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Abstract. This paper reports a remote laboratory architecture for 

Education 4.0 applied to Digital Logic Design courses using FPGA 
devices. The development of the proposed architecture is based on 

embedded systems, in which the V-model methodology and an 

Internet of Things (IoT) technological environment are applied. 
Nine laboratory exercises were designed for the proposed remote 

laboratory. To evaluate learners’ acceptance of the remote 
laboratory, the Technology Acceptance Model was used. An 

evaluation instrument comprising six variables and 21 pre-coded 

items on a Likert scale was designed and administered to 28 
learners via a survey. The Cronbach’s alpha coefficients calculated 

for the six variables ranged from 0.72 to 0.91, suggesting adequate 

reliability of the evaluation instrument. The Wilcoxon signed-rank 

test was applied, yielding a p-value below the significance 

threshold of 0.001, which indicates statistical support for learners’ 

acceptance of the remote laboratory. 
Keywords: Education 4.0, remote laboratory, embedded systems, 

evaluation model. 
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1 Introduction 
 

The Fourth Industrial Revolution, or Industry 4.0 (I4.0), is a term coined in Germany at the 2011 Hannover Fair to describe how 

it would revolutionize the organization of global value chains. I4.0 began in the early 21st century and is based on various 

technologies such as the Internet of Things (IoT), ubiquitous and mobile computing, sensor networks, data science, and artificial 

intelligence for machine learning. All these fields of knowledge enable the development of innovative technological 

advancements, leading to a technological revolution that fundamentally changes the way we live, work, and interact with one 

another (Schwab, 2016). 

 

Education 4.0 (E4.0) has emerged as a result of I4.0, and various researchers have proposed different definitions of the term 

(Mukul & Büyüközkan, 2023). Some of them include: 

 

E4.0 is described as a movement that fosters non-traditional thinking among learners (Butt et al., 2020). 

E4.0 arises from the observation by educational theorists that the Fourth Industrial Revolution will bring a new era to the world 

and will have a major impact not only on the economy but also on education (Ishak & Mansor, 2020). 

E4.0 addresses, on one hand, the use of emerging technologies to enhance the teaching process and, on the other, the approaches 

and workshops that familiarize young engineers with these technologies, as they will work in Industry 4.0 environments 

(Mourtzis et al., 2018). 

E4.0 responds to society’s needs in an era of innovation. It is associated with evolving technologies and their special features 

such as parallelism, synchronization, and simulation (Puncreobutr, 2016). 

 

E4.0 has been associated with various learning theories and methods related to employment, entrepreneurship, and pedagogy. 

Some of the theories identified include constructivism and connectivism (Flores et al., 2020). 
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In constructivist theory, the concept of constructivist teaching and learning is used to designate a position in which various 

psychological and educational theories converge—such as Jean Piaget’s theory—all of which share the assumption that 

knowledge and learning do not represent a direct copy of reality, but rather an active construction by the individual through 

interaction with a sociocultural environment (Trilla & García, 2001). 

  

On the other hand, connectivism is the thesis that knowledge consists of sets of connections between entities, such that a change 

in one entity can result in a change in another, and that learning is the growth, development, modification, or strengthening of 

those connections (Downes, 2022). Connectivism integrates principles explored by the theories of chaos, networks, complexity, 

and self-organization (Siemens, 2004). 

 

E4.0, as a new educational approach, promotes not only the use of digital technologies, but also the development of applications 

to improve teaching and learning processes in courses taught at different educational levels. One of the key activities carried out 

by learners across different courses is the development of practical sessions, which help consolidate the knowledge and learning 

of theoretical content covered in class. This type of activity is undoubtedly constructivist in nature, as it is traditionally 

conducted in physical laboratories within academic institutions. However, on-site laboratories present several challenges, which 

are outlined below: 

 

1. It is not possible to use physical laboratories during the suspension of academic activities due to unforeseen events, 

such as the COVID-19 pandemic. According to the United Nations (2023), this health emergency caused learning 

delays in four out of five of the 104 countries studied. Additionally, lab maintenance, labor or learner strikes, among 

other issues, also hinder access to physical labs. 

 

2. Even during regular academic periods, access time to physical laboratories is very limited and often does not meet the 

needs of the various courses in the curricula of upper secondary and higher education programs. Typically, each course 

is allocated only one lab session per week, which is insufficient for theory-practice integration. 

 

3. Among the United Nations’ Sustainable Development Goals (SDGs), SDG 4 seeks to "ensure inclusive, equitable, and 

quality education and promote lifelong learning opportunities for all" (United Nations, 2018). This goal includes 

guaranteeing learning and development in science and technology for learners at all educational levels and across 

disciplines. In Mexico, the development of microsystems using Field Programmable Gate Array (FPGA) technology 

has been promoted since 2007 (FUMEC, 2022), as it is a key area for technological innovation. However, many degree 

programs lack access to this technology in their institutional laboratories. 

 

4. The digital divide refers to the disparity in access to, skills in, and use of ICTs among individuals, organizations, 

regions, and countries (Van Dijk & Jan, 2020). In 2024, telephone (landline or mobile) access in Mexican households 

rose to 96.1%, while computer usage increased to 43.9% among individuals aged six and older (INEGI, 2024). 

Additionally, the number of Internet users in Mexico reached 101.9 million, representing 84% of the population aged 

six and older (Asociación de Internet MX, 2024). Despite this increase in the use of computers, telephony, and Internet 

access, a significant gap remains in the meaningful appropriation of technology in Mexico—particularly in its 

application within educational laboratories. 

 

As an alternative solution within the framework of E4.0, Remote Laboratories (RLs) emerge as disruptive technological 

environments for conducting practical sessions at a distance. Through RLs, it is possible to propose innovative technological 

models that address the previously mentioned challenges. 

 

These types of laboratories are computational systems that allow remote interaction with the physical equipment located in the 

laboratories of academic institutions at any educational level. The RL provides the entire infrastructure required for learners to 

test their lab exercises from anywhere—such as home, school, or work. This infrastructure includes servers for uploading files 

to the physical equipment, applications for interacting with the hardware, video streaming to observe the results of the 

experiments, and, of course, a network connection for Internet access. This infrastructure enables RLs to operate within the 

technological environment known as the IoT (Kramp et al., 2013; Kumar, 2019; Milenkovic, 2020; Vargas & Durá, 2014). 

 

This technological environment allows everyday objects to be connected to the Internet and to receive, generate, and transmit 

data without human intervention. IoT applications are developed using embedded systems, which are computational systems 

designed with dedicated hardware and software—using digital technologies—to perform specific tasks, thereby offering 

advantages in performance, cost, and system usability. 
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In particular, RLs can be developed with embedded systems that operate with high efficiency and very low cost. It is within 

these types of technological environments that connectivism becomes relevant, through the various teaching and learning 

activities that are carried out. 

 

RLs have been developed for various areas, such as control systems (Chevalier et al., 2016) and programming education 

(Álvarez Ariza & Gil, 2022). Another important area of RL development is Digital Logic Design, where FPGA devices are used 

for application implementation (Navas et al., 2023; Fujieda & Okuchi, 2023; Melosik et al., 2022). 

 

This article presents the development of a technological model through a RL using reconfigurable FPGA technology for Digital 

Logic Design courses. The technological model is implemented using embedded systems and the IoT technological 

environment, offering a proposed solution to the challenges faced in traditional physical laboratories. The submitted proposal is 

evaluated using the Technology Acceptance Model (TAM) through descriptive and inferential statistics. 

 

2 Experimental procedures 
 

2.1 Technological model of the remote laboratory 

 
The proposed technological model is shown in Figure 1 and consists of two main components: 

 

• Remote Laboratory based on IoT. The RL is implemented using embedded systems with System-on-Chip (SoC) 

technology, based on the Linux operating system. These types of technological environments are custom-designed 

depending on the specific area in which they are to be implemented. 

 

• Learning Management System (LMS). The LMS contains the course content, which includes lecture notes, learning 

activities, and lab exercises. 

 

 
Fig. 1. Proposed technological model. 

 

2.2 V-model methodology for embedded systems 

 
For the analysis, design, and implementation of the RL using an embedded system, an adaptation of the V-model methodology 

proposed by Coop (2006) was used for the development of SoC-based embedded systems. This methodology is shown in Figure 

2. 

 

Figure 2 shows the stages of the V-model methodology, from the specification of requirements to the operational testing of the 

system. This methodology allows returning to previous stages to make the necessary adjustments and ensure that the established 

requirements are met. In addition, the methodology supports the use of Unified Modeling Language (UML) in each stage 

(Booch et al., 1999), enabling a detailed description and a standardized design. 
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Fig. 2. V-model methodology for embedded systems. 

 

2.3 Remote laboratory architecture 

 
As a result of applying the V-model methodology, the RL presented in this article was implemented. It is focused on the area of 

Digital Logic Design using a Nexys 4 development board (Digilent, 2025), which is based on the XC7A100T FPGA from the 

Artix-7 family by Xilinx (2025). 

 

The RL uses a Camera Module V2 for Raspberry Pi (2025a), which features Sony’s IMX219 8-megapixel sensor (2025) for live 

video streaming. This camera communicates with the SoC via the MIPI CSI-2 protocol (MIPI Alliance, 2025). Additionally, the 

RL includes a manipulation interface that connects the SoC’s GPIOs to the Nexys 4 development board, creating a connector 

referred to as "LAB REMOTO", which supports the operation of up to 24 virtual switches. 

 

For the implementation of the RL, a Raspberry Pi 4 Model B SoC with 1 GB of RAM was selected. This board uses a Broadcom 

BCM2711 chip featuring a 64-bit quad-core ARM Cortex-A72 processor (Raspberry Pi, 2024b). The operating system used is 

Raspberry Pi OS Lite (64-bit), which has an image size of 438 MB (Raspberry Pi, 2024c). Figure 3 shows the architecture of the 

FPGA-based Remote Laboratory.  

 

 
Fig. 3. Remote laboratory architecture. 

 

Figure 3 shows the execution of an SSH server, which enables remote access and file transfer to the laboratory. The actions 

carried out through this server are as follows: 

 

• Transfer of the binary (.bit) file. This file is generated using the ISE or Vivado development tools (AMD, 2025) at 

the location where the learner is working. It contains the design of the lab exercise and is used to program the FPGA. 
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The programming is performed via an application that uses Joint Test Action Group (JTAG) drivers for the ARM 

architecture. 

• Transfer of the constraint (.xdc) file. This file contains the terminal assignments and the signal names for the inputs 

and outputs of the lab exercise. The input terminals are assigned to virtual switches through the LAB REMOTO 

connector. 

• Remote access to the laboratory. Access is granted from any device with an SSH client application. On the SoC, an 

application is used to interact with, test, and verify the lab exercise on the FPGA. 

 

In addition, a video server is used to visualize the results of the lab exercise through live video streaming. 

 

2.4 Learning Management System 

 

The LMS contains the content of the Digital Logic Design course, which includes: lecture notes, assignments and exercises, 

class videos, instructional design documents for the lab exercises, shared posts, learning assessment activities, and lab exercise 

reports.  

 

Nine lab exercises, that cover the complete course, were implemented in the RL. These lab exercises are shown in table 1. 

Table 1. Lab exercises of the Digital Logic Design course 

No Lab exercise title Course topic 

1 Combinational logic Introduction 

2 Flip-Flops Latches and Flip-Flops circuits  

3 Registers Registers: architectures and applications 

4 Sequence detector Register applications, Mealy Machine 

5 Multiplexed message Moore Machine 

6 Counters Counters: architectures and applications 

7 Special counters BCD, Ring and Johnson counters 

8 Sensors Mealy Machine, special counters applications 

9 Algorithmic State Machines (ASM) Registers, counters and memories applications, ASM 

 

Each of the lab exercises shown in Table 1 is described below: 

 

The first lab exercise involves integrating different combinational logic circuit elements such as multiplexers, comparators, and 

code converters into a single application. This allows the use of various VHDL structures (IEEE, 2019), including concurrent, 

sequential, and conditional statements. In this lab exercise, learners review and/or acquire the foundational knowledge required 

for the course. 

 

In the second lab exercise, learners design, implement, and test SR, JK, T, and D flip-flops based on equations derived from 

their extended truth tables. The implementation is carried out using D flip-flops and VHDL on an FPGA. Through this lab 

exercise, learners apply and reinforce their theoretical knowledge of latches and flip-flops circuits. 

 

In the third lab exercise, learners design, implement, and test a circuit that performs the functions of a register, including load, 

hold, shift-left, and shift-right operations. The implementation is carried out at different abstraction levels using VHDL on an 

FPGA. In this lab, learners apply and reinforce their understanding of register architectures and their applications. 

 

In lab exercise 4, learners design, implement, and test a 4-bit overlapping sequence detector using VHDL on an FPGA. The 

sequence to be detected is 1101, applying the sequential design methodology. In this lab, learners apply and reinforce their 

knowledge of Deterministic Finite Automata (DFA) with outputs, specifically Mealy Machines. 

 

In lab exercise 5, learners design, implement, and test a multiplexed message using VHDL on an FPGA. The message consists 

of four symbols displayed on a four-digit common-anode seven-segment multiplexed display. Sequential design methodology is 

also applied. The implementation includes two versions: a static message and a scrolling marquee-style message. In this lab, 

learners apply and reinforce their knowledge of DFAs with outputs, specifically Moore Machines. 
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In lab exercise 6, learners design, implement, and test counters using VHDL on an FPGA. They analyze an up-counter with 

enable signal to derive a generic equation using a Moore Machine and apply sequential design methodology. Counters are also 

implemented using high-level operators + and -. This lab allows learners to apply and reinforce their knowledge of counters. 

 

In lab exercise 7, learners design, implement, and test BCD, ring, and Johnson counters using VHDL on an FPGA. These 

counters are analyzed using Mealy and Moore Machines and are implemented using packages and components. This lab allows 

learners to apply and reinforce their knowledge of special-purpose counters. 

 

In lab exercise 8, learners design, implement, and test an application that detects whether a person enters or exits a room and 

counts the number of people inside using two optical sensors and BCD counters. The application is designed using a Mealy 

Machine, with states and transitions implemented using high-level VHDL statements. Packages and components are used in the 

implementation. Through this lab, learners reinforce their understanding of Mealy Machines and special-purpose counters. 

 

In lab exercise 9, learners design, implement, and test an application that determines the number of logic “1” bits in a 22-bit 

register. The application is designed using an ASM, where packages and components are used for implementation through 

VHDL statements on an FPGA. In this lab, learners apply and reinforce their knowledge of ASMs. 

 

3 Results and discussion 
 

The proposed technological environment is evaluated using different statistical measures, as shown in Figure 4. 

 
Fig. 4. Evaluation Model. 

 

3.1 Evaluation using the Technological Acceptance Model 

 
The RL is evaluated using a quasi-experimental design through a survey conducted with a group from the Digital Systems 

Design course at the Escuela Superior de Cómputo (ESCOM), part of the Instituto Politécnico Nacional (IPN). The survey 

applies the TAM, a theoretical framework developed by Fred Davis (1989) in the 1980s to understand and predict user 

acceptance and adoption of technology. 

 

The model includes the following variables: 

 

• Perceived Usefulness (PU): Defined as the degree to which a person believes that using a particular system would 

enhance their job performance. 

• Perceived Ease of Use (PEU): Refers to the degree to which a person believes that using a particular system would be 

free of effort. 

• Intention to Use (IU): Refers to the degree to which a person intends to continue using a particular system. 

 

In addition to the PU, PEU, and IU variables, three additional variables are proposed: 

 

• Technology Application (TA): Refers to the degree to which a person applies foundational knowledge from 

technology-related fields when using the system. 

• Support Digital Resources (SDR): Refers to the digital resources available to the user for operating and managing the 

technology. 

• Acquired Digital Skills (ADS): Refers to the knowledge gained through learning the digital technologies required to 

use a particular system. 
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The adapted TAM for evaluating the proposed RL is shown in Figure 4. 

 
Fig. 5. The adapted TAM. 

 
Figure 3 shows the different variables of the adapted TAM, which were used to design a data collection instrument consisting of 

a 21-item survey, as shown in Table 2. 

Table 2. Survey items corresponding to each TAM variable 

Variable Tag Items 

Learner 

profile 
LP1 Age 

LP2 Gender 

 

PU 

PU1 The RL allows learners for performing lab exercises remotely in an innovative way. 

PU2 The RL allows learners to gain practical knowledge of the topics covered in the course. 

PU3 The RL access can be done from anywhere and at any time. 

PU4 The use of the RL allowed me to self-organize with my team members to experiment and learn. 

 

 

 

PEU 

PEU1 The application for programming the BitStream file onto the FPGA is easy to use. 

PEU2 The application for interacting with the RL connector allows for easy input value assignment 

to test the lab exercises. 

PEU3 The video server allows the visualization of the lab exercise results. 

PEU4 The live video stream allows the results of the lab exercises to be viewed clearly and sharply. 

PEU5 Assigning terminals on the REMOTE LAB connector using the constraints file is easy to do. 

 

TA 

TA1 The use of the RL allows learners to acquire and apply knowledge from the Computer 

Networks course. 

TA2 The use of the RL allows learners to acquire and apply knowledge from the Operating Systems 

course. 

 

 

SDR 

SDR1 The educational materials (theoretical documents, assignments, and lab exercises) available on 

the Moodle platform support the learning of the course topics. 

SDR2 The educational resources available on the Moodle platform assist in managing the RL. 

SDR3 The visual and interactive designs of the microarchitectures for each lab exercise facilitate their 

programming. 

 

 

ADS 

ADS1 The use of the RL allowed me to use different devices, such as mobile devices, desktop 

computers (PCs), and laptops to experiment with the lab exercises. 

ADS2 The use of the RL enabled me to use applications (Termux, Termius) on a mobile device to 

experiment with the lab exercises. 

ADS3 The Vivado development tool allowed me to develop HDL programs, perform simulations, 

assign I/O terminals, and generate the binary (.bit) file for each lab exercise in the course. 

 

IU 

IU1 Would you like to continue using the RL in future courses, such as Computer Architecture, 

elective courses, among others? 

IU2 Would you like to continue using the RL for the development and learning of academic and 

personal projects? 
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The items shown in Table 3 were applied during the 2024-2 semester to 28 learners from group 4CV4 of the Digital Systems 

Design course, using the B-Learning approach (Núñez-Barriopedro et al., 2019), through a self-administered survey with pre-

coded items based on the Likert scale. 

 

The Likert scale consists of the following values: strongly agree (SA), agree (A), neutral (N), disagree (D), and strongly 

disagree (SD). Regarding item LP1, the surveyed learners are between 19 and 23 years old, with most of them (46.4%) being 20 

years old. Regarding item LP2, 85.7% of the learners are male and 14.3% female. The results obtained from the remaining items 

are shown in Table 3. 

Table 3. Results of the survey applied 

Variable Tag (D) (N) (A) (SA) Variable Tag (D) (N) (A) (SA) 

 

 

PU 

PU1  7.1% 7.1% 85.7% TA TA1  14.3% 39.3% 46.4% 

PU2  3.6% 14.3% 82.1% TA2 3.6% 14.3% 46.4% 35.7% 

PU3   21.4% 78.6%  

SDR 

SDR1   25% 75% 

PU4 3.6% 28.6% 7.1% 60.7% SDR2   28.6% 71.4% 

 

 

 

PEU 

PEU1  10.7% 14.3% 75% SDR3   10.7% 89.3% 

PEU2 3.6% 7.1% 14.3% 75%  

ADS 

ADS1  3.6% 10.7% 85.7% 

PEU3   14.3% 85.7% ADS2  3.6%  96.4% 

PEU4  10.7% 25% 64.3% ADS3  3.6% 10.7% 85.7% 

PEU5 3.6% 7.1% 28.6% 60.7%  

IU 

IU1  3.6% 7.1% 89.3% 

      IU2  3.6% 7.1% 89.3% 

 

Table 3 shows the results for the different variables. Regarding the items of the PU variable, the combined percentage of the 

(SA) and (A) responses ranges between 67.8% and 100%, indicating that the RL supports the completion of Digital Logic 

Design lab exercises. 

 

For the PEU variable, the combined percentage of (SA) and (A) responses ranges from 89.3% to 100%, indicating that the 

applications developed on the SoC allow effective interaction and manipulation of the RL through the FPGA-based 

development board. 

 

For the TA variable, the combined (SA) and (A) responses range from 82.1% to 85.7%, suggesting that knowledge acquired in 

other courses is applied and/or learned in the use of the RL. 

 

For the SDR variable, the combined percentage of (SA) and (A) responses is 100%, indicating that the support materials 

provided follow an appropriate techno-pedagogical design for using the RL. 

 

For the ADS variable, the combined (SA) and (A) percentage is 96.4%, indicating that various computing devices were used to 

operate the RL and that learners learned to use the Xilinx CAD-EDA tool. 

 

For the IU variable, the combined (SA) and (A) percentage is 96.4%, suggesting that learners would use the RL in future 

courses or academic projects. 

 

These results demonstrate a very high level of acceptance among learners for the use of the RL. Additionally, learners provided 

open-ended comments in the survey. Some of them include: 

 

• Learner 1: “It is an excellent tool for learners who are learning about the use of technologies such as FPGAs with 

VHDL.” 

• Learner 2: “It was very practical, from the fact that it was available at night to the benefit of not needing to buy an 

FPGA. Also, learning about FPGAs was great. I loved the remote lab and would really like to continue using it because 

of how practical and easy it is to use directly on the server.” 
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• Learner 3: “It is very practical, because when working in teams, sometimes we can only use the lab when physically 

present or, if we only have one board, only one teammate can work at a time. With the remote lab, we can access and 

view the lab from anywhere without needing to be in the same location.” 

 

3.2 Cronbach's alpha coefficient 

 

To determine the reliability of the data collection instrument, Cronbach’s Alpha Coefficient was used (Cronbach, 1951; Oviedo 

& Campo-Arias, 2005; Streiner, 2003), which is obtained by calculating the variances of the responses given by each sample for 

each item. The equation is given by: 

𝛼 =
𝑘

(𝑘 − 1)
(1 −

 𝜎𝑖
2𝑘

𝑖=1

𝜎𝑇
2 ) 

 

(1) 

 

The Cronbach’s Alpha Coefficient was calculated for each of the TAM variables and for all the items in the survey. This was 

done using a program developed with the Pandas library (2025) and the Jupyter Notebook development environment (Jupyter, 

2025). The values obtained are shown in Table 4. The values obtained are shown in Table 4. 

Table 4. Values of the Cronbach’s Alpha Coefficient 

Variable Cronbach’s Alpha Coefficient 

PU 0.729 

PEU 0.738 

TA 0.762 

SDR 0.780 

ADS 0.910 

IU 0.774 

PU, PEU, TA, SDR, ADS, IU 0.866 

 

The values obtained for the variables range from 0.729 to 0.91, indicating that the data collection instrument has good internal 

consistency of the items within each variable. 

 

3.3 Application of descriptive statistics  

 

To perform the analysis and interpretation of the results obtained for each TAM variable, descriptive statistics were used. The 

sample mean (x̄) was calculated as a measure of central tendency. In addition, the sample variance (s²), standard deviation (s), 

and coefficient of variation (CV = s/x̄) were calculated as measures of dispersion. This was done using a program developed 

with the Pandas library (2025) and the Jupyter Notebook development environment (Jupyter, 2025). 

Table 5. Measures of central tendency and dispersion 

Items x̄ s2 s CV(%) Variables x̄ s2 s CV(%) 

PU1 4.78 0.32 0.56 11      

PU2 4.78 0.24 0.49 10 PU 4.65 0.48 0.69 14 

PU3 4.78 0.17 0.41 8      

PU4 4.25 1 1 23      

PEU1 4.64 0.46 0.67 14      

PEU2 4.60 0.61 0.78 17      

PEU3 4.85 0.12 0.35 7 PEU 4.62 0.46 0.68 14 

PEU4 4.53 0.48 0.69 15      

PEU5 4.46 0.62 0.79 17      

TA1 4.32 0.52 0.72 16 TA 4.23 0.58 0.76 18 

TA2 4.14 0.64 0.80 19      

SDR1 4.75 0.19 0.44 9      

SDR2 4.71 0.21 0.46 9 SDR 4.78 0.17 0.41 8 

SDR3 4.89 0.09 0.31 6      

ADS1 4.82 0.22 0.47 9      
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ADS2 4.92 0.14 0.37 7 ADS 4.85 0.19 0.44 9 

ADS3 4.82 0.22 0.47 9      

IU1 4.85 0.20 0.44 9 IU 4.85 0.19 0.44 9 

IU2 4.85 0.20 0.44 9      

 

The sample mean (x̄) values obtained for the variables PU, PEU, TA, SDR, ADS, and IU range from 4.14 to 4.92, indicating a 

high positive perception of the RL by the learners. Additionally, the coefficient of variation (CV) for the items shows values 

ranging from 6% to 23%, indicating that the data dispersion is low relative to the sample mean (x̄). Since the variables SDR, 

ADS, and IU have a CV below 10%, they show high homogeneity. The variables PU, PEU, and TA have a CV below 20%, 

indicating moderate homogeneity (Brown, 1998; Jalilibal et al., 2021). 

 

3.3 Application of inferential statistics  

 

To obtain statistical evidence of learners’ perception and acceptance of the RL, non-parametric statistics were used, since the 

original distribution of the data cannot be determined (Rios et al., 2020). For this purpose, a statistical normality test was 

performed to determine whether the data from the applied survey follow a normal distribution. Given the sample size of 28 

learners, the Shapiro–Wilk test was used (Shapiro & Wilk, 1965), where the test statistic W is given by: 

 

𝑊 =
  𝑎𝑖𝑥𝑖

𝑛
𝑖=1  2

 (𝑥𝑖 − 𝑥 )2𝑛
𝑖=1

 
(1) 

 

(2) 

  

 

(2) 

Its test hypotheses are: 

 

Ho: The data follow a normal distribution 

Ha: The data do not follow a normal distribution 

 

The W statistic was obtained using the statistical library of the Scipy Application Programming Interface (API) (Gommers et al., 

2024), within the Jupyter Notebook development environment (Jupyter, 2025). The significance value used is α = 0.001. Table 6 

shows the results of the W statistic for each item in the survey. 

Table 6. Results of the Shapiro-Wilk test 

Items p-value W test statistic Conclusion (p < 0.001) 

PU1 0.000000 0.427312 Ho is rejected and Ha is accepted 

PU2 0.000000 0.489032 Ho is rejected and Ha is accepted 

PU3 0.000000 0.507680 Ho is rejected and Ha is accepted 

PU4 0.000003 0.698541 Ho is rejected and Ha is accepted 

PEU1 0.000000 0.572716 Ho is rejected and Ha is accepted 

PEU2 0.000000 0.573988 Ho is rejected and Ha is accepted 

PEU3 0.000000 0.419420 Ho is rejected and Ha is accepted 

PEU4 0.000001 0.675958 Ho is rejected and Ha is accepted 

PEU5 0.000003 0.700242 Ho is rejected and Ha is accepted 

TA1 0.000039 0.774270 Ho is rejected and Ha is accepted 

TA2 0.000291 0.823952 Ho is rejected and Ha is accepted 

SDR1 0.000000 0.540890 Ho is rejected and Ha is accepted 

SDR2 0.000000 0.568295 Ho is rejected and Ha is accepted 

SDR3 0.000000 0.360625 Ho is rejected and Ha is accepted 

ADS1 0.000000 0.432532 Ho is rejected and Ha is accepted 

ADS2 0.000000 0.188293 Ho is rejected and Ha is accepted 

ADS3 0.000000 0.432532 Ho is rejected and Ha is accepted 

IU1 0.000000 0.365679 Ho is rejected and Ha is accepted 

IU2 0.000000 0.365679 Ho is rejected and Ha is accepted 
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Table 6 shows that the null hypothesis (H₀) is rejected, indicating that the data collected from the administered survey do not 

follow a normal distribution. Since the study involves ordinal qualitative variables, the Wilcoxon Signed-Rank Test (Wilcoxon, 

1945) was used to test whether the median of the variables is significantly greater than 3. The test statistic T is given by: 

(1) 

𝑇+ =  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑠𝑖𝑔𝑛𝑒𝑑 𝑟𝑎𝑛𝑘𝑠 
(3) 

 

 

  

 

(3) 

 

𝑇− =  𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑠𝑖𝑔𝑛𝑒𝑑 𝑟𝑎𝑛𝑘𝑠 

 

(4) 

 

 

  

 

(4) 

𝑇 = min⁡(𝑇+, 𝑇−) (5) 
 

 

  

 

(5) 

The test hypotheses are: 

 

Ho: The median acceptance is ≤ 3 

Ha: The median acceptance is > 3 

 

The test statistic T was obtained using the statistical library from the Scipy Application Programming Interface (API) (Gommers 

et al., 2024), within the Jupyter Notebook development environment (Jupyter, 2025). The significance level used was α = 0.001. 

Table 7 shows the statistical results for each of the survey items. 

Table 7. Results of the Wilcoxon Signed-Rank Test 

Items p-value T test statistic Conclusion (p < 0.001) 

PU1 0.000000 351.0 Ho is rejected and Ha is accepted 

PU2 0.000000 378.0 Ho is rejected and Ha is accepted 

PU3 0.000000 406.0 Ho is rejected and Ha is accepted 

PU4 0.000016 208.0 Ho is rejected and Ha is accepted 

PEU1 0.000001 325.0 Ho is rejected and Ha is accepted 

PEU2 0.000001 348.0 Ho is rejected and Ha is accepted 

PEU3 0.000000 406.0 Ho is rejected and Ha is accepted 

PEU4 0.000002 325.0 Ho is rejected and Ha is accepted 

PEU5 0.000003 346.0 Ho is rejected and Ha is accepted 

TA1 0.000005 300.0 Ho is rejected and Ha is accepted 

TA2 0.000013 292.5 Ho is rejected and Ha is accepted 

SDR1 0.000000 406.0 Ho is rejected and Ha is accepted 

SDR2 0.000000 406.0 Ho is rejected and Ha is accepted 

SDR3 0.000000 406.0 Ho is rejected and Ha is accepted 

ADS1 0.000000 378.0 Ho is rejected and Ha is accepted 

ADS2 0.000000 378.0 Ho is rejected and Ha is accepted 

ADS3 0.000000 378.0 Ho is rejected and Ha is accepted 

IU1 0.000000 378.0 Ho is rejected and Ha is accepted 

IU2 0.000000 378.0 Ho is rejected and Ha is accepted 

 

Table 7 shows that the null hypothesis (Ho) is rejected, providing extremely strong statistical evidence (due to the significance 

level) that learners perceive usefulness, ease of use, technology application, support digital resources, acquired digital skills, and 

intention to use above the neutral point. In other words, the remote laboratory is significantly accepted by the learners. 
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4 Conclusions 
 

This paper presented the development and implementation of a technological environment using an RL in the area of Digital 

Logic Design, applying the V-model methodology for embedded systems. This technological environment enable remote 

manipulation and interaction of FPGA-based development platforms, offering an alternative to traditional in-person laboratories. 

 

To support learner engagement and facilitate experimentation, nine lab exercises were specifically designed. These exercises 

reinforce theoretical content through a constructivist and connectivist learning approach, enabled by the proposed technological 

environment. 

 

To evaluate the learners’ acceptance of the RL, the TAM was applied using a data collection instrument based on a Likert-scale 

survey. The survey included six variables: PU, PEU, TA, SDR, ADS, and IU. The instrument's reliability was confirmed by a 

Cronbach’s Alpha Coefficient of 0.866. 

 

Descriptive statistical analysis showed that the sample mean (x̄) across all survey items exceeded 4.14, indicating a high level of 

positive perception among learners. The coefficient of variation (CV), ranging between 8% and 18%, reflected strong to 

moderate homogeneity across the TAM variables. 

 

Additionally, the Wilcoxon Signed-Rank Test provided extremely strong statistical evidence to reject the null hypothesis, 

confirming that learners agreed or strongly agreed with the usefulness and effectiveness of the proposed RL-based technological 

environment. 

 

Finally, the evolution of I4.0 has introduced a wide range of emerging technologies that can be applied to education to improve 

teaching and learning processes. The E4.0 paradigm can be implemented through E-learning and B-learning approaches in  

different courses across all educational levels. One effective strategy involves the development of applications using the IoT 

technological environment with SoC platforms, which facilitate the deployment of RLs with low cost, high efficiency 

technologies, and wide applicability across disciplines. 
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