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Abstract—Lab-based education has always played an important role in teach-
ing students. Making remote and virtual labs communicate with one another by 
creating networks of labs can enhance the traditional way of learning as well as 
reduce the costs of implementing and using labs. This paper provides a review of 
the literature on non-traditional labs and lab network initiatives up to 2020. With 
the term ‘non-traditional labs’, we mean virtual, remote and hybrid labs, whereas 
with the term ‘lab network’, we indicate a set of two or more cooperating labs 
typically connected through the internet. In this study, we used a recent and com-
prehensive framework for data collection, organization, and analysis to gather 
information on 40 non-traditional labs and lab network initiatives. Thanks to this 
framework, the outcomes of our work highlight interesting trends of lab-based 
education, which pertain to didactical, organizational, and technical aspects. 

Keywords—Distance education and online learning, Distributed learning envi-
ronments, Lab networks, Lab network initiatives, Media in education, Non-tra-
ditional Labs, Simulation 

1 Introduction 

Nowadays, there is the need to provide students with more and more technical skills 
rather than just theoretical knowledge. Lab-based education may play a key role in 
achieving this goal, as it is considered a meaningful learning tool, especially in scien-
tific subjects [1]. Although the first reliable guide to early lab technique can be dated 
back to 1556, with the work of the German scientist Georgius Agricola, De Re Metal-
lica, it is in the nineteenth century that we may see significant changes in laboratory 
layout, instrumentation and working styles, which include team research [2]. Lab-based 
education has always been considered essential, as it provides training in observation, 
arouses students’ interest, and offers a consistent level of technical and practical 
knowledge; these very same intentions are still accepted even after a few centuries of 
lab history. In the Second Handbook of Research on Teaching, Shulman and Tamir 
named five purposes that may be accomplished with lab-based education [3]: 

1. Skills - manipulative, inquiry, investigative, organizational, communicative. 
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2. Concepts - hypothesis, theoretical model, taxonomic category. 
3. Cognitive abilities - critical thinking, problem solving, application, analysis, syn-

thesis. 
4. Understanding the nature of science - scientific enterprise, scientists and how 

they work, existence of a multiplicity of scientific methods, interrelationships be-
tween science and technology and among the various disciplines of science. 

5. Attitudes - curiosity, interest, risk taking, objectivity, precision, confidence, per-
severance, satisfaction, responsibility, consensus, collaboration and liking sci-
ence. 

However, there are some issues that can discourage an active and proficient use of 
lab-based education. For instance, should numerous university students become in-
volved in experiment works, it would be necessary to provide them with separate equip-
ment as well as other materials, but this could be impossible due to the limited number 
of available resources. Moreover, significant funds are needed for procuring the essen-
tial materials and facilities as well as for maintenance and continuous upgrading [4]. 

In addition to economic issues, there are also hurdles related to time and space con-
straints. Lack of space and/or security norms could limit the number of people allowed 
in the lab, thus requiring group formation and an accurate scheduling of teaching activ-
ities, which could even lead to a shortage of time of the teachers. Indeed, as every stu-
dent is expected to learn by performing an experiment, it can be very difficult for a 
teacher to deal with a large number of students working in groups, and, sometimes, 
teachers may find it difficult to respond to the individual needs of the students, as they 
may differ from one another to a considerable extent. As a result, students may get 
discouraged, making it harder for the teacher to provide timely help and guidance to 
them [5]. 

To overcome the previously mentioned disadvantages of lab-based education, non-
traditional labs (NTLs) have been proposed as an alternative to traditional ones [6]. As 
it will be detailed in the next section, NTLs are a broad category of labs that compre-
hend virtual, online, remote or hybrid laboratories. They can be defined as an artificial 
environment — a program on a personal computer, a portable computing device, or a 
web-based application — where experiments that usually require a physical lab can be 
replicated, allowing students to perform them remotely and at any time. It is believed 
that the first virtual simulations started in 1928, when Edwin Link created the world's 
first-ever flight simulator [7]. This simulator helped to train military pilots before and 
during the Second World War. Nowadays, virtual labs offer computer-based simula-
tions, which provide analogous ways of working to traditional laboratories [8], [9]. 
Since virtual labs are almost exclusively available through the internet, they are also 
referred to as online labs [10]. 

A consistent amount of research has been produced regarding the advantages and 
disadvantages of computers and the internet on lab teaching and learning (see for ex-
ample [11], [12]). One of the first references to remote labs was made 25 years ago by 
Taylor and Trevelyan [13] and by Burnet at al. [14]. A remote laboratory is a real lab, 
which allows both on site and remote access. However, the literature does not share a 
common view regarding the impact of these technologies: some studies suggest that 
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virtual and remote labs may be educational hindrances, while others see them as useful 
supplemental tools [15]. In recent years, societal and technological changes have in-
creased the use of distance learning. For instance, the current trend of Industry 4.0 is 
constantly asking for new digital competences and technological knowledge, especially 
on topics like Internet of Things, Auto-ID and RFID (standing for automatic identifica-
tion and radio frequency identification, respectively), Virtual and Augmented Reality, 
as well as 3D printing and cyber-physical systems; to this extent, e-learning is a require-
ment more than just an option [16], [17]. Moreover, disruptive events can compromise 
the traditional learning, as the COVID-19 pandemic that is currently undermining all 
the certainties that academia and, more in general, educational institutions had about 
ways of providing students with learning paths: online teaching overcome the impossi-
bility to educate students when infrastructures are not available [18]. 

If, on the one hand, digitizing and providing remote access to labs might decrease 
investment costs, as stated by [4], on the other one hand higher costs for online course 
development, instruction, and support services might bring online programs to higher 
tuition fees than on campus programs [19]. A possible solution towards the economic 
and financial sustainability of NTLs is sharing resources among different campuses to 
extend the amount of resources and their availability, therefore reducing the amount of 
investment needed [20]. Networks of labs – meaning two or more labs, linked together 
whether they are hands-on, virtual, online, or remote – can reduce the number and the 
cost of physical resources as well as the risks of negative outcomes, including the mis-
use of equipment, reagents, or materials during a training session. These benefits are 
immediately obtainable using networks of virtual labs; however, similar results are also 
achieved through developing networks of physical labs. Indeed, resource sharing could 
reduce purchasing and operating costs while risks can be avoided or limited by allowing 
only remote access to students and/or unexperienced users [21]. Students and teachers 
find these solutions very attractive because of their portability, ease of use and high 
efficiency. 

Today, networks of labs are used in many areas, such as physics, chemistry, fuel 
industry, nuclear research, biology, engineering, and others. With the term ‘lab network 
initiative (LNI)’, we mean a project that produced a lab network. Much research has 
been produced on NTLs [6]. The topic is wide, as labs can be investigated from different 
points of view (e.g., organizational, didactical, and technical), and the possibility of 
building lab networks significantly increases research possibilities. As an example, the 
literature on this topic may range from describing specific lab characteristics to discuss-
ing lab relevance as well as advantages and disadvantages. However, nowadays it still 
exists a gap concerning the discussion on lab networks. The research gap is likely due 
to the fact that it is quite complex to assess the characteristics of lab network initiatives 
from a technical point of view because, so far, very few studies focused on both didac-
tical and technical aspects. The possible cause of this fact could be traced to the lack of 
a common standards to evaluate the architecture of the existing networks of labs [22]. 
However, a proposal to organize information on technical aspects of NTLs and LNIs 
has been recently provided by [23]. 

 
The goal of this paper is to try to answer to the following research questions: 
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• (RQ1) Does it exist a survey that collect relevant information on a wide set of 
NTLs and LNIs? 

• (RQ2) What is the state of the art of NTLs and LNIs? 

RQ1 is answered by a literature review of existing research; RQ2, instead, is an-
swered by applying the structure designed by [23] for collecting and organizing infor-
mation on NTLs and LNIs. This structure is adopted since it identifies the relevant in-
formation needed, from organizational, didactical, and technical perspectives. Specifi-
cally, we collected and organized information from 40 different NTLs and LNIs, and 
this information was validated by direct contact with several lab network personnel. 
Moreover, we will use descriptive statistics to understand and explain characteristics 
and trends of NTLs and LNIs over time to the benefit of teachers, students, and practi-
tioners. Another important goal of our research is to provide existing and future NTLs 
and LNIs with relevant information on recent developments on this topic, giving sug-
gestions concerning possible opportunities and threats as well as a guidance to under-
stand which predictors should be considered to maximize the success and duration of 
NTLs and LNIs. 

The remainder of the paper is organized as follows. The next section critically ad-
dresses the existing literature, which contains general issues about NTLs and LNIs and 
their usage within engineering education. Section 3 introduces the methods we used, 
and section 4 presents the results of our survey and a discussion of the findings. Finally, 
section 5 provides some concluding remarks together with guidance for future work. 

2 An Overview of The Existing Literature 

A large amount of research has been produced on LNIs as well as NTLs, especially 
in terms of their didactical and technical aspects. In the following, we describe the most 
relevant papers on this topic, report what they discuss and categorize them by focus 
(i.e., didactical, or technical aspects). 

For the sake of clarity, before starting the analysis, we would like to establish com-
mon ground about the terms that will be used in the paper. Even though there is a lot of 
work on this topic, the terminology is not always consistent, and the definitions of types 
of laboratories sometimes can be confusing or even contradictory. We have searched 
within the existing options and have chosen suitable definitions that, in our opinion, are 
the most effective to convey our research. The definitions are presented in Table 1 and 
are mostly taken from Zutin et al. [10], if not otherwise indicated. The categories used 
in this paper, which are traditional and non-traditional labs as well as and lab network 
initiatives, are reported on the left-hand side of the table, and in the following section 
we will proceed to describe existing NTL and LNI solutions presented in the literature 
in accordance with these definitions. 
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Table 1.  Definition of terms 

Category Term Definition 

Traditional labs Hands-on laboratory 
It is a traditional real laboratory where students can perform ex-
periments and manipulate real objects while being directly lo-
cated with the tools in the same room [24]. 

Non-traditional 
labs (NTLs) 

Online laboratory 
It is an environment in which a student can run experiments or 
simulations over the internet. In the literature, the term ‘web-
based lab’ is also used. 

Remote laboratory 

It is an online laboratory that provides real experiments through 
online connection. This definition entails the control of real 
equipment and the realization of real measurements at a dis-
tance. 

Virtual laboratory It is an online laboratory that provides applications or software 
simulations. 

Hybrid laboratory 
It is an online laboratory that links virtual and remote labora-
tory technologies. It provides real hardware experiments and 
software simulations as well. 

Lab network In-
itiatives (LNI) Network of labs 

It is an environment that combines at least two isolated online 
laboratories connected to each other. It can also be presented in 
the literature as ‘lab sharing initiatives’ [21] or ‘federated labs’; 
however, in this paper, we propose to use the term ‘lab network 
initiatives’. 

2.1 Didactical aspects 

Several literature reviews compare or describe different LNIs in terms of didactical 
issues [22], [25]. The interest in this topic began decades ago when, in the late 90s, 
Aktan et al. [26] provided a survey in which their laboratory network was compared 
with four pre-existing ones. The focus was not much on the type of experiments done 
through the labs, nor on their structure and architecture, but rather on the number and 
kind of funding organizations that supported the development of the labs. 

A noteworthy and more recent example of an evaluation of existing labs can be found 
in Ma and Nickerson [22]. To compare labs in terms of teaching effectiveness, the au-
thors analyzed more than 1,000 works, which were eventually refined to 60 articles 
through different selection criteria. Specifically, based on a proposal of Accreditation 
Board for Engineering and Technology (ABET), the authors developed their own eval-
uating method, namely the four-dimensional goal model for laboratory education. Its 
main dimensions are: 

1. Design skills - Extent to which lab activities help students understand and solve 
problems related to key elements taught in class. 

2. Social skills - Extent to which lab activities increase students’ ability to solve 
open-ended problems through the design and construction of new artifacts or 
processes. 

3. Professional skills - Extent to which students learn how to productively perform 
engineering-related activities in groups. 

4. Conceptual understanding - Extent to which students become familiar with the 
technical skills they will be expected to have when practicing in the profession. 
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The authors noticed a general lack of interest in social skills. Even if social skills are 
explicitly identified and adequately stressed by several different sources, they are not 
discussed as often as other educational goals. Moreover, an important difference sug-
gested by this study is that even if simulated and remote labs show similar interests in 
conceptual understanding and professional skills, design skills are an educational goal 
that is mostly disregarded in remote labs, with respect to simulated labs. 

Balamuralithara and Woods [27] aimed to provide guidelines to make a proper 
choice between virtual and remote labs. A total of 15 labs (seven virtual and eight re-
mote ones) were evaluated and compared according to the following parameters: (i) 
costs; (ii) equipment and facilities; (iii) hands on experience; (iv) reality and actual 
control; (v) accessibility; (vi) level of instructor’s supervision; (vii) support and team-
work; (viii) educational benefits; (ix) safety issues and maintenance. For an informed 
and judicious choice, previous research has advised the following items: pedagogical 
needs of experiment — ‘it is very important to identify the objectives and expected 
outcomes of an experiment in order to select the suitable online lab’; economical and 
resources factors — ‘it is important to consider the price of simulation software, period 
of license and availability of expertise to change and develop the simulation software’; 
and participants — ‘novice or mature’ [27]. 

Seiler [21] presented a literature review on current trends of LNIs, and he also dis-
cussed different approaches for lab sharing and their positives and negatives. Specifi-
cally, the author introduced the latest developments and trends in remote and virtual 
technologies as well as their applications in engineering education. After analyzing 
some existing LNIs, the author noticed that the key enabling technologies (to create a 
labs network) are multiple and heterogeneous, so he also advocated the need for a 
shared and common standard in this field. A similar conclusion was reached by Ma and 
Nickerson [22], who claimed that ‘there is no standard criteria to evaluate the effective-
ness of lab work’. Seiler also claimed that to establish a wider use of remote labs, a 
more generalized approach is necessary. The approach should include the development 
of a common language for lab integration as well as for comprehensive soft- and hard-
ware toolboxes, together with documentation for the automated plugs and play distri-
bution of remote and virtual labs. 

The same reasons motivated Heradio et al. [25] to review past and present applica-
tions in LNIs. To give a panoramic view of the main issues from the past 18 years, the 
authors analyzed 6 cross-institutional lab-sharing networks in terms of their effects on 
control engineering education. By doing so, the authors discovered that the set of tools 
available for the development of virtual laboratories is becoming more powerful and 
more capable of generating a wide range of complex simulations. According to the au-
thors, due to the technological factors, we are moving from ‘proof-of-concept VRLs 
towards mature and affordable online labs’. As a result, virtual and remote labs will 
soon become extremely popular in control education. 

Patterson [28] has discussed the need for concurrently providing traditional labora-
tories and NTLs, hence students might benefit from a combination of different ap-
proaches, rather than relying on just one of those, pursuing optimum education. 
Drysdale et al. [29] have further broadened the horizon discussing the suitability of 
providing traditional and non-traditional lab experiences, and the need for tailoring 
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curricula to new skills and requirements of NTLs (i.e., knowledge about managing 
hardware and software design). The latest example of contrasting different types of la-
boratories is provided by Hernández-de-Menéndez et al. [30]. In their paper, the authors 
describe the state of the art of laboratories in engineering and compare 18 hands-on, 
virtual, and remote laboratories. To assess the educational effectiveness of selected 
labs, the authors used a method named KIPPAS — Knowledge and understanding, In-
quiry skills, Practical skills, Perception, Analytical skills, and Social and scientific com-
munication. As a result, the authors claimed that virtual and remote laboratories have 
the potential to substitute traditional labs in the near future. However, it is opinion of 
the authors that to get the most out of both solutions, a proper mix of physical and 
virtual labs is the best approach for experimental engineer education. 

In recent years, however, the research focus on this topic has moved from investi-
gating the usefulness of providing lab experience over distance and the validity of dif-
ferent solutions to assessing the reliability of specific solutions and looking for future 
directions (e.g., by means of surveys). For instance, the work of Foust [31] has summa-
rized and discussed, from the curricula standpoint, the common practices used at vari-
ous US colleges when providing Instrumentation and Measurement Laboratory class 
into the Mechanical Engineering degree, compared with the lab provided by the York 
College of Pennsylvania. Also, concerning curricula, Burghardt et al. [32] have identi-
fied, by means of a survey, possible teaching and learning methods and technologies to 
be introduced in future Internet of Things and Industry 4.0 learning environments.  

Other recent studies analyze the pedagogical scenario and how students assimilate 
notions and knowledge disseminated by laboratories provided over distance [33]–[35], 
as well as the students’ acceptance and intention to use NTLs [36], [37]. Also, the work 
of Parkhomenko, Gladkova and Parkhomenko [38] rigorously classifies and character-
izes didactic and pedagogic scenario of different NTLs. The authors provide a recom-
mendation system aimed at helping teachers, students, and developers of new labs with 
information about features and possibilities of NTLs, considering the users the labs are 
aimed at, and the curricula they cope with. 

2.2 Technical aspects 

Concerning the technical aspects of the LNIs, relatively few studies can be found in 
the literature. Actually, the number of papers that provide some technical details are not 
so few, but the analysis is generally limited to a single lab network, as in the works of 
Sáenz et al. [8], Zutin et al. [10], and Krneta et al. [39]. Conversely, we found just a 
handful of studies that analyze and/or compare more than one LNI from a technical 
point of view. This may be due to the fact that researchers and practitioners are often 
more focused on their own labs rather than on other ones as well as the difficulty of 
finding reliable technical information about different labs. 

One of the studies that addresses this topic is by Gomes and Bogosyan [4]. The au-
thors analyzed online experimentation approaches and collected information on support 
technologies that could open the opportunity to implement new functionalities in lab-
based education. To do so, a great number of papers were reviewed, and relevant infor-
mation was extracted. By doing so, this paper offered an overview of current trends in 
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remote laboratories and related technologies, with examples in several areas of indus-
trial electronics: (i) the characterization of remote labs, (ii) their usage benefits, (iii) 
evolution, (iv) components, (v) communications among them, (vi) integration of LMS, 
(vii) topologies and platforms, (viii) remote laboratory applications for engineering ed-
ucation and (ix) research in various electronics fields of education. 

Ponta et al. [40] compared three web-services-based architectures of remote labora-
tories — DIBE ISILab (Internet Shared Instrumentation Laboratory), HPI DCL (Dis-
tributed Control Laboratory) and MIT iLab—according to user interactions and interop-
erability between remote labs. All the analyzed architectures collected in a web service 
interface with all the functionalities exposed by the lab and use work sessions to struc-
ture measurements and store data sent or received from the instruments. The authors 
also stated that ‘structuring remote laboratory functions as a set of services has the ma-
jor advantage of allowing the sharing of the physical experimental setup, while leaving 
the possibility of customizing the client application interface’. 

Another important contribution was made by Maiti et al. [41]. By using program 
logic analysis, the authors aimed to examine key inputs, outputs and impacts for the 
creation of remote access laboratories. They studied six lab network initiatives (Netlab, 
LiLa, iLab, Visir, Labshare and WebLab) to identify commonalities or differences 
among them. Among the initiatives, system architectures, availability of scheduling 
systems, capabilities, procedures to create new experiments as well as programming 
language were analyzed and compared. Specifically, to evaluate differences, the authors 
made use of the following criteria: 

1. Origin of the remote access laboratory 
2. Innovations to increase the students learning 
3. Replication of classroom experience 
4. Pedagogy. 

The work even highlighted mutual influences and shared components of the exam-
ined labs; for instance, LiLa is used by others as a booking system, and Netlab initiates 
co-operative experiments. 

An important survey and comparison of LNIs is discussed in the paper by Krneta et 
al. [39]. This study describes three labs networks developed by three different univer-
sities, all funded by the Tempus IV Programme project. Specifically, the LNI of the 
University of Maribor, the Faculty of Engineering of the University of Porto, and the 
WebLab by the University of Deusto are presented. All the LNIs are evaluated both 
from a technical and non-technical perspective. The experiments are described in detail, 
and the authors provide a deep description of many technical features, such as architec-
ture, design software and kind of connection to lab server. The collected information is 
extensive and covers the most relevant technical aspects, but it has also some limita-
tions. Most of all, the paper of Krneta et al. [39] does not propose any evaluation criteria 
(to assess the technical quality of a lab network), and all considered lab networks are 
related to the same funding project. As we will discuss in the following section, all these 
drawbacks will be overcome by the data-collecting-strategy adopted in our work. 

Another important contribution was made by Abramov et al. [42]. The authors de-
scribed the process they followed to create their own LNI. As a preliminary activity, 
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the authors conducted research on already affirmed lab networks mainly in the biomed-
ical and bioengineering fields to identify the main technologies used for their develop-
ment. Specifically, they investigated the following four lab networks: Hhmi Bio Inter-
active, VIRTUAL LABS, Virtual Biology Lab and WOW Biolab. They characterized 
labs focusing on the following elements: (i) general and didactical aspects (i.e., which 
is the coordinating organization); (ii) sponsors; (iii) teaching fields; (iv) users of labs; 
(v) technical perspective (i.e., which is the technology); (vi) presence of a repository; 
and (vii) kind of user interface. Moreover, the authors listed the advantages and disad-
vantages of each laboratory. Having considered the biomedical simulation market, the 
authors concluded that the previously existing LNIs were developed in the past and they 
no longer met modern standards. However, they noted that among those networks of 
labs, there is a good material and technical base; moreover, many reference materials, 
teaching aids, active links and illustrations are also present. The paper is essential to 
quantify the benefits of using remote laboratories within teaching and learning pro-
cesses; however, a consistent and rigorous structure for evaluating LNIs is missing. 

A good example of a structured survey can be found in the work by Potkonjak et al. 
[43]. The authors developed an effective method to give an overview of the state-of-
the-art virtual laboratories and identified relevant technologies and current trends. Their 
method is based on four evaluation criteria, namely: 

• (C1) the user interfaces for each piece of equipment must be identical to the 
corresponding real devices. 

• (C2) the behavior of the virtual system (e.g., its state and control variables) 
must be equivalent to the system behavior in the physical paradigm. 

• (C3) visualization must be provided in such a way that makes students feel like 
they are looking at a real authentic thing. 

• (C4) a 3D laboratory space must be created which allows for communication 
and collaboration among students and with the lab supervisor (or expert in the 
field). 

To provide a structured and comprehensive comparison of existing labs, the authors 
integrated their method with additional and relevant data (e.g., institutions, funding and 
teaching fields) to analyze more than 20 LNIs. The author considers all STE disciplines 
(science, technology, and engineering), with the emphasis on engineering and robotics. 

The development and integration of remote laboratory management systems was a 
crucial task for Zutin et al. [44]. The authors presented a new paradigm to deliver re-
mote lab infrastructure as a service. The authors investigated two lab network initia-
tives, namely WebLab Deusto and the MIT iLab, with the goal to minimize the require-
ments needed by online lab developers to connect their equipment to the internet. The 
authors provided information on architecture with a high level of accuracy. The differ-
ences between the connection solutions, federation models as well as the provided tools 
and applications were analyzed and compared. 

Recent research on technical aspects of NTLs and LNIs has also moved towards 
investigating the reliability of implemented solutions, often by means of very precise 
and detailed descriptions, while also trying to look for future directions. As an example, 
Strenger and Frerich [45] suggest ways to overcome issues related to the digitalization 
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of laboratories in engineering education by analyzing 10 different laboratories over a 
time period of 8 years; the work of Uckelmann et al. [46] proposes a general concept 
for assessing safety and security in federated labs, and the work of Hernández-de-Men-
éndez, Vallejo Guevara and Morales-Menendez [30] describes various types of univer-
sity laboratories worldwide to present an updated state of the art on the subject. 

2.3 Results 

As it emerges from the literature review, no study has already performed a detailed 
analysis of existing labs, dealing at the same time with general and context information 
as well as with technical aspects. Generally, authors dealing with the describing NTL 
and LNI solutions limit their interest to just specific macro-category of their interest, 
identified as didactical and technical, or focusing on very specific problems of the own 
solution implemented. In few words, a holistic approach collecting data about NTLs 
and LNIs seems to lack, and hence it lacks a full overview of what have been proposed 
by institutions providing NTLs and by LNIs. An exception is the study of Hernández-
de-Menéndez, Vallejo Guevara and Morales-Menendez [30], providing a discussion of 
both technical and didactical solutions implemented worldwide. However, the review 
seems to be more narrative and, in the opinion of the current authors, lacking on a sys-
tematic approach. Also, the fact that recent studies do not further justify the need or 
prove the reliability of NTLs, but rather they move the focus to the analysis of specific 
NTL or LNI solutions, suggests us two considerations. The former, the field is mature. 
The latter, it is timely to organize the existing material and depicting a comprehensive 
state of the art on this topic. 

3 Methods 

In the previous section, we reported examples of scientific works comparing differ-
ent labs. The conveyed extensive literature review of online laboratories has revealed 
several publications in the area, with many papers discussing solutions also from a tech-
nical perspective. Although we acknowledge the value of these papers, we must notice 
the following limitations in the previous literature. 

First, the number of LNIs analyzed in each work is often limited to a handful of 
them, with the  sole notable exceptions of the works by Potkonjak et al. [43] and by 
Hernández et al. [30]. Quite often, in fact, scientists emphasize the largest and most 
famous NTLs or LNIs, without giving proper credit to the less renowned ones. Thus, 
huge labs, such as WebLab Deusto, UniLabs, MIT iLab and LiLa are examined almost 
always, as opposed to smaller but equally interesting labs, such as Ironmaking, USAR-
sim, SCY and NeReLa, just to name a few of them. 

Second, none of the examined papers conducted a deep research in terms of both 
didactical and technical features. Furthermore, criteria used to analyze LNIs are often 
limited (typically in the range from five to ten) and not clearly organized. Both these 
causes do not help readers to fully understand LNIs and NTLs. 
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To overcome these limitations, we used the method for evaluating LNIs introduced 
by Romagnoli et al. [23]. Here, the authors delimit three dimensions of relevant infor-
mation: 

• General information – Which collects information on the project from the 
organizational point of view (such as project stakeholders, duration, activities) 
and it reports the sources where relevant information can be retrieved. 

• Context information – Which deals with lab’s availability and characteristics, 
as well as with the didactic and thematic aspects of the labs, and with the kind 
of experiments and users. 

• Technical information – Which addresses directly the technical solutions im-
plemented. 

Every dimension contains a group of key attributes (KAs), either of a quantitative or 
qualitative nature, used to categorize the investigated laboratory. More precisely, KAs 
are described through a series of hierarchical multi-dimensional issues, which convey 
low-level (i.e., non-aggregated) information describing the implemented solution in de-
tail. 

As already stated in the previous section, Potkonjak et al. [43] performed a similar 
analysis using a well-structed framework to evaluate 20 LNIs. So, before applying the 
comprehensive method by Romagnoli et al. [23], we extended the original set of LNIs 
from 20 to 40. This was made following a two-way approach, as described next. 

At first, to collect relevant material on existing laboratories, we used a bibliographic 
and abstract database as well as article citation tracking tools, such as Scopus and 
Google Scholar. We queried the Scopus database by using following strings: (TITLE-
ABS-KEY [‘remote AND laboratory*’]); (TITLE-ABS-KEY [“virtual AND labora-
tory*”]); (TITLE-ABS-KEY [‘networks AND laboratories*’]). Over 500 records were 
identified and screened. Afterwards, we analyzed the abstracts to select only relevant 
material. We analyzed the laboratories reported in the selected papers and after gather-
ing 40 LNIs, and we also referred to the websites of the specific lab network or to the 
linked project. Our focus was on the networks that publicly shared their architecture 
and technical details so that the selected framework for data collection and analysis 
could be used to its full potential. We aimed to trace commonalities and/or peculiarities 
concerning the way the investigated labs were built. 

Next, we relied on contributions from a number of partner institution members of 
the research project reported in the acknowledgements section. We asked partner insti-
tutions to contribute to our research; we suggested them to include relevant LNIs and/or 
other laboratories of their interest not yet included in our list. After receiving our part-
ners’ suggestions, we stopped the list and started collecting information on the identi-
fied LNIs. As we did at step one, we collected relevant literature dealing with technical 
implementation details, and we also referred to each lab’s website to get more detailed 
information. Specifically, we searched information on each key attribute, one by one, 
for each laboratory of the list using a specific string in Scopus database (TITLE-ABS-
KEY [*name of a specific lab*]).  

Finally, to cross-check our work, we contacted responsible people from every labor-
atory to see if they agree on the correctness of the data we collected or to allow them to 
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amend those data. To do so, we identified contacts of one or two responsible persons 
from a related lab website. We contacted people in three different calls, between 2019 
and 2020. Thus, the collected material can be considered quite complete. After all the 
information was regulated and reviewed by the labs’ responsible people, we performed 
descriptive statistical studies. The results are presented in the following section. 

4 Results and Discussion 

4.1 Completeness and reliability of collected information 

We collected and analyzed information from 40 LNIs following the framework de-
scribed in Romagnoli et al. [23], which we will refer to as ‘LNI framework’ from now 
on. The LNI framework is very broad and detailed, as it covers general, didactical, and 
technical aspects. 

However, since some of the selected laboratories were developed decades ago, it was 
not always possible to collect all data required to fill out all the attributes of the method. 

In this regard, it is worth noting that each attribute can be categorized as either an 
‘always-required’ field or as a ‘required-on-condition’ field. As an example, specifying 
whether the laboratory belongs to a network is mandatory, but the number of laborato-
ries belonging to the network must be provided only in case of membership. 

For this reason, on-condition data that resulted in a null score when their top-level 
criterion was not met will not be considered in the statistics presented next. 

The percentage of the completeness of the gathered data and the URLs of all inves-
tigated labs are reported in Table 2. The same table also shows the presence of a net-
work of labs and the number of years of activity (up to year 2020). As Table 2 shows, 
some of the labs (e.g., Virtual Electric Machine Laboratory) were created decades ago 
and are no longer active. Consequently, we experienced some difficulties in terms of 
data gathering and verification because it was not always possible to find the desired 
data in the literature, or, as an alternative, it was not possible to contact people in charge 
of the lab. Another reason for the low percentage of completeness is due to the fact that 
not all lab developers are willing to disclose their project activities or to share details 
of these projects’ general structures and adopted technologies (indeed, N/A stands for 
not available). As it can be seen from Table 2, the percentage of valid attributes ranges 
from 90% to 16%, with 22 labs with 60% or more valid attributes, and only 5 labs with 
less than 30%. 

 
 
 
 
 
 

iJOE ‒ Vol. 17, No. 05, 2021 15



Paper—Non-Traditional Labs and Lab Network Initiatives: A Review 

 

Table 2.  Laboratory completeness 

Id Name of the lab % 
valid Link (if available and active) LNI Lifespan 

(years) 
1 ROBOMOSP 90% not active Y 4 
2 Library of Labs (LiLa) 86% http://www.lila-project.org/ Y 10 

3 RobUALab 86% http://www.aurova.ua.es/ro-
bolab/indexi.html  

N 5 

4 UNILabs 80% https://unilabs.dia.uned.es/  Y N/A 
5 Go-Lab 80% https://www.golabz.eu/ Y 7 
6 COSIMIR 76% not active N N/A 
7 WebLab 74% https://www.weblab.deusto.es Y 19 
8 iLab 72% http://icampus.mit.edu/about/ Y 21 
9 Ironmaking 72% not active Y N/A 

10 Virtual laboratory of process control 
(VLPC) 70% not active N 2 

11 RemLabNet 68% http://remlabnet.eu  Y 7 

12 USARSim 68% https://sourceforge.net/pro-
jects/usarsim/ 

N 12 

13 PILAR 68% http://www.ieec.uned.es/pilar-
project/index.html?lng=en  

Y 3 

14 LabShare 66% http://www.labshare.edu.au  Y 2 

15 Virtual Laboratory for Mobile Robot-
ics 64% not active N N/A 

16 Science Created by You (SCY) 64% https://www.uv.uio.no/iped/eng-
lish/research/projects/scy/ 

N 4 

17 NetLab 64% http://netlab.unisa.edu.au/in-
dex.xhtml 

N/A 4 

18 Virtual CVD Learning Platform 64% not active N N/A 
19 Virtual Laboratory Environment 62% not active N N/A 

20 TEALsim 62% http://web.mit.edu/viz/soft/visu-
alizations/tealsim/index.html  

N 23 

21 VirtualRobot 62% http://robotica.isa.upv.es/es/vir-
tualrobot 

N N/A 

22 VccSSe 60% http://vccsse.ssai.valahia.ro/  N 3 

23 Virtual Laboratory for Robotics 
(VLR) 58% http://robot.etf.rs/index.php/vir-

tual-lab/ 

N 9 

24 Multiplatform Virtual Laboratory for 
Educational purposes (MLV) 58% not active Y 2 

25 PhET 56% https://phet.colorado.edu/ Y 17 
26 Labicom 54% http://labicom.net/# Y N/A 
27 TriLab 54% not active Y N/A 
28 NeReLa 54% http://nerela.kg.ac.rs/  Y 6 

29 Telelab (Automatic Control Telelab) 49% http://act.dii.unisi.it/experi-
ments.php N/A 7 

30 RoboLogix 48% https://www.robologix.com  N 23 
31 VCIMLAB 48% not active N N/A 

32 Reload (Real Labs Operated at a Dis-
tance) 45% http://reload.org.uk/index.php N/A 18 

33 Lab2Go 40% http://www.lab2go.net Y 1 
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34 Responsive Open Learning Environ-
ment (ROLE) 32% 

http://www.role-pro-
ject.eu/page_id_1550_word-
press/ 

N/A N/A 

35 PALETTE 30% http://palette.ercim.eu/ N 3 
36 Open Source Physics 24% https://www.compadre.org/osp/ N/A 16 
37 OpenMintLabs 22% openmintlabs.de/#top Y 7 

38 The Open Science Laboratory 20% https://learn5.open.ac.uk/course/
view.php?id=2  

N/A 6 

39 Virtual Electric Machine Laboratory 18% not active N N/A 
40 COLLIDE 16% https://www.collide.info/de  N/A 1 
 
A similar analysis is made in Table 3, which reports the percentage of completeness 

of each category included in the LNI framework. The highest amount of information 
(90%) is related to the ‘context information’ area, which includes generic fields, such 
as the presence of a lab network, the number of affiliated labs, targeted users, teaching 
fields, types of laboratories and free access availability. Conversely, and as expected, 
we were less successful with ‘technical information’. Likewise, the ‘client layer’ attrib-
ute scored only 41% and physical/virtual lab layers only 34%, due to the very detailed 
technicalities that are present in the LNI framework; those peculiarities were not pub-
licly shared so often. 

Table 3.  The category completeness of the different fields 

Field Percentage valid 
General information 70% 
Context information 90% 
Technical information 51% 
∟ Client layer 41% 
∟ Learning platform layer 48% 
∟ Remote lab server layer 67% 
∟ Physical/Virtual lab layer 34% 

 
We aimed to make the research as accurate as possible, with adequate information 

of each considered lab. To do so, we contacted people in charge of each laboratory, and 
of the 40 labs, we were able to contact 31 of them (77% of the total). Nine were no 
longer in place at the time of the analysis. A total of 21 active labs replied (68% of 31 
contacted) and verified the collected information. Seven LNIs (23%) asked for minor 
amendments, which were implemented and then rechecked. The average percentage of 
changes on the information we filled in is equal to 8%; therefore, we consider our study 
accurate enough. 

4.2 Organizational and context information 

Figure 1 shows the didactical fields covered by each lab. The research showed that 
almost all the laboratories cover more than one application domain. Indeed, it must be 
stressed that the percentages displayed do not equal 100%. This figure shows that the 
90% of laboratories have interest in STEM (science, technology, engineering, and 
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math), and most of them are also multidisciplinary. We can also deduce that engineering 
is currently the leading field, with a share of 52.5 % of the total implemented fields of 
applications from 1995 to date. This is because the development of practical and oper-
ating skills is a fundamental part of engineering education. In this regard, the possibility 
to visualize an experiment, maneuvering and dynamically fine tuning its parameters, is 
essential for the assimilation and sedimentation of purely theoretical notions learned in 
class. Moreover, labs allow students to work with unique, expensive, and potentially 
dangerous equipment that cannot be easily installed and made available for training 
activities in didactical labs. 

 
Fig. 1. Percentage of labs for each teaching field 

Figure 2 reports percentages of different types of users of laboratory networks. 
Within our work, we distinguished six groups of targeted users: (i) universities (37%); 
(ii) researchers (17%); (iii) high schools (16%); (iv) companies (10%); (v) others (e.g., 
private laboratories, NGOs, and governments) (15%); and (vi) primary schools (5%). 
It turned out that most often these labs are used at universities, a fact that is not surpris-
ing considering the high costs needed to install and maintain real laboratories, compared 
to the ease of use and implementation of virtual and remote ones. 

A similar analysis was made to the different financial options used by the labs, aim-
ing to see if there is a link among funding, project duration and success. During the 
research, we identified three kind of funding sources, namely ‘public’, ‘private non-
profit’ and ‘private commercial’. By public agencies, we mean those entities who invest 
money generated by the government to offer public services, such as public universities, 
maintained by public money. By private non-profit, we refer to private organizations, 
such as universities or foundations, that further social causes and provide benefits to 
public. Lastly, by private commercial organizations, we refer to standard businesses 
which make profits from their own activity, e.g., Logic Design Inc. and Microsoft Inc. 

18 http://www.i-joe.org



Paper—Non-Traditional Labs and Lab Network Initiatives: A Review 

 

 
Fig. 2. Types of Users of LNIs in percentage 

Table 4 reports the three main types of funding organizations: the average duration 
of the projects (expressed in years), the number of laboratories that were funded by a 
specific kind of an organization and their involvement into a network. First, we could 
find founding information for 22 labs or lab networks. Out of these, 15 initiatives (i.e., 
68.2%) were founded by public bodies, with an average duration of 6.4 years. Among 
these, two subgroups can be identified — single state and international funding — 
whose definition is self-explanatory. The difference in the average duration of these 
two clusters is limited, as the single-state projects lasted 1.2 years more than the inter-
national funded ones (6.9 against 5.7). However, if we separate lab networks from sin-
gle labs, the differences become more visible. Publicly funded single labs experienced 
much longer duration if funded at the single-state level (average duration of 7.4 years) 
instead of by international bodies (3.3 years). On the contrary, publicly funded network 
of labs, whose average duration is slightly longer than its non-networked counterpart 
(6.9 against 5.9), experience longer average durations by 1.5 years when funded by 
international bodies. 

Four projects (18.2% of the total) have been registered as funded by non-profit or-
ganization (two private universities and two private foundations); their average duration 
is almost twice the average duration of a publicly funded project (i.e., almost eleven 
years), and a difference in duration may be noticed between university funding and 
foundations. 

Privately funded projects are the least frequent ones, with less than 15% of the en-
tries, yet they show the longest duration, with an average duration of more than 23 
years. In this case, and due to the low number of entries, the two-year difference in 
average duration between networked and non-networked labs looks relatively small. 

As it can be seen from Table 4, public bodies are the main funders of laboratories in 
our database. The reason behind this may be that the public is also the main funder of 
education at the world level, and as such, there is a need to make education and training 
more efficient. Most of the projects with public international funds were funded by the 
European Commission (e.g., projects such as TEMPUS or Erasmus+). Yet it is opinion 
of the authors that private commercial organizations, whose ultimate aim is profit 
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generation, mostly promote projects with a higher attractiveness in terms of economics 
returns. Thus, the high duration of these laboratories may be due to a restrictive selec-
tion of funded projects and to the continuity of funding that these projects received. 

Table 4.  Labs numbers, average durations and percentages per kind of funding organization 

Kind of funding 
organization 

Not belonging to  
networks Belonging to networks All labs 

No. 
labs 

Avg. 
duration 
[years] 

% No. labs 
Avg. 

duration 
[years] 

% No. labs 
Avg. 

duration 
[years] 

% 

Public total: 8 5.9 36.4% 7 6.9 31.8% 15 6.4 68.2% 
∟ Single state 5 7.4 22.7% 3 6 13.6% 8 6.9 36.4% 
∟ International 3 3.3 13.6% 4 7.5 18.2% 7 5.7 31.8% 
Private non-profit 0 0 0% 4 10.8 18.2% 4 10.8 18.2% 
∟ University - - - 2 12 9.1% 2 12 9.1% 
∟ Foundation - - - 2 9.5 9.1% 2 9.5 9.1% 
Private commer-
cial 2 24 9.1% 1 22 4.5% 3 23.3 13.6% 

TOTAL 10  45.5% 12  54.5% 22  100% 
 
Figure 3 reports the start and end year of each examined lab. As a convention, 2020 

was used as the ending year for all the labs that were still active at the time of this 
analysis. As we saw from Table 4, labs that were co-funded by companies show the 
longest lifespan (e.g., iLab and TEALsim, funded by Microsoft, and Robologix, funded 
by Logic Design). 

As it can be seen in Figure 3, projects that started between 2006 and 2010 are char-
acterized by a lifespan that is significantly lower than the average values of Table 4, 
regardless of the type of funding (e.g., Lab2go and Labshare). Since this fact looks 
peculiar, we hypothesized a possible explanation — the economic and financial crisis 
that exploded exactly in those years. As a matter of fact, the average lifespan of these 
nine labs is approximatively seven years, shorter than the average lifespan of all the 
other labs, equal to nine years. 

Concerning public funded projects, two distinctive elements can be highlighted. First 
of all, they have the tendency to stop functioning shortly after the closure of the project, 
which can be the moment when public funding ends. Probably, the short duration of 
most public funding programs is the main cause of failure and the consequent closure 
of lab initiatives. Many funding projects behind NTLs and LNIs, in fact, have a duration 
of two or three years, which is definitely long enough to develop a prototype solution 
but maybe not enough to develop and promote a self-sustainable opportunity. A second 
interesting fact is the opportunities that can be opened up by labs networking. As it can 
be seen from Table 4, in fact, publicly funded labs that were networked (e.g., LiLa, Go-
Lab, NeReLa, WebLab and many others) experienced a longer duration than non-net-
worked labs (e.g., Robomosp, Pallete, VccSSe and RoblabUA). 
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Fig. 3. Laboratory lifespans 

4.3 Didactical and technical information 

The trend of using different types of experiments over the last three decades is pre-
sented as a bar chart in Figure 4. The figure reports the number of experiments per-
formed per type of experiment and per starting year of the lab, as the starting years of 
the labs have been clustered in 5-year periods. In detail, we considered four different 
types of experiments with increasing involvement of the experimenter: 

i. Repository – Strictly speaking, this category does not contain experiments, as a 
repository is defined as a database of performed experiments and obtained results 
to which students can only refer without any interaction. 

ii. Batch experiments – In this type of experiment, users fully specify the experi-
mental setting in advance and submit the specification as a request, receiving the 
experiment results in return, typically after that the experiment has been com-
pleted. 

iii. Sensor experiments – This is a classical experiment, with real-time data stream, 
but with no real time interaction between experiment and experimenter. 

iv. Interactive experiments – Users fully control and monitor the experiment during 
its execution, typically by (slightly) altering the experimental settings or stopping 
an experimental run due to real-time information. 

Please note that, just as in Figure 1, the sum of the bars (i.e., the number of experi-
ments) does not correspond to the number of active labs in a certain time period due to 
the fact that the same lab can perform different types of experiments. As we may see 
from Figure 4, a clear trend over time cannot be spotted. Indeed, the number of different 
experiments seems to reach a peak between 2001 and 2010 and then decrease in the 
following decade (2011–2020). However, the last time period has a slightly shorter du-
ration than the previous one, as we performed our research at the beginning of 2020; 
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also, more recent NTLs or LNIs may not have published their results yet. However, 
Figure 4 suggests a couple of considerations. First, the figure suggests that the different 
types of experiments have been leveling out in time. Starting from a clear dominance 
of sensor and interactive experiments, the use of repositories and batch experiments 
have been relatively increasing over time, up to the level situation of the 2016–2020 
period. Also, another interesting consideration may be given if we also consider the 
results of Figure 5, which we will explain below. The comparison of Figures 4 and 5 
suggests that the experiments might have become more specialized over time: that is, 
an increase in active labs has not been met by a corresponding increase in types of 
experiments, as if more focused experiments were proposed by NTLs and LNIs. 

As we anticipated, Figure 5 reports the number of active labs per 2-year period and 
per type of lab (i.e., virtual, or remote). We note that in Figure 5, simulations and serious 
games were considered in the virtual category, as their number did not justify a separate 
lab category. Also, we stress that, in the remainder of the paper, we chose to report the 
number of active labs per year instead of the starting year of labs. In detail, a lab which 
started in 2001 and it is still active will generate bars in just one-time period in Figure 
4 (i.e., only in the 2001–2005 period), against 20 years of activity in Figure 5. Indeed, 
focusing on active labs, we can identify a trend both in the number of virtual and remote 
labs over time, as Figure 5 shows a fairly constant increase in the number of labs over 
the last three decades. As can be seen in Figure 5, NTLs and LNIs experienced two 
sharp increases, or booms, in the 1998–2003 and 2006–2011 periods, and those trends 
are particularly strong for virtual laboratories. On the contrary, the 2012–2015 period 
saw a decrease in the number of active labs, both virtual and remote. The only reason 
we could think of to justify this downturn is the global financial crisis of 2007–2011, 
even if the reasons behind this decline are outside the scope of our research. However, 
a new stability was reached in 2015, with a constant number of active virtual labs. Fi-
nally, we note that after 2011, the decrease of remote labs was less pronounced than 
that of their virtual counterparts; indeed, remote labs decreased for a short period but 
returned to their peak value over the last 5 years, reducing the gap between virtual and 
remote labs to its minimum value. Without deeply investigating the reasons behind 
these numbers, the higher percentage of remote labs could be due to the continuous 
increase in communication technologies and to the added value provided by real exper-
iments, even if done remotely. 
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Fig. 4. Number of labs per type of experiment and period 

 
Fig. 5. Number of active labs per type of laboratories and period 

Concerning didactical issues, our focus was on the main functionalities, if any, pro-
vided by the learning platform used by the labs. In detail, we considered the following 
aspects: 

• Access manager – This functionality investigates whether logs and activities of 
the experimenters are tracked — that is, if it is possible to check when users are 
logged in, for how long, to which experiments, or if it is possible to trace back 
results to experimentation sessions and users. 

• Course selection – Here, we verify whether professors or teachers can access the 
experiment repositories and didactical materials to create new modules, whether 
experiments or labs activities can be linked to specific modules and whether the 
results can be linked to the final evaluation. 

• Pedagogical scenario – The question here is whether it is possible to create spe-
cific learning paths for courses or single users. 

iJOE ‒ Vol. 17, No. 05, 2021 23



Paper—Non-Traditional Labs and Lab Network Initiatives: A Review 

 

• Learning analytics – This aspect investigates if data about learners and their con-
texts are collected, analyzed and reported. 

• Learning record repository or learner record store – This characteristic inves-
tigates if a repository for learning records is in place to collect results and other 
important interactions or information from connected systems. 

Figure 6 shows the number of laboratories that have implemented those functionali-
ties over the years. As it can be seen, the growth of interest in the listed functions is 
slowly but steadily increasing over time. In this regard, it is interesting to note that some 
of these functionalities were already available before 2000. As an example, learning 
analytics and learning record repositories are among the functionalities that were im-
plemented first. Moreover, Figure 6 shows that no clear dominance of didactic func-
tionalities can be spotted in our research, with a slightly higher presence of learning 
analytics and data repositories. 

 
Fig. 6. Number of active labs per didactical aspects and period (didactical functionalities) 

Still, the trend over time is that the total number of NTLs and LNIs has increased, 
with a corresponding increase in didactical functionalities and applied technologies. It 
is, therefore, likely to forecast that this upward trend of the suggested functionalities 
will continue in future years and that the transition to NTLs and lab networks may also 
increase. Larger student audiences may then be reached through online teaching, be it 
virtual or remote. In such a future scenario, the personalization of learning paths and 
new technologies will likely be adopted more and more. 

If we shift focus to the technical features, we considered several lab peculiarities, 
organized in 5 clusters, as reported in Figure 7. The figure presents different kinds of 
physical and virtual lab applications over the years. Specifically, we focused on labs 
that implemented the following technical solutions: 

• Gamification – The application of game principles into non-game contexts to 
improve user engagement, foster learning, and support evaluation. 

• Sensors, actuators, and controllers – Possible devices and equipment used to 
operate the lab. 
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• Smart devices – Devices endowed with some onboard intelligence, such as, for 
example, identity and kind, memory and status tracking, communication capabil-
ities, reasoning, and learning. 

• Smart sensors – Sensors that can collect input from the surrounding environment 
and, upon detection of specific inputs, perform data processing before their trans-
mission. 

• Haptics – Sensitive devices able to actuate real equipment or to interact with vir-
tual reality models by returning feedback information from the reaction force to 
the action performed by the user. 

As it can be seen from Figure 7, the interest of the proposed technologies has also 
slightly increased over time, even if few labs implement these technologies. 

 
Fig. 7. Number of active labs per technical topics and period (technical applications) 

5 Conclusion 

The field of education over distance has been very prolific in the last decades, with 
a variety of topics and concerns tackled in scientific literature to reveal the importance 
of this field. Laboratories over distance, also referred to as NTLs (non-traditional labs), 
are often developed in medium-to-long term projects aiming at digitalizing traditional 
hands-on labs, upgrading existing solutions or introducing new one ex-novo. These 
projects often suggest the creation of lab networks, hence we labelled them as LNIs (lab 
network initiatives). 

The present paper arises from the need of coping with two unanswered research 
questions; RQ1 refers to the need for a study that collects relevant information on a 
wide set of NTLs and LNIs from different standpoints, namely (i) organizational, (ii) 
didactical and (iii) technical. From a review of literature on the topic, we proved that, 
even if the interest of the research community has grown significantly in recent years, 
and a lot of material has been provided on NTLs and LNIs, a systematic approach for 
collecting relevant information on these topics was still missing. Therefore, RQ2 di-
rectly follows from the previous one and refers to the possibility of depicting an updated 
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picture of NTLs and LNIs. Very recently, Romagnoli et al. [23] proposed a compre-
hensive classification framework to collect and organize the information of both NTLs 
and LNIs. This structure can help researchers and practitioners to get better insight into 
NTLs and lab networks. The method proposed in that study covers organizational, di-
dactical, and technical perspectives, aiming to define the recent developments and to 
give future outlooks of provided solutions. The present study builds on those results, as 
it (i) collects and organizes data on 40 different NTLs and LNIs; (ii) reports some de-
scriptive statistics on the types of users as well as teaching fields that labs are focused 
on; and (iii) takes a step further and analyzes the trends of NTLs and LNIs applications, 
considering the implemented didactical and technical aspects used to improve labs us-
ability and results. 

We found that laboratories are often used to teach more than a single subject. Indeed, 
remote, and virtual laboratories are frequently implemented to teach STEM, engineer-
ing topics in particular. As for the targeted audience, networks of labs are generally 
implemented by universities, both for didactical and research purposes. Still, some uses 
of NTLs and their networks also targeted toward high schools’ pupils or company staff, 
whereas undergraduate students are a rare target according to our research, as we found 
only a single issue implemented by primary schools to teach environmental sciences. 

As for the funding the labs received, we considered three categories of funding or-
ganizations. Almost 70% of the labs were publicly funded, with the remaining percent-
age split between private funding by non-profit (18.2%) and commercial organizations 
(13.6%). Non-publicly funded labs, however, experienced much longer durations on 
average, especially those ones funded by commercial organizations (i.e., profit-oriented 
ones). As a matter of fact, publicly funded NTLs and LNIs experienced an average 
duration of 6.4 years — that is to say that most of them have probably halted their work 
shortly after the project funding had stopped. We noted that although the limited di-
mension of the considered sample does not allow reliable statistics, publicly funded 
labs are almost equally partitioned in belonging vs. non-belonging to networks and in 
single state vs. international funding. Also, although single-state funded labs do not 
seem to benefit from being part of a network, the opposite occurs for the internationally 
funded ones, where belonging to a network seems to double the average duration of the 
lab (i.e., from 3.3 to 7.5 years). Still, the average duration of privately funded labs is 
significantly higher than that of publicly funded ones, and this suggests that the effec-
tiveness, as well as the selection process and the support of the former group, is superior 
to that of the latter one. 

Another trend that we noted is the fact that interest in remote and virtual labs, as well 
as the interest of different didactical and technical functionalities, had been growing 
rather constantly up to 2011, until the economic crisis hit the market. We provide charts 
to show the trends of using haptics, serious games, smart sensors, and actuators. As for 
didactical functions new tools and methodologies, such as self-regulated learning and 
collaborative learning in didactics, are becoming more important and can be supported 
by new generation labs. For these reasons, we studied the frequency of using pedagog-
ical scenarios, course selection and learning analytics tools, as it seems it will be man-
datory in the near future. 
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In conclusion, we mention the limitations of the present paper. Firstly, the proposed 
method of collecting material relied on published information, with the corrections of 
lab owners provided as notes and comments to the lab information we collected and 
formalized. This approach did not always allow us to collect all the available infor-
mation needed for our structure and, therefore, some lab data were not considered in 
full. Access to the confidential material describing the lab implementation, as well as 
data-entries directly edited by lab owner could overcome this issue. Secondly, another 
limitation we accepted is the fact that that we did not evaluate the educational outcomes 
of those labs. Although this objective was clearly out of the scope of our paper, it clearly 
affects the didactical point of view on NTLs and LNIs. Finally, even if we collected lab 
data from different points of view, we do not provide any method of combining that 
information. As an example, assessing the didactical effectiveness of NTLs and LNIs 
while also considering the technical solutions implemented could be a very interesting 
research area. This is still a very open issue, especially considering the different natures 
of labs, and therefore the amount of data to be considered. Moreover, it would be inter-
esting to find some useful indicators to assess successful initiatives not only in terms of 
project timespan. This would be especially useful to publicly funded labs, for discrim-
inating between labs and projects that assure their financial sustainability beyond the 
project funding. Indeed, the authors are working on some of these topics for future re-
search. 
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