Inc.
Huntsville Section
Shiuh Long Chang
Huntsville Section
Mark Colgan
U.S. Department of the Army
Delaware Bay Section
Ruwan Gopura
University of Moratuwa
Sri Lanka Section
Tapio Heikkila
VTT Technical Research Centre
of Finland
Finland Section
Zdenek Hurak
Czech Technical University
Czechoslovakia Section
Pierre Larochelle
Florida Institute of Technology
Melbourne Section
Mark Loy
Alabama Section/Montgomery Subsection
Ignacio Mas
National Scientific and Technical
Research Council-Argentina
(CONICET)
Argentina Section
Luis Reis
Universidade do Minho
Portugal Section
Rui P. Rocha
University of Coimbra
Portugal Section
Terence Sanger
University of Southern California
Metropolitan Los Angeles Section
Mario Tornabene
Argentina Section
Zheng Wang
Nanjing Section
Christopher Wilson
Technology Service Corporation
Huntsville Section
Guoyuan Wu
University of California at Riverside
Foothill Section
13 February 2016
Angelos Amditis
National Technical University
of Athens

t

Greece Section
Gholamreza Anbarjafari
University of Tartu
Estonia Section
Jerod Bond
Caterpillar Inc.
Central Texas Section
Ming Cao
University of Groningen
Benelux Section
John Carlsen
Santa Clara Valley Section
Elizabeth Croft
University of British Columbia
Vancouver Section
Michael Fercu
Axsun Technologies
Boston Section
Paulo Goncalves
Instituto Politecnico de Castelo
Branco
Portugal Section
Hongmei He
Cranfield University
United Kingdom and Ireland Section
David Hsu
National University of Singapore
Singapore Section
James Law
The University of Sheffield
United Kingdom and Ireland Section
Serin Lee
Institute for Infocomm Research
Singapore Section
Hong Liu
Peking University
Harbin Section
Jing-Sin Liu
Institute of Information Science
Taipei Section
Jonathon Ralston
Commonwealth Scientific and
Industrial Research Organisation
Queensland Section
Antonio Jose Ribeiro Neves
University of Aveiro
Portugal Section
Jonathon Sensinger
University of New Brunswick
New Brunswick Section
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CALL FOR NOMINATIONS
ASSOCIATE EDITORS
IEEE Robotics & Automation Magazine is soliciting nominations for two
new associate editors, to begin in January 2017. The associate editors
play an important role in maintaining the caliber of the magazine by
ensuring the quality of published articles by implementing reviews of
technical features according to IEEE guidelines, soliciting interesting
and topical material articles for publication in the magazine, guiding
the overall direction of the publication and providing feedback from
the readership through e-mail conversations, teleconferences, and
twice-yearly in-person meetings held in conjunction with IEEE Conference on Robotics & Automation (ICRA) and the IEEE International
Conference on Intelligent Robots and Systems (IROS).
Associate editor terms normally consist of a one-year probation
period followed by two years of additional service if performance is
satisfactory. Applicants should have a strong technical background
and excellent English language skills.
Nominations should include a resume (not to exceed three pages),
previous experience with publications as a reviewer or in other
capacities, and areas of technical expertise. Please submit
QRPLQDWLRQVDVDVLQJOHSGIÀOHWR$P\5HHGHUDW
a.reeder@ieee.org by 30 September 2016.
_________________
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WOMEN IN ENGINEERING

Women in Engineering, Science, and
Technology in the United Arab Emirates
By Laura Margheri

T

he meetings of the members of
the IEEE Women in Engineering
(WIE) Committee, including the
WIE representatives of the
various IEEE Regions, Sections, and
Societies, always provide opportunities for promoting the activities of the
IEEE Robotics and Automation Society
(RAS), for showing the scientific and
technological breakthroughs in robotics
and automation, and for being updated
on worldwide initiatives and challenges,
as well as for starting new multidisciplinary and cross-geographical
collaborations.
Robotics today
is a highly
The Women
multi- and transIn Engineering
disciplinary area,
which includes
Committee meetings
many differalways provide
ent—and not
only engineeropportunities
ing—disciplines.
for starting new
Seen as one of
the major techmultidisciplinary and
nologies of the
cross-geographical
future, robotics
is also a perfect
collaborations.
training ground
for young scientists and inventors, as well as a great, attractive platform
for male and female scientists and engineers working in other more specific
fields who can apply their theories and
research lines into more concrete applications and physical artifacts. Moreover,
robotics produces both radical industrial innovation and novel scientific and
Digital Object Identifier 10.1109/MRA.2016.2558299
Date of publication: 17 June 2016
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engineering knowledge, which also
makes it a melting pot for the academic
and industrial worlds.
Under the umbrella of robotics,
there are a lot of possibilities for new
multisociety and interregional collaborations that attract new students,
promote academia/industry partnerships, and increase the visibility of
both early-stage researchers and leaders. These initiatives, which can be
strategically important for the global
growth of the Society and, in particular, for inspiring, engaging, and
advancing women in robotics and
automation, need international and
multidisciplinary contests and support
to start and nurture. The IEEE WIE,
merging together different IEEE
Regions and Societies and where representatives of both the academic and
industrial fields meet, is a perfect place
for realizing this opportunity, learning
from different social and cultural contexts, and sharing and harmonizing
the efforts for the benefit of community members.
The in-person meeting of the WIE
Committee members and representatives was usually held in conjunction
with the IEEE WIE International Leadership Conference (http://ieee-wie-ilc.
org/), which is annually organized in
___
the Silicon Valley area (San Francisco
and San Jose, in particular)—a well
established place for the growth of
robotics, where many women are
leading research groups at universities
and manage high-profit companies.
During the last meeting in San Jose, the
WIE Committee proposed to move the
meeting globally and to organize it in
conjunction with one of the interna-

tional events organized locally for
women in engineering to better be
aware of the activities and needs of
WIE at a regional level. Therefore, this
year, the meeting was held 2–4 April
2016 in Dubai, together with the WIE
Summit proposed by the Dubai Society
of Engineering. The event was an
opportunity to gather together the
leaders of the Society of Engineers in
Dubai, the members of the IEEE WIE
Committee, and the major representatives of the IEEE Societies (see Figure 1). It was politically strategic both
for WIE and for the United Arab Emirates (UAE) Section. The UAE, in fact,
offers the basis for a strategy for
becoming a knowledge-based economy
by having particular attention paid to
the role that women will play in science, technology, and engineering in
the future.
After remarkable economic progress
over the last 40 years that was basically
funded by oil receipts, the strategy
moved toward a highly skilled, knowledge-based economy, especially focused
on producing high-value products and
services. This effort requires increasing
the number of high-quality graduates in
science, technology, engineering, and
mathematics (STEM). Also, a key to
success has been identified as the
empowerment of women [1].
As described through a series of
interviews in a report of the Economist
Intelligence Unit in 2014, it is worth
noting that UAE-based female students are outperforming their male
counterparts, as they are more dedicated and determined than male
pupils. The big issue is how many of
these women will enter into STEM
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education and, eventually,
productive positions in the
labor market. This has implications for policy makers, private employers, and the
government-related entities
who work for the UAE’s
future economic growth.
It is a matter of fact that,
even if there are still many
obstacles in work places and
in some private contests, the
UAE has made admirable
progress in empowering
women, both in education
and in the labor market.
Women have made gains in
1. Representatives of the UAE Society of Engineers and of the IEEE WIE Committee during
work and studies of science, Figure
the Summit in Dubai.
technology, and engineering,
and the idea that areas such as engi- and, therefore, the families of female female labor participation rate reaches
neering are for men only is changing students are highly supportive and the same level as that for men, the
rapidly. An increase in female students proud of their daughters, wives, and gross domestic product could benefit
is part of an ongoing trend that, sisters studying these subjects and by as much as 12%.
according to the UAE’s Ministry of becoming leaders.
Women’s roles and the boosting of
Higher Education, witnessed a 69.48%
Engineering and robotics are very technological innovation and scientific
increase in women majoring in engi- attractive for female students in the research are repneering between 2005 and 2010. Even Emirates, especially if their fathers, resenting a major
more promising, Khalifa University brothers, or uncles are also working in role in the UAE Women’s roles
(KU), a STEM-focused university this field. Another attractive factor is policy. In particestablished in 2008 in the country’s the rising number of role models of ular, robotics and the boosting
capital of Abu Dhabi, has consistently women leaders and the importance and artificial of technological
seen more women than men enter its and visibility that they can reach these intelligence (AI)
undergraduate and graduate pro- days. The success of women is, in fact, are among the innovation and
grams. KU always encourages the highly encouraged and promoted. A focus area of the scientific research are
female students by providing them visit to the Women’s Museum in Science, Technolwith a full research environment and Dubai is an opportunity to appreciate ogy, and Inno- representing a major
professional faculties to teach and the achievements of female genera- vation Policy for role in the United Arab
supervise them.
tions in the UAE. It is a great chance UAE [2]. The use
The director of the Robotics Insti- to learn about all the aspects of the of robotics and Emirates policy.
tute at KU, Dr. Lakmal Seneviratne, Emirati women’s lives, within their AI is encouraged
said in a recent interview that the UAE historical and social contexts, that in different secis beating the United Kingdom and have shaped their philosophy, their tors, and the research conducted at unithe United States in attracting women status in society, and their place in the versity level in the areas of engineering
into engineering disciplines: “In the family. It also provides the possibility and materials is further promoted to
United Kingdom and United States, to explore their activities and stories develop new robotics systems and
women’s participation in engineering of success in the arts, academia, busi- technologies.
education has been low, ranging from ness, culture, politics, and society in
At the 2015 UAE Government
about 10% some years ago to about general. The UAE government efforts Summit, held in February 2015, two
15–20% now. At KU, we have a much to empower women in STEM educa- new major initiatives aimed at promothigher proportion of women studying tion will benefit the economy in the ing the role of women and technology
engineering—about 50%—and this is long-term, said the Economist report; were announced: first the creation of
reflected in robotics.”
a majority of STEM students surveyed the UAE Gender Balance Council and,
Prof. Tod Laursen, president of KU, plan to remain working in STEM second, the launch of the UAE Robots
also said in a recent interview that at while raising a family at the same and Artificial Intelligence for Good
the family level, the engineering profes- time, which is good news for employ- award. In addition, there was the
sions hold a lot of prestige in the UAE, ers and the broader economy. If the launch of the Mohamed bin Zayed
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International Robotics Challenge and
of the UAE Drones for Good Award.
The amounts of the prizes are significant and are therefore strong boosts for
research groups from academia or
companies. The groups, composed of
men and women, are developing highperformance robotics systems and
pushing innovation.
During the UAE Drones for Good
Award, the IEEE WIE UAE Section was
involved, with the chair of the Section,
Boutheina Thili, among the judges.
The IEEE WIE UAE Section is very
active and has a global visibility for
engineering in general, but with a particular attention to robotics applications. It was started in 2003 with only
12 members and now has more than
200 members. The Section coordinates
many events and activities to empower
women in engineering fields
and to inspire
Women have made
young students
gains in work and
by promoting
WIE. These
studies of STEM, and
activities inthe idea that areas
clude university
and high school
such as engineering
visits to enare for men only is
courage students to explore
changing rapidly.
the fields of
engineering and
to promote
WIE, student field trips within and outside the UAE, as well as several conferences, seminars, and workshops on
leadership and project management.
The Section has six WIE student affinity groups in different universities, and
in the field of robotics, major activities are organized by the Ajman University of Sciences and Technology
and at KU.
Boutheina Tlili serves as the IEEE
WIE chair for the UAE Section and on
the executive committee of IEEE
Region 8 UAE Section since 2005. She
is an associate professor of electrical
engineering at the Rochester Institute
of Technology, Dubai. Before joining
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the Rochester Institute of Technology,
from 2004 to 2008, she was an associate professor and program coordinator
of the Electrical and Computer Engineering Program at the American
University in Dubai, and then she
served for two years as the program
director of the Computer Engineering
Program at Michigan State University,
Dubai. Since starting her role as chair
of the WIE UAE Section, she has been
active in many membership drives to
recruit WIE members from different
universities and helped in organizing
the third IEEE WIE UAE Section
anniversary that was held in Dubai
4–6 July 2006. Dr. Michael Lightner,
IEEE president at that time, was the
keynote speaker of the event.
Under her leadership, the IEEE WIE
UAE section obtained the 2010 Women
in Engineering Affinity Group of the
Year Award. In 2011, she organized the
WIE Science and Technology Forum
(WIESTF) in conjunction with IEEE
GCC conference. More than 180 female
attended this forum and H.H. Sheikha
Lubna Al Qasismi, minister of trade at
that time, was also invited.
The IEEE WIE UAE Section is currently organizing the IEEE WIE International Leadership Summit that will
be held in Dubai next October 2016.
The event is part of the summits officially sponsored by IEEE WIE to
provide opportunities for regional networking to foster communication and
collaboration following the model of
the IEEE WIE International Leadership
Conference. Under the theme “Beyond
Boundaries,” the summit in Dubai will
have four main tracks: leadership,
empowerment, inspiration, and innovation. The event will aim at bringing
together a global gathering of women
in technology who aim to inspire,
engage, and empower other women.
With a projected attendance by more
than 300 participants, the summit will
offer a unique opportunity to share
valuable experiences and the exchange
of ideas in the Middle East and
throughout the world.

In the near future, both men and
women leaders in the UAE see great
opportunities for encouraging women’s leadership and for boosting
technological innovation and robotics in particular. They will follow
some priorities, including an education more focused on “learning by
doing” to increase the curiosity and
passion in young Emirati children
for STEM—and here robotics can
play a great role—and the creation of
more female role models and mentors, not only for inspiring girls, but
also to target young boys and men to
illustrate the importance of female
participation in achieving the UAE
vision and economic growth. Further measures are necessary, for
example, for helping those women
from rural areas as well as for
increasing the general conditions in
the work environment. However,
things are moving on. This meeting
and summit have played an interesting role for our group of women in
robotics and for the WIE Emirati
Section to learn from and about
each other and define new collaborations and initiatives—starting
from the forthcoming summit and
the future robotics challenge, and
moving forward.
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2016
21–24 June
MED 2016: 24th Mediterranean Conference on Control and Automation.
Athens, Greece. http://161.53.19.27/
med2016/
______
26–29 June
BioRob 2016: IEEE RAS & EMBS
International Conference on Biomedical Robotics and Biomechatronics.
National University of Singapore,
Singapore. Call for Papers Deadline:
passed. http://www.ieeebiorob2016.org/
29 June–1 July
IAV 2016: IFAC Symposium on
Intelligent Autonomous Vehicles.
Leipzig, Germany. http://iav2016.
inf.h-brs.de/
________
8–10 July
ARSO 2016: IEEE International
Workshop on Advanced Robotics
and its Social Impacts. Shanghai,
China. http://arso2016.sjtu.edu.cn/
12–15 July
AIM 2016: IEEE/ASME International
Conference on Advanced Intelligent
Mechatronics. Ottawa, Ontario, Canada. http://www.aim2016.net/
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FROM THE GUEST EDITORS
education into our children’s experiences,
we can stack the deck toward a future
in which we apply technology for
social good to solve some of the tremendously difficult challenges we all now face.
Guest Editor Ayorkor Korsah
believes that Salvini and Nourbakhsh
have hit the nail on the head. We need
to help students understand that technology, robotics being no exception, is
neither inherently good nor bad. We as

18–22 July
MARSS 2016: International Conference on Manipulation, Automation, and Robotics at Small Scales.
Paris, France. http://marss-conference.
org/
___
20–22 July
ACIRS 2016: Asia-Pacific Conference on Intelligent Robot Systems.
Tokyo, Japan. http://www.acirs.org/
7–10 August
ICMA 2016: IEEE International
Conference on Mechatronics and
Automation. Harbin, Heilongjiang,
China. http://2016.ieee-icma.org/
21–22 August
ISAM 2016: IEEE International
Symposium on Assembly and Manufacturing. Fort Worth, Texas, USA.
http://sites.ieee.org/case-2016/
21–25 August
CASE 2016: IEEE International Conference on Automation Science and
Engineering. Fort Worth, Texas, USA.
http://sites.ieee.org/case-2016/
26–31 August
RO-MAN 2016: IEEE International
Symposium on Robot and Human
Interactive Communication. New
York, New York, USA. http://ro-man
2016.org/

29 August–1 September
MMAR 2016: International Conference on Methods and Models in
Automation and Robotics. Miedzyzdroje, Poland. http://mmar.edu.pl/
19–21 September
MFI 2016: IEEE International Conference on Multisensor Fusion and
Integration for Intelligent Systems.
Kongresshaus Baden-Baden, Germany.
http://mfi2016.org/Main_Page
9–14 October
IROS 2016: IEEE/RSJ International
Conference on Intelligent Robots and
Systems. Daejeon, Korea. http://www.
iros2016.org/
7–9 November
DARS 2016: International Symposium on Distributed Autonomous
Robotic Systems. London, United Kingdom. Call for Papers Deadline: 5 July
2016. http://dars2016.org/
15–17 November
Humanoids 2016: IEEE-RAS 16th
International Conference on Humanoid Robots. Cancun, Mexico. http://
____
www.humanoids2016.org/
_________________
13–15 December
SII 2016: IEEE/SICE International
Symposium on System Integration.
Sapporo, Japan.

(continued from page 14)
humans get to decide how we wish to
organize society and address fundamental issues of equity and sustainability, and how we wish to use
robotics and other advanced technologies to enhance our work, leisure, and
impact on the world. Furthermore, we
must take responsibility for the choices that we make. Educational robotics
provides a wonderful opportunity to
foster creativity, interdisciplinary think-

ing, and problem-solving abilities in
students, and to give them a sense of
agency to create innovative autonomous
solutions to problems and to help
decide how these solutions are used.
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Force Dimension introduces CHAI3D 3.0
First launched in 2003 at the Robotics and Artificial Intelligence Laboratory at Stanford University,
CHAI3D is a powerful cross-platform C++ simulation framework with over 100+ industries and
research institutions developing CHAI3D based applications all around the world in segments such
as automotive, aerospace, medical, entertainment and industrial robotics.
Designed as a platform agnostic framework for computer haptics, visualization and interactive realtime simulation, CHAI3D is an open source framework that supports a variety of commerciallyavailable three-, six- and seven-degree-of-freedom haptic devices, and makes it simple to support
new custom force feedback devices.

Force Dimension
Switzerland
www.forcedimension.com
info@forcedimension.com
_________________

CHAI3D
www.chai3d.org
info@chai3d.org
___________
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