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Abstract: For roughly the past ten years, we have been working on creating and using virtual
and remote laboratories for Science and Engineering education, and on providing a number
of software tools that facilitate their creation. Virtual laboratories, or simulations, can be
used to promote a more active role of students when studying certain phenomena. Remote
laboratories add the extra value of using real hardware, typically at a distant location, which
shows students the additional issues that appear when using real equipment. These pedagogical
benefits are particularly effective if the laboratories are designed to be used using an Interactive
Engagement approach. Our work, which received the gift of the collaboration with many other
people interested in improving education, in particular in Physics and Control Engineering, has
taught us what are the features and software platforms required to create virtual and remote
laboratories. We review the lessons learned from the past ten years of successful outcomes and
how we apply these lessons to prepare for the integration of computers, tablets, and other mobile
devices with platform-independent cloud-based computing and laboratories.
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1. INTRODUCTION

The use of computers for teaching is nowadays ubiquitous,
although this term refers to a number of different activ-
ities in classroom, group and homework too varied to be
described here. The same is true for the educational use of
the Internet. In this paper, we concentrate in virtual and
remote computer-based laboratories as particular forms of
using both computers and the Internet to develop, deploy
and use tools that can improve Science and Engineering
education, in general, and Physics and Control education,
in particular.

Virtual laboratories are computer simulations with typi-
cally high visualization and interaction capabilities, aimed
to help students perform a given (simulated) scientific or
engineering experiment. In virtual laboratories, the under-
lying physical process or engineering equipment is replaced
by a software program that reproduces, approximates, or
imitates it. Figure 1 shows our very first Control Engineer-
ing education virtual laboratory (Dormido and Esquembre
(2003)).

Remote laboratories are computer programs that provide a
graphical user interface (GUI) to interact with real hard-
ware performing the experiment. This hardware is typi-
cally separated from the student’s computer (sometimes
at a distant location), but can be accessed, manipulated,

� Research supported by the Spanish Ministry of Economy and
Competitiveness (Grant MTM2014-52920-P) and the Fundación
Séneca, Research Agency of the Region of Murcia, Spain, (Grant
19294/PI/14).

Fig. 1. The quadruple-tank process. The plant is simulated
by software.

and frequently visualized from the laboratory GUI using
an intranet or Internet connection. Figure 2 shows one of
our earliest Control education remote laboratories (Duro
et al. (2008)).

There are other types of computer-based laboratories used
in Science and Engineering education (Dormido (2004)).
Virtually every piece of slightly sophisticated experimen-
tation equipment is subject to be used connected to or
together with a computer in practical lectures. We do not
cover these other laboratories in this paper.

Virtual and remote laboratories are a convenient and cost-
effective way of improving education, because:
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Fig. 2. The three-tank system. The laboratory combined
a virtual and a remote plant and superimposed their
responses.

• They can be used to implement class and homework
activities that promote Interactive Engagement (IE)
educational approaches. IE encompasses a wide range
of teaching methods in which students participate in
hands-on, head-on activities that challenge them to
learn, and has been proven to improve the student’s
understanding, motivation, and learning outcomes
(Hake (1998)).

• They are reasonably cheap to produce and use. Even
when real equipment – the most costly component
of a laboratory – is used, the remote nature of the
laboratory allows the consecutive use of the same
equipment by a large number of students (which
can access it 24 hours per day / 7 days per week),
reduction of student transportation costs, and sharing
of installations and maintenance expenses among
several institutions.

Notice that the above list of conveniences of virtual and
remote laboratories does not state that they are easy to
create and deploy. They are not. Here is a list of possible
barriers for faculty to create their own virtual and remote
laboratories.

• As with any other software, programming expertise
is required to create and maintain the programs that
run on the students’ computers (the local part of the
laboratory). This expertise goes beyond being able
to code domain-specific algorithms for simulating the
process of interest. It is also frequently necessary
to program numerical algorithms (e. g. for solving
differential equations), graphical visualizations, and
animation and interaction capabilities.

• When hardware is involved, assembling the equip-
ment, designing and preparing the experiment, and
making it accessible through an Internet server (the
remote part of the laboratory) can be a very special-
ized task. Not to mention taking care of safety and
security issues and providing a reservation system for
scheduling students’ access.

• Embedding the laboratory in an educational package
that makes it usable by students requires not only
writing the required narrative (instructions, theoreti-
cal background, explanations, and perhaps evaluation
questions), but also presenting both parts, narrative
and the experiment’s user interface in a single, easy

Fig. 3. A simulation inside a Moodle course. The simula-
tion runs embedded in instructional content.

to use ensemble to the student. Figure 3 shows a vir-
tual laboratory embedded in a Moodle-based Physics
course (Christian and Belloni (2014)). Instructors
may also want to allow for, or even encourage, col-
laboration among students.

• Successful deployment means making sure that stu-
dents can access and run the laboratories at any
time and in any platform they happen to use. From
computers to modern tablets, under any possible op-
erating system.

A final, important consideration when teachers decide to
use a virtual or remote laboratory in their teaching, is not
to find themselves reinventing the wheel. An important fac-
tor of the acceptance of these new teaching methods is the
possibility of quickly finding already existing laboratories
and associated curricular materials that are ready to use.
Or close to it. A second important factor is the possibility
to access them in a way that allows a teacher to adapt
and adopt them (Redish (2000)). No matter how good the
material is, it is more than likely that teachers will need
or want to adapt it to their own teaching goals, methods,
or tastes. Adopting a laboratory means that teachers need
to get acquainted with the material and get familiar with
it, until they feel completely at ease using it. Both because
they think it is correctly implemented (the equations and
algorithms are correct, the visualization is adequate, the
interaction allows students to perform the experiments the
teachers want. . . ) and they can operate it effectively when
using it in their lectures, or their students in the planned
activities.

For roughly the past ten years, we have created and used,
together with a number of collaborators around the world,
a large number of virtual and remote educational labo-
ratories, mainly in the discipline of Physics and Control
Engineering. We also worked to help overcome the afore-
mentioned barriers for faculty interested in creating new
virtual and remote laboratories and to facilitate access to
existing material to instructors interested in using them in
their day-to-day teaching. Although attracted by new and
effective teaching methods, faculty typically have heavy
teaching duties and their main concern is to be able to
cover the curriculum in the prescribed number of lessons.
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Fig. 4. The OpenSourcePhysics collection in ComPADRE.

Barriers are therefore the last thing faculty need if we want
to help education so that teachers and instructors adopt
Interactive Engagement educational approaches.

This paper is an account of the experience accumulated
as result of our work, as well as a reflection on which
should be the bases for our future developments, in a mo-
ment when the advent of new hardware (tablets and big-
screened smartphones on the users’ side, cheap instrumen-
tation hardware on the experimental side) and software
platforms are changing the way students access and work
with intranet- and Internet-accessible educational content.

The experience steams from our joint work with re-
searchers and teachers from other groups. In the field
of Physics Education, the main and invaluable collabo-
ration has been with the OpenSourcePhysics project and
the ComPADRE digital library. The OpenSourcePhysics
project aims to provide curriculum resources that engage
students in physics, computation, and computer modeling
(Christian (2015)). Members of this team include Wolf-
gang Christian (Managing Editor), Mario Belloni, Doug
Brown, Anne Cox, and Aaron Titus. ComPADRE is a
Digital Library supported by the American Association
of Physics Teachers with high quality educational re-
sources of different types in physics and astronomy (Mason
(2015)). Members of ComPADRE include Bruce Mason
(Editor), Lyle Barbato, and Matt Riggsbee. Figure 4 shows
the home page of the OpenSourcePhysics collection in
ComPADRE.

In the field of Control Education, the main and equally
invaluable collaboration has been with the group at the
Computer Science and Automatic Control Department
of the Spanish Distance University (UNED) lead by Se-
bastián Dormido. The group lists Raquel Dormido, Nativi-
dad Duro, Gonzalo Farias, Rubén Heradio, José Sánchez,
Luis de la Torre, Héctor Vargas, and many others. Their
most recent work includes UNILabs, a network of virtual
and remote laboratories shared among different Spanish
universities (UNILabs (2015), Dormido et al. (2011), de la
Torre et al. (2015)). See Figure 5.

The paper is organized as follows. Section 2 lists the
main lessons we obtained during our past work. We then
expand on these lessons to explain how we applied them
(at the same time we were learning them) to our work.

Fig. 5. UNILabs offers a network of virtual and remote
collaborative laboratories.

Section 3 shows our pedagogical approach. Section 4 lists
the technological standards we have adopted. Section 5
describes the tools we have developed or used to support
our work. Section 6 explains our collaboration efforts.
Finally, Section 7 provides some conclusions and future
directions of our work.

2. LESSONS LEARNED

We devote a separate section to state the main lessons
learned, in an attempt to make them stand very clearly
from the rest of the paper (in which we provide details).
If we could carve these lessons into stone, we would.

Lesson 1. Appreciate and exploit the educational
power of virtual and remote laboratories.

Technology by itself does not improve education. Virtual
laboratories can and should be used to prepare a wide
variety of Interactive Engagement classroom activities that
pose intellectual challenges to students. An appropriated
use of them can therefore noticeably improve Science
and Engineering education. Remote laboratories add extra
interesting features. Using real hardware increments the
sense of reality for the student, which increases motivation.
But, also, hardware introduces additional issues, such as
error in measurements or non-immediate response times,
which only appear when using real equipment and that
can be key in real-life situations.

Lesson 2. Start with virtual laboratories.

The extra advantages of remote laboratories come at a
cost. Creating remote laboratories is harder than creating
virtual ones, simply because they involve instrumentation
hardware, data acquisition software and hardware, and
configuration of a non-trivial Internet service. While a
single person can easily create dozens of ready-to-use
virtual laboratories, making remote laboratories available
to students is more a teamwork.

Lesson 3. Follow standards or well-established plat-
forms.

With respect to technology, follow industry standards
whenever available. Spending a lot of time and effort
(not to mention money) and finding yourself that all

IFAC IBCE 2015
November 4-6, 2015. Brescia, Italy

51



52	 Francisco Esquembre et al. / IFAC-PapersOnLine 48-29 (2015) 049–058

your work is outdated or simply unusable because the
industry has decided not to support a platform that your
laboratory depends on heavily to just run, is a bad, bad
experience. (And it happens!) If an industry standard has
not been established for some part of your work, adopt
well-established platforms or de-facto standards that may
increase the likelihood that your work will be valid for
longer time.

Follow also educational standards. Consistent research has
shown which pedagogical strategies work and which don’t
in Science and Engineering education. Unless pedagogical
innovation is your own field of research, follow well-
established paradigms.

Lesson 4. Use appropriated tools. Preferably free,
if not open source.

Search for the most appropriate tool for your work, before
you even start it. Choosing the right tool may not only
decrease your development time. It can be the difference
between failure and success. Fortunately, there is a wide
variety of tools available. For every pocket.

Use affordable, if not completely free, tools. At least,
choose tools that do not oblige you to pay an expensive
yearly fee, unless you are sure you can afford it. This
may sound like a poor-man’s claim. But great laboratories,
especially remote ones, created in the realm of a funded
research project may suddenly die if the end of the project
implies lack of resources to pay a required license or
fee. Typically, school budgets do not contemplate big
yearly expenses in licenses, or have other priorities. Plus,
free – and specially open source – tools increment your
opportunities for collaboration (see next lesson).

Lesson 5. Be open to collaborate and share.

You may feel shy, protective, or proprietary about your
laboratory, but you certainly win more than you loose
when you share it generously with others. Be also open to
collaborate with others to improve it, even if this means
sharing part of the authorship.

This has some basic limitations. Share your work with peo-
ple who will respect and honour your authorship (giving
you credit or respecting your copyright license) and who
will also share their developments or ideas with you. With
these basic precautions, you’ll feel much happier with your
work when you have others using it and providing you
feedback and ideas about how to improve it.

Collaboration will also help you avoid reinventing the
wheel yourself.

Lesson 6. Concentrate on good ideas, not just good
implementations.

No matter how much state-of-the-art technologies you
use, no matter which universal platform you adhere to,
eventually, inevitably, your laboratory will stop running
or will become obsolete. Industry changes, fashion (in
users’ preferences and in educational tendencies) changes,
equipment improves, the whole society evolves.

This should not discourage you in the least. Do what
you want to do, create excellent laboratories. . . but focus
always on good ideas, not just on particular great imple-

Fig. 6. This Physlets-based animation shows the electric
field created by two fixed charges and provides a test
charge for students to move interactively.

mentations. A good implementation, even one based on
the previous lessons, has an unavoidably short life. We
dare to predict a lifetime of around 10 years for a good (a
very good) virtual or remote laboratory. But good ideas
live much, much longer.

Create good, both flexible and robust, architectures for
your laboratories. Design innovative, thought-provoking
experiments. Create challenges for your students that mo-
tivate them to learn. Implementation details may change
(will change!), but ideas may be transferred from one
implementation to the future one, whatever the future may
bring.

These are the main lessons distilled from our own expe-
rience. The rest of the paper provides details on our par-
ticular choices when confronted with the task of creating
and using virtual and remote laboratories. Other choices
are, of course, possible.

3. PEDAGOGICAL USE

We have certainly learned Lesson 1. We not only work on
creating tools for people to create laboratories that they
can use in their teaching. We actually use laboratories for
our own teaching, as university faculty ourselves. And we
do so in different disciplines and educational levels.

Our use of simulations in actual teaching has its roots back
in 1995, when Wolfgang Christian created at Davidson
College a collection of scriptable Java applets to help visu-
alize and explain physics concepts. These Physlets simula-
tions became tremendously popular and have had a lasting
impact on Physics education. Associated originally with
the Just-in-Time Teaching approach (Novak et al. (1999)),
the technology was adopted by many teachers around the
world and used in different teaching strategies. Perhaps
the best examples of this are the Physlets Physics book
(Christian and Belloni (2003)) and those which followed
it (see an account of the history and evolution of Physlets
in Christian et al. (2015)). Figure 6 shows the Spanish
version of a Physlets-based Exploration (Esquembre et al.
(2004), Christian and Belloni (2000)).
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This has some basic limitations. Share your work with peo-
ple who will respect and honour your authorship (giving
you credit or respecting your copyright license) and who
will also share their developments or ideas with you. With
these basic precautions, you’ll feel much happier with your
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wheel yourself.
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use, no matter which universal platform you adhere to,
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or will become obsolete. Industry changes, fashion (in
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always on good ideas, not just on particular great imple-
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implementation to the future one, whatever the future may
bring.

These are the main lessons distilled from our own expe-
rience. The rest of the paper provides details on our par-
ticular choices when confronted with the task of creating
and using virtual and remote laboratories. Other choices
are, of course, possible.

3. PEDAGOGICAL USE

We have certainly learned Lesson 1. We not only work on
creating tools for people to create laboratories that they
can use in their teaching. We actually use laboratories for
our own teaching, as university faculty ourselves. And we
do so in different disciplines and educational levels.

Our use of simulations in actual teaching has its roots back
in 1995, when Wolfgang Christian created at Davidson
College a collection of scriptable Java applets to help visu-
alize and explain physics concepts. These Physlets simula-
tions became tremendously popular and have had a lasting
impact on Physics education. Associated originally with
the Just-in-Time Teaching approach (Novak et al. (1999)),
the technology was adopted by many teachers around the
world and used in different teaching strategies. Perhaps
the best examples of this are the Physlets Physics book
(Christian and Belloni (2003)) and those which followed
it (see an account of the history and evolution of Physlets
in Christian et al. (2015)). Figure 6 shows the Spanish
version of a Physlets-based Exploration (Esquembre et al.
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Fig. 7. The pioneering network of Automatic Control
laboratories AutomatL@bs.

Technology evolved, but the pedagogical approach and
our use of virtual laboratories (commonly referred to
as simulations in Physics education) remains based on
Interactive Engagement techniques, in general, and the
Learning Cycle, in particular (Christian et al. (2011)).

In the field of Control education, perhaps our best pio-
neering example was the collection of virtual and remote
laboratories created by a Spanish group of universities
in the AutomatL@bs project (Vargas et al. (2011)). See
Figure 7.

The practical nature of laboratory work was carefully
wrapped in a series of activities designed to achieve the
desired pedagogical goal. Students had to complete a series
of pre-lab activities, including reading theory, instructions,
and conducting interactive experiments in virtual labora-
tories, before they were allowed to connect to the remote
laboratories to complete the prescribed in-lab activities.
This was a nice and complete example of the combined
use of virtual and remote laboratories. This pioneer work
has been continued and has evolved in more recent devel-
opments (de la Torre et al. (2015), Sáenz et al. (2015)).

Finally, in the field of Mathematics, the author of this pa-
per teaches a course of Mathematical Modelling at the Fac-
ulty of Mathematics of the University of Murcia (Esquem-
bre (2015)). Third year Math majors learn mathematical
modelling through having to create complete simulations
of simple physical phenomena. Figure 8 shows a students’
group simulation of the Synkope amusement park ride
(Medina et al. (2014)). This upper-division course goes
one step beyond in using the pedagogical power of virtual
laboratories, by asking students to create their own models
and simulations in a Computational Modelling approach
(see, for instance, Landau et al. (2008)).

4. TECHNOLOGY STANDARDS

One of the software tools that all computing devices,
including mobile platforms, are sure to have installed is a
World Wide Web (WWW) browser. Therefore, distribut-
ing and running pedagogical programs assuming the sole
support of a Web browser is a safe bet.

Fig. 8. A students’ group simulation of an amusement park
ride.

Of course, instructors can ask their students to install par-
ticular programs or platforms, including proprietary ones,
in order to run their laboratories. But this requirement
increases the likelihood of installation problems, need to
pay licenses, or unsupported platforms. For this reason,
we gradually adopted the Web browser as our preferred
distribution and run-time platform.

Internet is ruled by a number of bodies which set different
standards (Simonelis (2005)). The WWW standards are
developed by the World Wide Web Consortium (W3C
(2015a)). The standards for Web design and applications
are listed in their web site, and features HTML and CSS
for composing pages, and Javascript and SVG for pro-
gramming and graphics. The standards also include other
conveniences, such as MathML and WebGL for displaying
mathematical formulas and 3D drawing, respectively.

This is the programming platform we adhere to. We
recognize the power and suitability of other platforms and
programming languages for creating laboratories (Matlab,
LabView, Python, and Java, to name just a few). But
few of them, if any, fully adhere to these standards. In
particular, Java, perhaps the first programming language
to be integrated in Web browsers and one which we used as
run-time platform for our simulations for many years, has
recently lost the favor of the big public (due to so many
security problems) and Google has decided to discontinue
support for Java applets in its Chrome browser (Google
(2015)).

With respect to publishing standards, the International
Digital Publishing Forum (IDPF) is a global organization
that establishes standards in the realm of electronic pub-
lishing and content consumption (IDFP (2015)). IDFP
establishes EPUB as their “distribution and interchange
format standard for digital publications and documents
based on Web Standards”.

Respecting the W3C and EPUB standards is perhaps the
best guarantee to be able to create software laboratories
that can be run on almost any computing platform and
that can be embedded, if desired, in electronic publications
that can be read on most platforms.

Other important technologies are not industry standards,
but well-established, de-facto standards. One of these is
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Fig. 9. The interface of EjsS in its original Java flavor.
Authors fill the different panels to design their simu-
lations.

Moodle, one of the most popular learning management
systems. Moodle is a well-tested platform and has a
very active supporting community. Moodle “delivers a
powerful set of learner-centric tools and collaborative
learning environments that empower both teaching and
learning” (Moodle (2015)), and we have used it effectively
to host some of our curricular material which not only
included virtual or remote laboratories, but also provided
a reservation system and opportunities for collaborative
work (Junkin et al. (2015), UNILabs (2015), de la Torre
et al. (2015), Sáenz et al. (2015)).

5. TOOLS

5.1 Modeling and authoring tool

Perhaps the central piece of our toolbox is the Easy
Java/Javascript Simulations (EjsS) authoring and mod-
elling tool. Since its public presentation (Esquembre
(2004)), EjsS has been growing to include every tool and
functionality that we needed to easily create both virtual
and remote laboratories. From new visualization and inter-
action tools, to better numerical algorithms, to connection
to hardware (locally or remotely). Written in Java and
originally designed to generate Java simulations, EjsS is an
example of how ideas can and must evolve when technology
changes. Figure 9 shows the user interface of EjsS.

Three years ago, together with Félix J. Garćıa Clemente
from the University of Murcia, we started adding to the
then called EJS (Easy Java Simulations) a new Javascript
flavor that generates HTML5 + Javascript simulations.
Our current development efforts are devoted almost en-
tirely to the Javascript flavor, for precisely the reasons
stated in the previous section.

EjsS has kept the main features that made it a very
successful tool, used by hundreds of faculty and students,
to create uncountable virtual and remote laboratories in
Java. Easy Java/Javascript Simulations now also offer the
same capabilities for the creation of Javascript simulations.
EjsS:

Fig. 10. The EjsS Reader App allows keeping a personal
library of EjsS Javascript simulations for off-line use.

• Has a simple, yet powerful architecture for creating
the model of a simulation. Authors follow a left-to-
right sequence of panels where they code the logic of
the simulation. This architecture is at the heart of
more than 700 different simulations.

• Includes a powerful and easy to use solver for ordinary
differential equations with support for events and
delay differential equations.

• Provides writing HTML pages for documenting your
simulation.

• Connects directly to on-line digital libraries for down-
loading the source code of existing simulations.

• Allows you to inspect and customize existing simula-
tions for adaption and adoption.

• Generates advanced graphical and interactive inter-
faces, built by the author by using a drag and drop
mechanism from a palette of existing view elements.

• Provides access to third party libraries in a simplified,
object-oriented form.

Moreover, the Javascript flavor of EjsS generates documen-
tation and user interfaces based solely on Web standards.
Therefore, simulations created with EjsS can be easily
included in Web pages or in EPUB documents that can
be run and read on virtually any device. Besides, we have
also created iOS and Android Reader Apps that can be
used to keep a library of EjsS-generated simulations to be
run off-line. 1 See Figure 10.

Security features of Web technologies prevent web pages
(and the simulations in it) to access hardware connected
to the host computer or tablet. This limitation is currently
the subject of our research as we try to determine the most
appropriated way to connect and send and receive data to
and from equipment. Though there is still research and
development going on in this topic, our current direction
points to the WebSocket and Smart Device specifications.

The WebSocket specification includes a Javascript inter-
face to establish a full-duplex single socket connection
between equipment, and is part of the HTML5 initia-
tive (Websocket (2015)). The WebSocket application pro-
grammer interface in the Web IDL (an interface defini-
tion language to describe interfaces to be implemented in

1 Search for “EjsS” in Apple’s iTunes Store or Google’s Play Store.
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Fig. 9. The interface of EjsS in its original Java flavor.
Authors fill the different panels to design their simu-
lations.

Moodle, one of the most popular learning management
systems. Moodle is a well-tested platform and has a
very active supporting community. Moodle “delivers a
powerful set of learner-centric tools and collaborative
learning environments that empower both teaching and
learning” (Moodle (2015)), and we have used it effectively
to host some of our curricular material which not only
included virtual or remote laboratories, but also provided
a reservation system and opportunities for collaborative
work (Junkin et al. (2015), UNILabs (2015), de la Torre
et al. (2015), Sáenz et al. (2015)).

5. TOOLS

5.1 Modeling and authoring tool

Perhaps the central piece of our toolbox is the Easy
Java/Javascript Simulations (EjsS) authoring and mod-
elling tool. Since its public presentation (Esquembre
(2004)), EjsS has been growing to include every tool and
functionality that we needed to easily create both virtual
and remote laboratories. From new visualization and inter-
action tools, to better numerical algorithms, to connection
to hardware (locally or remotely). Written in Java and
originally designed to generate Java simulations, EjsS is an
example of how ideas can and must evolve when technology
changes. Figure 9 shows the user interface of EjsS.

Three years ago, together with Félix J. Garćıa Clemente
from the University of Murcia, we started adding to the
then called EJS (Easy Java Simulations) a new Javascript
flavor that generates HTML5 + Javascript simulations.
Our current development efforts are devoted almost en-
tirely to the Javascript flavor, for precisely the reasons
stated in the previous section.

EjsS has kept the main features that made it a very
successful tool, used by hundreds of faculty and students,
to create uncountable virtual and remote laboratories in
Java. Easy Java/Javascript Simulations now also offer the
same capabilities for the creation of Javascript simulations.
EjsS:

Fig. 10. The EjsS Reader App allows keeping a personal
library of EjsS Javascript simulations for off-line use.

• Has a simple, yet powerful architecture for creating
the model of a simulation. Authors follow a left-to-
right sequence of panels where they code the logic of
the simulation. This architecture is at the heart of
more than 700 different simulations.

• Includes a powerful and easy to use solver for ordinary
differential equations with support for events and
delay differential equations.

• Provides writing HTML pages for documenting your
simulation.

• Connects directly to on-line digital libraries for down-
loading the source code of existing simulations.

• Allows you to inspect and customize existing simula-
tions for adaption and adoption.

• Generates advanced graphical and interactive inter-
faces, built by the author by using a drag and drop
mechanism from a palette of existing view elements.

• Provides access to third party libraries in a simplified,
object-oriented form.

Moreover, the Javascript flavor of EjsS generates documen-
tation and user interfaces based solely on Web standards.
Therefore, simulations created with EjsS can be easily
included in Web pages or in EPUB documents that can
be run and read on virtually any device. Besides, we have
also created iOS and Android Reader Apps that can be
used to keep a library of EjsS-generated simulations to be
run off-line. 1 See Figure 10.

Security features of Web technologies prevent web pages
(and the simulations in it) to access hardware connected
to the host computer or tablet. This limitation is currently
the subject of our research as we try to determine the most
appropriated way to connect and send and receive data to
and from equipment. Though there is still research and
development going on in this topic, our current direction
points to the WebSocket and Smart Device specifications.

The WebSocket specification includes a Javascript inter-
face to establish a full-duplex single socket connection
between equipment, and is part of the HTML5 initia-
tive (Websocket (2015)). The WebSocket application pro-
grammer interface in the Web IDL (an interface defini-
tion language to describe interfaces to be implemented in

1 Search for “EjsS” in Apple’s iTunes Store or Google’s Play Store.
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Fig. 11. A collaborative session of a UNILabs laboratory.

web browsers) is being standardized by the W3C (W3C
(2015b)).

The Smart Device specification defines a set of interfaces,
protocols and data formats, for exchanging data between
equipment (Salzmann et al. (2015)). The IEEE Working
Group P1876 on Networked Smart Learning Objects for
Online Laboratories is currently working on establishing
the Smart Device specification as an IEEE standard.

5.2 Moodle plug-ins

For the creation of educational courses, reseachers of the
Spanish group at UNED (Madrid) have created Moodle
plug-ins that allow easy integration of EjsS-generated
virtual and remote laboratories in Moodle courses. This
is possible for both Java (Heradio et al. (2014)) and, more
recently, Javascript laboratories.

This group has also developed, together with researchers
from the University of Huelva (Spain), Moodle extensions
for handling the connection to the equipment (Márquez-
Sánchez (2015)), and for facilitating collaborative support
for laboratories created with EjsS (de la Torre et al. (2013),
de la Torre et al. (2015)). Figure 11 shows a collaborative
session of a UNILabs laboratory within Moodle.

5.3 EPUB edition

Creating EPUB (also written ePub) documents is not a
trivial thing, but there exist free (as well as comercial)
tools to assist with the task. Authors can create standard
(text plus static images) ePubs using different free tools,
such as Sigil (Sigil (2015)) or Calibre (Calibre (2015)). Or

Fig. 12. An iBook with an embedded EjsS simulation.
Double-clicking the Game vignette runs the simula-
tion full screen.

they can convert documents created in other formats to
ePub. Our favorite such conversion tool is Pandoc (Pandoc
(2015)), which can convert LaTeX (LaTeX (2015)) docu-
ments to ePub with a more than reasonable quality.

Including virtual laboratories in ePub documents is an
extra difficulty. The Javascript flavor of EjsS can create
ePub 3 small documents with one or more simulations. A
standard ePub editor can then be used to edit this initial
ePub and either add extra narrative to it, or to combine it
with a LaTeX + Pandoc generated ePub. This is actually
the approach that we use ourselves.

There are other, excellent ways of producing electronic
books. Our favorite is Apple’s iBooks Author (Apple
(2015)) and we recently added to EjsS the capability of
generating HTML5 Widgets that can be readily used by
iBooks Author. Figure 12 shows an EjsS-generated widget
embedded in an iBook (a proprietary format from Apple),
running on an iPad. The quality of ePubs and iBooks cre-
ated with this tool cannot be questioned. Unfortunately,
electronic books generated with iBooks Author seem to
only run on Mac OS X and iOS platforms.

6. COLLABORATION

From the very beginning, we decided that we would make
our work freely available to all interested teachers and
researchers. This decision has had implications in the
design of our tools, requiring sometimes extra efforts in
their implementation. But no other decision has been more
rewarding than this one.

We decided that all our ready-to-use simulations would
be distributed freely (for non-commercial purposes) and
together with its complete source code in XML form. This
code can be edited with Easy Java/Javascript Simulations
for inspection and adaptation. As far as we know, no other
similar project does this. The fact that EjsS has a standard
architecture, common to all simulations, makes it feasible
for a teacher to inspect another teacher’s implementation
of a given model.

We teamed up with the ComPADRE digital library to offer
an on-line collection of OpenSourcePhysics simulations for
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Fig. 13. A simulation entry in the OSP collection of
ComPADRE. Entries include the source code and,
frequently, curricular material for using the simulation
in classroom.

Physics. Figure 13 shows an entry in ComPADRE with
a simulation created with EjsS. The collection has had
great acceptance and was awarded the SPORE award by
the Science Magazine in November 2011 (Science (2011)).
The collection hosts nearly 1000 entries between Java sim-
ulations and associated curricular material and a growing
number of Javascript simulations. All these ready-to-run
simulations can be accessed on-line through the library
services of ComPADRE or from the Reader apps. Alter-
natively, the library can also be accessed directly from EjsS
to download the source code in order to inspect, modify,
and re-run the simulations.

Institutions not affiliated with ComPADRE, or editors of
small collections of simulations, can also establish their
own smaller-scale digital library. Adding a simple PHP
script – that we provide freely – to their web servers is all
that is needed to turn their collection into a digital library
that can be accessed by EjsS or our Reader apps.

These interconnections set up an EjsS collaboration en-
vironment in which instructors can access a library of
simulations, communicate with others (the ComPADRE
digital library provides communication tools), and con-
tribute to the community with their own work. Figure 14
shows the EjsS ecosystem for Physics instructors interested
in creating and using simulations.

The AutomatL@abs and its descendent projects are the
best examples of collaboration of different organizations to
create a collective set of virtual and remote laboratories in
the field of Control Engineering. The Control Engineering
community of EjsS users is growing considerably, but
still lacks the organizational support provided by a well-
established digital library, such as ComPADRE does for
Physics.

Finally, the open nature of our work has blessed us with
the possibility of collaborating with a large number of
researchers and instructors from all over the world. Two
additional and excellent examples of these collaborations
are the collection of EjsS simulations included in the
pioneering work of Fu-Kwun Hwang in Taiwan (Hwang
(2015)) and the growing, more recent, digital library of
EjsS simulations lead by Loo Kang Wee in Singapore

Fig. 14. The EjsS ecosystem for instructors includes a
modelling tool, deployment and collaboration tools.

(Wee (2015)). This work certainly influenced UNESCO
Bangkok, Asia and Pacific Regional Bureau for Education,
to select Easy Java/Javascript Simulations to be part of
the free educational compilation “UNESCO Directory of
Free Educational Resources for Teachers. Vol. 1: Science”
for distribution worldwide, mostly in the Asia-Pacific
region targeting developing countries, in March 2015.

7. CONCLUSION

We have reviewed the main lessons we learned in the past
ten years of creating and using virtual and remote labora-
tories for improving Science and Engineering teaching and
learning, and of choosing, adapting, and developing tools
for the creation of these laboratories. Designing and us-
ing the laboratories with solid, research-based pedagogical
approaches, choosing the right tools and following well-
established standards, and being open to collaboration are
solid grounds on which to base successful work in this
area. But on top of these lessons, the final one outstands:
concentrate of good, long-lasting designs and teaching
ideas. The use of current technologies and the Internet
as we perceive it today, the implementation of a diversity
of state-of-the-art pedagogical approaches, and the use of
present and upcoming software and hardware platforms
may influence our current work on virtual and remote
laboratories. But the final goal of improving Science and
Engineering education in the mid and long term must be
our driving force.

We have also shown how we applied these lessons to
our own work, at the same time we were learning them.
Experience taught us what worked and what didn’t, and
lead our steps in this journey. It has also set the path for
our future work.

The collection of tools available for the creation of virtual
laboratories is already very powerful for generating a wide
range of simulations. From simple – but perhaps perfectly
appropriated for the first steps of instruction – simula-
tions, to more sophisticated virtual laboratories required
in higher education. Javascript is a flexible programming
language and is very well integrated with HTML and
other W3C standards. There may still be a need, however,
for specialized or dedicated Javascript libraries to solve
particular modelling or GUI tasks.

The creation of remote laboratories needs to deal also
with the issues of communication and interfacing with
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ideas. The use of current technologies and the Internet
as we perceive it today, the implementation of a diversity
of state-of-the-art pedagogical approaches, and the use of
present and upcoming software and hardware platforms
may influence our current work on virtual and remote
laboratories. But the final goal of improving Science and
Engineering education in the mid and long term must be
our driving force.

We have also shown how we applied these lessons to
our own work, at the same time we were learning them.
Experience taught us what worked and what didn’t, and
lead our steps in this journey. It has also set the path for
our future work.

The collection of tools available for the creation of virtual
laboratories is already very powerful for generating a wide
range of simulations. From simple – but perhaps perfectly
appropriated for the first steps of instruction – simula-
tions, to more sophisticated virtual laboratories required
in higher education. Javascript is a flexible programming
language and is very well integrated with HTML and
other W3C standards. There may still be a need, however,
for specialized or dedicated Javascript libraries to solve
particular modelling or GUI tasks.

The creation of remote laboratories needs to deal also
with the issues of communication and interfacing with
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actual hardware. There exists a new generation of very
affordable hardware and data acquisition equipment for
even the modest pockets, such as Arduino, RedPitaya and
NI MyRio boards (to name a few), and the numerous cheap
sensors and actuators that can be connected to them. Some
of these boards also offer the possibility of establishing
their ownWeb access point, so all that is needed to connect
to them is a WiFi enabled device (that is, practically any
computing device, including mobile ones). We find this
a very attractive possibility. In order to deal with the
diversity of new hardware platforms, it would be highly
desirable the creation of standards for interfacing with
them. The Smart Device specification is a promising step
in this direction.

Finally, the integration of virtual and remote laboratories
in actual curricular material that can be effectively de-
ployed and used in class, group and homework is an area
where some work may be needed. Besides using Internet
standards, research and development work may be needed
to establish pedagogical and integration standards that
allow easy creation of learning environments that inte-
grate classical curricular materials, such as narrative and
evaluation tools, with other more modern ones, such as
collaborative work and social networking.

Our own work will surely follow these lines.
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