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ABSTRACT

Sustainability is currently a general concern in society and in
particular in the use of laboratories for educational purposes.
Although laboratories are unavoidable facilities for education, they
often produce waste resulting from students’ experiments. To
contribute for sustainable solutions in education, the use of remote
laboratories instead of the traditional hands-on laboratories should
be considered in every engineering course. It is precisely this
aspect that is discussed in the current paper. Some comments about
the importance of sustainability in education are made. Later, it is
described the use of a remote laboratory named VISIR in a course
held at the Polytechnic of Porto — School of Engineering, for the
conduction of an electronic experiment named Schmitt Trigger. At
the end, some comments about the contribution of this remote lab

for sustainability in education, are provided.
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1 - Introduction

Engineering is a practicing profession dedicated to harnessing or
modifying some resources used for the creation of all technology
[1]. This evidence is only possible by the inclusion of experimental
training, through laboratory classes, in engineering education.
Additionally, the skills demand for students are growing, which
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requires the inclusion of several learning objectives associated
with the laboratory work [1- 3]. Some of these learning objectives,
listed in [1], imply a direct manipulation of objects under
experimentation and the test of the equipment available in the
traditional hands-on laboratories. Other learning objectives,
however, may be addressed through nontraditional labs, such as
virtual labs and remote labs. Each type of laboratory has its relative
advantages in achieving the stated objectives, has already been
discussed and presented in [1, 3 - 6]. Despite the educational
requirements that force the use of real laboratories in higher
education, with many publications emphasizing their importance
and benefits for the teaching and learning process, it is important
to create sustainable solutions, which means solutions that may
contribute for a reduction of waste that will contribute to improve
economy and environment.

The concept behind this main concern is often known as
sustainability. A sustainable development is a widely cited concept
due mainly to recent climate changes. The most quoted definition
of sustainability refers: "...development that meets the needs of the
present without compromising the ability of future generations to
meet their own needs" [7]. A more direct technical interpretation for
Engineering may be as follows: “A sustainable system is one that
consumes the resources strictly necessary to obtain the desired effect”
[8]. Focusing on this last definition, in hands-on labs there is a set
of experiments that often result in waste that should be minimized.
In the particular case of laboratories dedicated to electronic
experiments, component disruption is often the result of various
factors, the most common being the misuse. Traditional hands-on
laboratories are scarce and costly resources that must be optimized
[9, 10]. From this point of view, Remote Laboratories lends itself
especially to both objectives, as it reduces operating costs of
replacing damaged components, and reduces the environmental
impact, which means that less electronic waste is produced. The
global impact resulting from this reduction is very important
considering the huge number of educational laboratories to teach
and learn electronics.

In this context, despite some published results [11, 27], an
analysis on sustainability resulting from the use of Remote
Laboratories is still incipient, which justifies that this type of
studies should continue. A contribution to this type of study is
made in this paper that focus on analyzing the importance of
sustainability in education. Included as an infrastructure of the
PILAR project [24], which basically aims to share different
experiments through an international educational community, this
paper describes the use of a remote laboratory named VISIR in a
course held at the Polytechnic of Porto — School of Engineering.
An electronic experiment named Schmitt Trigger is provided
remotely using the VISIR and, at the end, some comments about
the contribution of this remote lab for sustainability in education
are provided.

This the paper is organized as follows: section 2 provides some
comments about the fundamental objectives on engineering,
complemented with the characteristics that a traditional hands-on
lab has compared to a remote laboratory like VISIR. Section 3
presents a case study on the adoption of the remote lab VISIR in an
electronic course, and some comments regarding the sustainable
approach this solution brings to the course. The papers ends with
a conclusion.
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2 - Lab experiments with electronic circuits

2.1 - The Fundamental Objectives on
Engineering

In engineering education, laboratory classes are fundamental in
order to give to students the required technical skills. These are
obtained by completing a set of 13 learning objectives that are
associated with instructional laboratories in Engineering
undergraduate curricula [1-3]. Three of them is analyzed in the
scope of this paper, namely:

Objective 3: Experiment. “Devise an experimental approach,
specify appropriate equipment and procedures, implement these
procedures, and interpret the resulting data to characterize an
engineering material, component, or system.”

Objective 6: Learn from Failure. “Identify unsuccessful outcomes
due to faulty equipment, parts, code, construction, process, or design,
and then re-engineer effective solutions”.

Objective 7: Creativity. “Demonstrate appropriate levels of
independent thought, creativity, and capability in real-world problem
solving”.

These three objectives show that it is important that students
have a high degree of autonomy, which can only be obtained by
making mistakes. Although equipment is traditionally protected
against misuse, components can be often destroyed, by exceeding
the maximum limits stated by the manufacturers, which can lead
to a waste of components, and therefore a decrease on the
sustainability essence. This means that the conduction of a
laboratorial experiment should in part be controlled, and a choice
between traditional hands-on labs or remote labs should be
analyzed.

2.2 - Traditional laboratories (hands-on labs)

An experiment with electrical or electronic components is
associated with a reasonably fixed procedure. First, the electronic
components are placed on a breadboard. Later, the circuit is
supplied with a Direct Current (DC) power supply stimulated with
a Function Generator. Finally, measurements are taken with a
Digital Multimeter (DMM) and / or an Oscilloscope. These different
measurement instruments and the breadboard are generically
provided in a similar way in the electronic benches of every school
/ college. Nevertheless, the way students implement the circuit on
breadboard is usually very distinct.

Early-stage students, and therefore with little experience, tend
to confuse components. When they find that the component, they
are looking for is not the right one they quickly set it aside and
pick up another. At the end of the class there is often a jumble of
mixed components making their reuse almost impossible. To avoid
this situation and increase the sustainability by reducing the waste
of components, before the laboratory class the teacher separates
the components into small plastic bags for each workgroup
experiment, as illustrated in figure 1. This way, the components
can be reused in the next class. Setup the circuits on the breadboard
without welding is different from student to student. Early stage
students (with less practice) tend to over-stress component pins.
As a result, component pins tend to break under stress, typically
near the body of the component. The number of uses that each
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component endures depends on the stress it has been subjected to,
and the type of material that constitutes the pin.

Figure 1: Typical set of components for a laboratory class.

For example, resistors can withstand more than 30 stress
actions, while a transistor pin can withstand no more than 2 or 3
actions. Figure 2 shows a set of components used for setting up a
full wave rectifier experiment, where one resistor is broken due to
stress.

Figure 2: A set of components used in a full-wave rectifier
experiment.

Figure 3 shows a set of transistors used in a Common Emitter
configuration amplifier experience. Note that the transistor pins
are too stressed. Also note the detail of some having the Base pin
bent, an action taken by students to allow the current to be
measured experimentally on that pin. This justifies the broken base
pin in one of the components.

Figure 3: A set of components used in a Common Emitter
configuration amplifier experience.
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Figure 4 shows some operational amplifiers (AmpOp) after their
use for 12 times. Note the condition of the pins. One is broken due
to not having supported position correction action.

students.

In sum, in traditional hands-on labs, broken electronic
components is an important part of produced waste. Possible
measures seek to reduce waste, but mechanical stress margins limit
the reuse of a component to only about 20 times. To overcome this
aspect that contributes to a decrease on the sustainability essence,
a remote lab as the VISIR could be considered to provide a remote
access to a real laboratory.

2.3 - The VISIR Remote Lab

Virtual Instrument Systems in Reality (VISIR) is a Remote
Laboratory for electrical and electronic experiments. It is currently
the best and most known remote laboratory, with over 100
technical and scientific publications (e.g. [12 - 22]). It was initially
developed in Karlskrona - Sweden and is currently installed in
Bilbao and Madrid (Spain), Porto (Portugal), Villach and Vienna
(Austria); Madras (India), Batumi (Georgia), Settat (Morocco),
Rosario and Santiago del Estero (Argentina), Ararangua,
Floriandpolis and Rio de Janeiro (Brazil) and San José (Costa Rica).
VISIR includes a set of measurement instruments able to be
interconnected to form a traditional electronic circuit. The circuit
is remotely setup by the students using a virtual breadboard.
Additionally, a set of measurement instruments (a triple DC power
supply, a Function Generator, a DMM, an Oscilloscope) can be
attached to any node of the circuit thanks to a switch matrix
provided in the VISIR infrastructure, all controlled by a PXI
instrumentation bus. Figure 5 illustrates a block diagram of the
VISIR infrastructure, and figure 6 the VISIR interface used by
students to setup the electronic circuits.
Switch matrix

Instruments Components

Power supply I $
—_—
DMM _ _ —|‘ <
Osciloscope —>
—_—
—_—
PXl interface

pC (—){\

Figure 5: The VISIR block diagram.
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Figure 6: The VISIR interface used by students to setup
electronic circuits.

With the VISIR students perform experiments in the same way
as they do in a traditional hands-on laboratory:
1-  The student places the components on the breadboard and
connect them to the power supply and / or to other equipment,
and presses the "Run Experiment" button;

2-  Remotely the VISIR configures the switch matrix to execute
the entire circuit structure, configures the equipment, makes
the measurements and sends the results back to the student.

Since the entire process is made remotely, students do not have
the opportunity of damaging the components as they traditionally
do in a hands-on lab. Therefore, components have a very long
lifetime duration. The only mechanical stress is the one associated
to the relays used in the switch matrix that have a limit of action
greater than one million. The electrical limits of the components
are not exceeded as the system only allows operation within the
limits set by the experiment designer.

Therefore, taking into consideration a sustainable approach
focusing on avoiding the waste of component, a typical Schmitt
Trigger electronic experiment was prepared in the VISIR for course
named Applied Electronics held at the Polytechnic of Porto -
School of Engineering.

3 - Case study

Sustainability comprises different areas always seeking for
improving people life. A sustainable experiment in engineering
should seek to reduce costs in their setup and use, should reduce
the waste of components and should contribute to avoid time and
geographic constrains for users’ access. Considering this, the use
of a remote experiment of a Schmitt Trigger circuit developed
using an AmOp in a course named Applied Electronics (ELEAPL)
conducted at the Polytechnic of Porto at the School of Engineering
(IPP/ISEP) was prepared. Its adoption in this course was
fundamental to guarantee a sustainable approach, since the course
has more than 200 students, which means that setting up 200
experiments would be costly and will lead to a huge waste of
components. Moreover, the physical conditions to give the lab
facilities and the components to setup the experiment to all these
students would be impracticable. If students have access to a real
lab whenever they want using a simple connection to the internet,
they will have time for other activates, improving therefore their
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life quality, given them also an academic resource that will
facilitate their learning as already proved by many studies [23][26].

The program of the ELEAPL course included the topic of
Schmitt Triggers. One of the outcomes of this course was to learn
how to idealize and setup a Schmitt Trigger circuit using an
AmpOp integrated circuit. Students should learn the importance of
including hysteresis in a comparator, and they should learn how to
define the hysterics interval. Supported by previous theoretical
issues taught in the classes of ELEAPL, students acquired the
required knowledge to mathematically analyze a Schmitt Trigger
circuit in order to determine the values required to setup the
associated electronic components. Supported on their values, they
were also able to simulate the obtained circuit using the PS-SPICE
software giving them the possibility to verify their calculations.

However, in engineering, it is fundamental to verify the
obtained results, and the best way to do that is to experiment a real
circuit. This means that issues thought in a well-designed course
should comprises an experimental activity using real instruments
and devices, which means students should have access to a real
laboratory. A simulation could be an intermediate step, but only a
real experiment can give the certainties that all calculations were
correctly made. In other words, a real contact with nature is always
the best way to learn engineering [25]. Therefore, and seeking for
a sustainable approach, and in particular the waste of components
traditionally associated to hands-on labs, a simple circuit was
arranged in the VISIR system, namely a Schmitt Trigger
implemented as an inverter comparator.

3.1 - The Schmitt Trigger experiment

In electronics, a Schmitt Trigger is a comparator circuit with
hysteresis that can be implemented by applying a positive feedback
to the non-inverting input of an operational amplifier. It converts
an analog input signal to a digital output signal that retains its
value until the input changes. The use of a positive feedback avoids
that noises that may exist in the input signal can take to unstable
outputs. Figure 7 represents a Schmitt Trigger and its output signal
implemented as non-inverter comparator with hysteresis using an
OpAmp, since the input signal (Vi) is applied to the non-inverter
input and it is compared with a threshold Commutation Point
(VCP) that is a DC voltage created by a voltage divider formed by
R2 and R3.

Vi

Commutation
point Vep

Figure 7: Schmitt Trigger implemented as a non- inverter
comparator with an AmpOp.

As represented in the graphs of figure 8, the positive feedback
allows that the VCP has two distinct voltages: an high threshold
Voltage Commutation Point (VCPH) and a lower threshold Voltage
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Commutation Point (VCPL). The input signal Vi is compared with
the VCPH and VCPL to change the Vo. When the Vi is higher than
the VCPH, Vo goes up (the AmpOp is saturated to ~+15 V), when
Vi goes lower than VCPL, Vo goes down (the AmpOp is saturated
to =-15 V). The difference between VCPH and VCPL is called
Hysteresis Voltage and represents the maximum noise allowed in
the Vi signal before a commutation in Vo. Both voltages VCPH and
the VCPL are calculated according to the previous level of Vo using
the following formula, that can be obtained by analyzing the

circuit.
(R,.- + Rl) R,
v, = VUp —_—
i cP R.l-’ R.l-’ (]
Therefore

If v0=-15V, it means:

Rr+R,
v > vcp( Ry

R

) ——=(=15) = vepy = v
Rp

If vO=+15 V, which means:

Rp+R,q

R
v; < VUcp (T) - é (+15)—> vep, = v;

Since the ELEAP course has many students, setting up this
experiment for all of them would be impracticable, since costs will
drastically increase in terms of components and measurement
instruments and the physical facilities would be difficult to
provide. Therefore, this same experiment was provided in the
VISIR system, giving the required facility for students’ access, and
reducing the costs that the institution will have if many
experiments were setup, in particular in the waste of components.
To enable students’ interaction with the experiment a guide was
previously prepared. Through this guide, students had the
possibility to verify in reality the previous calculations and
simulations made to the presented Schmitt Trigger circuit, in a
sustainable way, since it contributes to:

1- lower costs, since a single experiment, and associated
measurement instrumentations are sharable by all students,
which means a drastically reductions of costs when compared
to the eventual necessity of setting up one experiment for each
student (or group of students);

2-  reduce the waste of components, since the circuit was already
predefined in the VISIR system, which means that the step of
setting up an experiment in a hands-on approach was not
considered,;

3- increase the versatility in the conduction of a real experiment,
since students have access to a real laboratory without time
and geographical constrains, giving them more time for other
activities.
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Figure 8: Transfer function and the time behavior of the
Schmitt Trigger circuit implemented as a non-inverter
comparator with hysteresis.

3.2 - The guide provided to students

During the classes of ELEAPL several calculations were presented
to students and they were able to observe simulations using the PS-
SPICE software in order to prove the obtained values found for
setting up a Schmitt Trigger circuit. However, teaching and
learning electronics require practical activities, in particular a
contact with real equipment. A simulation is supported by software
modules, which means that even if those modules have a good
quality, there are no comparison with reality, which can only be
obtained by using a real laboratory. The solution of a hands-on
laboratory could had been suggested; however, sustainable issues
were taken into consideration for using the remote laboratory
VISIR, as already indicated.

An introduction to the VISIR system and to the experiment to
all classes were made, and a guide tutorial was prepared so students
can idealize and setup the circuit. The tutorial was divided in three
parts: an introduction to Schmitt Trigger, which is in fact very
similar to the one described in the previous section, and a set of
questions that obliged students to make calculations, simulate the
circuit using the PS-SPICE simulator, and conduct a real
experimentation using the VISIR. The tutorial mainly focuses on
providing the ability for students to verify the behavior of a
Schmitt Trigger circuit. They already had the schematic of the
circuit and the adopted components. The goal is to see the
hysteresis and validate previous calculations. The questions posed

in the guide were the following:

1. Calculate VCPH and VCPL and indicate the maximum noise that may exist in Vi to
avoid instability in Vo;
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N

. Setup the circuit in the VISIR and, by applying a sinusoidal wave described
according to the following formula vi=A.sin(2.7.1000t)+2,63 V, where A is a
variable amplitude, verify if the previous calculations are in accordance with the real
behavior of the circuit, indicating the VCPL and the VCPH, and the associated
maximum noise that may exist in Vi to avoid instability in Vo;

w

. After experimentally determining the VCPL and the VCPH take some screenshots
of the Oscilloscope in the exact instants of commutations, displaying the Vin,
defined in the Function Generator (VMAX and VOffset), and the Vo.;

I

. In those same conditions, using the Digital MultiMeter (DMM), observe the voltage
in the non-inverter and inverter terminals and take a screenshot.

o

Supported by the answers to the previous questions, please comment your results,
taking into consideration that we are dealing with real hardware and real
components.

To answer all these questions, student had to setup the circuit in
the VISIR, as illustrated in figure 9.

|

comparador_com_histerese

(Visir experiments)

| 1 S Function i i
e ] e | 2 [ ] = |

Figure 9: The Schimitt Trigger circuit setup in the VISIR.

Students were able to setup the circuit and use the traditional
measurement instruments available in a hands-on lab. Since the
VISIR uses an asynchronous access to the laboratory, which means
that there are no necessity to define a schedule for each access (the
VISIR manage all accesses in a transparent way), it can be classified
as a sustainable system, since students gain versatility using a real
laboratory with an effective reduction of costs.

3.4 - Costs analysis

To analyse the costs associated when comparing the use of VISIR
and a traditional hands-on lab for the selected experiment, it is
reasonable to make a distinction between two type of costs: i)
direct and ii) indirect.

The indirect costs are related to issues like students travel costs
to go to a laboratory, the requirement for lab facilities, the required
energy to power-on an experiment, etc. These types of costs are
difficult to quantify, but they may be very relevant when
comparing both type of laboratories. In fact, a hands-on lab are not
always power-on, but students have travel costs, and requires a
place to setup each experiment (more room facilities). On the other
side a remote laboratory, like VISIR, saves in the required facilities.
A single room is enough to provide the remote lab infrastructure,
travel costs are not considered since it provides an access through
the internet to a real experiment in a 7/24 basis, despite the
experiment must be always power on since it is sharable among all
students.

The direct costs can be more exactly analysed for this
experiment. Its analysis can be evaluated in 2 issues: i) the waste of
component costs and; ii) the required measurement instruments.
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Table 1 lists the number and an estimated price of the components
and the equipment required to conduct the experiment.

Table 1: Associated cost for setting up the Schmitt Trigger
experiment.

Quantity Unit price (€) Total (€)

Resistors 6 0,10 0,60
AmpOp 1 0,50 0,50
Bread Board 1 7,0 7,0
Function Generator 1 100,00 100,00
Oscilloscope 1 240,00 240,00
Power source 1 50,00 50,00
MultiMeter 1 50,00 50,00

Total (without component waste) 448,10

As indicated in the beginning of this paper, it is important to
consider the waste of components that students traditionally have
for setting up the circuit in a hands-on laboratory (many broken
resistance pins; AmpOps are incorrectly connected, etc.). Based on
our expertise as teachers, it is reasonable to consider about 20% of
component waste per experiment. This means that excluding the
measurement instruments required to conduct the experiment,
each experiment have an estimated cost of (6x0,10+0,5) x1,20 + 7 =
8,32 €. If this component costs are added to the measurement
instruments, a total price of about 448,32 € is reasonable to
consider.

By adopting the VISIR to run the experiment, some costs can be
supressed, in particular the one related to the waste of components
and the use of instrumentation. However, a VISIR system may cost
about 10000 €. This means that providing a single remote
experiment may have a cost of about 10001,10 €, which in fact is
too much when compared to a single experiment using a
traditional hands-on lab. But, the waste of components will
decrease, which means it can contribute to a sustainable choice
concerning the environment issue (less waste less pollution).

According to the indicative costs, it is also easy to understand
that the adopted remote laboratory is more cost sustainable when
the number of students increase, since it is sharable, and there are
no waste of components in the setup process. According to the
costs indicated in the previous table and to the associated
calculations, the use of the VISIR system for the particular Schmitt
Trigger experiment is adequate when the number of students is
more than 22, otherwise the use of a traditional hands-on lab
should be considered.

Hands-on:
[(1,10x120%)+7+440]xN=448,32xN €

Cost (€)

VISIR:
1,10+10000 = 10001,10 €

Students (N)

22

Figure 10: Indicative graph of costs associated to the Schmitt
Trigger experiment: hands-on lab vs VISIR remote lab.
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4 - Conclusion

The experimental work is fundamental for every engineering
course and in particular in electrical engineering courses. Despite
simulations are often used to overcome institutions limitations due
to the lack of laboratories and associated costs, the access to a real
laboratory is fundamental. Two solutions can be considered:
traditional hand-on laboratories or remote laboratories. Both give
access to real equipment, but if we concentrate our analysis in
sustainability issues, in particular in the associate waste of
components that usually a hands-on lab has, remote laboratories
can be an ideal solution. Therefore, this paper alerted readers to the
common waste of components that exists in traditional hands-on
labs and indicates as a possible solution the use of a remote lab.
Through a remote lab, such as VISIR, students can setup circuits
and access real equipment as they do in a traditional hands-on lab.
Concerning sustainability issues, it was shown that using a remote
lab decrease drastically the waste of components since students
may setup the circuit without damaging the equipment and
components. Wastes are drastically reduced, and in most situations
without compromising the educational purposes. Moreover, and if
all costs are considered the use of a remote lab would be also
interesting when the number of students increase.
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