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Abstract: Education 4.0 demands a flexible combination of digital literacy, critical thinking, and
problem-solving in educational settings linked to real-world scenarios. Haptic technology incor-
porates the sense of touch into a visual simulator to enrich the user’s sensory experience, thus
supporting a meaningful learning process. After developing several visuo-haptic simulators, our
team identified serious difficulties and important challenges to achieve successful learning environ-
ments within the framework of Education 4.0. This paper presents the VIS-HAPT methodology for
developing realistic visuo-haptic scenarios to promote the learning of science and physics concepts
for engineering students. This methodology consists of four stages that integrate different aspects
and processes leading to meaningful learning experiences for students. The different processes that
must be carried out through the different stages, the difficulties to overcome and recommendations
on how to face them are all described herein. The results are encouraging since a significant decrease
(of approximately 40%) in the development and implementation times was obtained as compared
with previous efforts. The quality of the visuo-haptic environments was also enhanced. Student
perceptions of the benefits of using visuo-haptic simulators to enhance their understanding of physics
concepts also improved after using the proposed methodology. The incorporation of haptic technolo-
gies in higher education settings will certainly foster better student performance in subsequent real
environments related to Industry 4.0.

Keywords: haptic devices; simulators; educational innovation; higher education; Education 4.0;
physics and engineering

1. Introduction

Education 4.0 has been associated with the period conceptualized as the Fourth
Industrial Revolution, where innovative pedagogical technologies, procedures, and best
practices are essential for future professionals to successfully perform [1–3]. For this reason,
the Education 4.0 approach in higher education seeks to train new highly competitive
professionals capable of applying appropriate physical and digital resources to provide
innovative solutions to current and future social challenges.

Therefore, in Education 4.0, traditional learning methods must be adapted to include
strategies, technologies, and activities that allow students to access appropriate learning
and training programs. Since Education 4.0 seeks to provide more efficient, accessible, and
flexible educational programs, new teaching–learning methods emerge that use technolo-
gies and proven pedagogical strategies in higher education. Advances in multi-modal
interaction have thus enriched teaching–learning models.

Embodied cognition theory is based on the paradigm of adding senses, enhancing the
learning experience, and enabling the student to acquire knowledge at a more profound and
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longer-term level [4–6]. Haptic feedback (from the Greek haptesthai, meaning “contact” or
“touch”), incorporates the tactile sense in a virtual world, which is the most sophisticated of
all our senses, allowing the users to perceive different sensations such as pressure, texture,
hardness, weight, and the form of virtual objects in a visuo-haptic simulator [7]. In this
sense, the use of visuo-haptic environments, in which haptic technology is combined with
virtual learning environments (e.g., [6]), allows the student’s brain to receive stimuli from
different channels, thus enhancing a better acquisition of concepts during the learning
process [8], and promoting the development of critical competencies that will prepare them
to more efficiently respond in future scenarios.

The use of low-cost devices for visuo-haptic environments in educational settings has
allowed the development and creation of innovative interactive applications. However,
some of the most important difficulties faced when developing successful visuo-haptic
environments are: (a) difficulties in designing the learning experience to optimize the
use of haptic devices; (b) inadequate visualization of the variables and elements of the
simulator; (c) poor and unrealistic matching between the real physical phenomenon and
the experience in the visuo-haptic environment; (d) lag between the haptic feedback force
and the corresponding digital visuals; (e) overreaction and/or limits of the feedback forces;
(f) very long development and implementation times for the visuo-haptic environments to
be ready; and (g) redundancy and duplication of efforts along the implementation processes.
In particular, during the implementation and evaluation of the learning experience, there
are also several difficulties such as: (a) an insufficient number of groups and students for an
adequate selection of experimental and control group; (b) compatibility of group schedules
and laboratory training times; (c) inadequate student guidelines during the development
of the activity; (d) not enough time for the students to carry out the session and freely
experiment with the haptic device; and (e) the design of appropriate evaluation instruments.
One of our first efforts to optimize development times and reduce programming difficulty
was to establish a generic architecture [9], which helped in some aspects, but it was not
enough to tackle other problems of the involved processes.

In this work, we propose a general methodology (called VIS-HAPT) aimed to de-
velop, implement, and evaluate visuo-haptic environments within the framework of
Education 4.0. Related work is presented in Section 2. Previous work by the authors
is presented in Section 3, while the VIS-HAPT methodology is presented in Section 4.
A comparison and discussion of methodologies for different visuo-haptic simulators is
presented in Section 5. Finally, Section 6 presents our main conclusions and future work.

2. Related Work

Recent studies in psychological science suggest that detailed lasting memories are
promoted by introducing the sense of touch [10], and this finding can benefit both training
and educational settings. Therefore, haptic technology has been introduced to promote
expertise and learning in myriad areas such as industry, navigation, e-commerce, gaming,
arts, medicine, and education [11]. In Industry 4.0, for example, pilots are often trained
in flight simulators where mid-air haptic devices are installed to control the plane. Only
after perfect command is achieved on the simulator can the pilot oversee a real plane [12].
In the medical field, haptic training environments have also been used to perform diverse
procedures in surgery such as suturing [13]. Dental training with artificial teeth has also
used haptic tools, and oral implant therapy has used haptic technologies as a relevant part
of the dental practice [14,15].

Modeling a physical situation with a visuo-haptic environment has the advantage
that the related physical parameters may be controlled and adjusted within a large range
of values—in contrast to a real-lab setting in which only a limited number of options may
be given to the student [16]. The use of haptic environments with educative purposes
has notably increased within the last two decades, especially for teaching abstract or com-
plex concepts—from scenarios aimed to master basic science concepts [17] to secondary
schools combining haptic interfaces and virtual reality applications for educational pur-
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poses [18]. Overall, the experience shows that haptic technology improves the level of
human perception due to the deeper immersion it provides [19,20].

There are several examples in the literature about the design, implementation, and
evaluation of the impact of using visuo-haptic environments with educational purposes,
such as frictional forces [21–23], the Coriolis effect [8], precession [23], fluids concepts [7],
chemical bonding [24], and electric forces [6,25,26]. These studies suggest that embodied
learning significantly contributes to a better understanding of abstract concepts dealing
with forces. Similarly, some of these studies have administered perception and attitude
surveys (e.g., [23]) and found that the use of visuo-haptic simulators stimulates multiple
users’ senses, meeting the needs of kinesthetic learners as well as enhancing existing
e-learning systems, user engagement, and concept retention [27].

After developing several visuo-haptic simulators for the teaching of physics in OpenGL
and Unity environments [6,22,28–30], the main contribution of this work is the identifi-
cation of a methodology to facilitate the conceptualization, design, implementation, and
evaluation of visuo-haptic environments aiming to foster the understanding and applica-
tions of physics and science concepts by engineering students in order to develop skills
within the framework of Education 4.0.

From a search in the related literature, we failed to identify a paper explicitly dealing
with the definition of such a methodology. Instead, authors usually start by identifying a
possible physics situation related to a given physics curricula for undergrad engineering
students and then—according to the available haptic devices, school environment and
student populations—identify a programming language and engine to design the visuo-
haptic simulator, implement its use, and administer an assessment tool to measure the
impact of the use of the haptic simulators in the learning process (e.g., [7,8,21,25,29,31]).
There has not been a general methodological scheme to approach this problem.

3. Authors’ Previous Work

The authors of this work have contributed important efforts in the development of
visuo-haptic applications focused on education. In this section, the main results of these
studies are summarized, including the scenarios that will be discussed in Section 5 below.

In Neri et al. (2015) [28], three visuo-haptic simulators designed to feel the strength
nature of electric forces were presented: point charge; line charge; and plane charge. The
purpose of this preliminary study was to compare the dependence of the electric forces
with the distance for these charge distributions. These simulators were developed with
Chai 3D and Open-GL. From a perception survey, undergraduate engineering students
revealed that most of them expressed a very positive opinion on the use of the visuo-haptic
simulators and expressed that these facilitated their understanding of the nature and origin
of electric forces. Preliminary learning gain studies with experimental and control groups
of students have suggested that students from the experimental group achieve a better
understanding than those from the control group.

Neri et al. (2018) [22] developed four visuo-haptic environments for understanding
classical mechanics concepts: (i) block on a rough incline; (ii) rotating door; (iii) double
Atwood’s machine; and (iv) rolling reel. The visualization of the visuo-haptic simulators
was displayed in two dimensions. An architecture for developing the scenarios was
presented. The visuo-haptic environments were developed with Chai 3D and Open-
GL, and similar students’ perception and learning gains studies were performed. Very
good students’ perceptions were obtained, and statistically significant learning gains for
experimental group students were also achieved for the block on a rough incline and the
double Atwood’s machine scenarios.

Escobar-Castillejos et al. (2020) [9] proposed a novel architecture for the fast de-
velopment of interactive visuo-haptic applications in game engines. They validated the
architecture developing and implementing a plugin for coupling the haptic device with
UNITY, named the Haptic Device Integration for Unity (HaDIU). Their approach allowed
achieving remarkably better visualizations than those obtained in existing single-purpose
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applications. Additionally, their results suggested that a faster development of interactive
visuo-haptic simulators could be achieved by implementing this approach than using
traditional techniques, especially in terms of reducing the times used for developing the
technological model and for the calibration and testing phase of the methodology.

In a recent work, Neri et al. (2020) [6] presented a new version of the visuo-haptic
simulators for the electric forces of the preliminary work by [28], which included the new
architecture and the HaDIU plugin proposed by [9]. Moreover, several design elements
were incorporated to improve the 3D perception of the simulators. A pre-test and post-
test were applied to a student sample before and after working with the simulators,
respectively, and statistically significant average learning gains were obtained for the
comprehension of the force dependence in the case of the line charge and plane charge visuo-
haptic environments. These results suggested that the use of the visuo-haptic simulators
may help students to better identify the dependence of electric forces on distance. It
was also observed that the potential effect of improving the understanding of electric
interactions was higher among students with lower previous familiarity with these topics
as compared to more advanced students. Additionally, through perception surveys, it was
found that the students very much liked the haptic activity.

The aforementioned visuo-haptic developments used diverse architectures and tech-
nological approaches requiring diverse amounts of effort and development time. Therefore,
considering the experience acquired through designing, developing, implementing, and
assessing visuo-haptic environments, the authors decided to propose an integrated, struc-
tured, and comprehensive methodology, named VIS-HAPT, covering all the development
and implementation phases, in order to help future developers of visuo-haptic environ-
ments reduce the time and effort required by the design and implementation of their
environments. This is the aim of the present research.

4. The VIS-HAPT Methodology

In this section, the VIS-HAPT methodology is described. This methodology was
divided into four major phases: (a) design of the learning experience; (b) definition of the
technological model; (c) environment calibration and tests; and (d) recommendations for
application in a student environment and field studies (Figure 1).

Figure 1. VIS-HAPT methodology. The diagram shows the four major phases of the development of
visuo-haptic environments in Education 4.0: (a) design of the learning experience; (b) technological
model; (c) calibration and testing; and (d) application and field studies.

4.1. Design of Learning Experiences

The design of virtual learning environments should consider an innovative learning
experience that attracts students’ attention. In this phase, the goal is the conceptualization
of the visuo-haptic learning environment.
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4.1.1. Selection of Educational Situation

Visuo-haptic applications have been successfully applied in various simulators in
both physics instruction [6,22,30] and medical training [14,15]. In our case, the educational
scenario selection is being crafted by first highlighting the main physics concepts in which
forces are relevant. It is important to choose ideas that are usually hard to grasp and
make them user friendly when using the visuo-haptic environment. Secondly, the careful
simulator design of physical phenomena must be contextualized in a problem. Then, the
main variables must be identified, and realistic ranges must be defined. Once all this is
set, the student can freely choose the set of input numerical values for the corresponding
variables in a particular exercise. Dynamic visualizations of the applied forces lead to a
dynamic output that must be analyzed. The following drawbacks were identified in the
previous process: (a) lengthy physics scenarios; (b) complex scenarios leading to hard
programming codes; (c) input and output variables that are not properly visualized; and
(d) an inadequate deployment of the graphic design.

In order to construct a high-quality educational scenario, we suggested the following:
(a) add the sense of touch to enrich the learning experience; (b) sketch a draft of the physical
phenomena with the corresponding equations (see Figure 2); (c) carefully choose the input
and output variables; (d) properly time the length of the simulation; and (e) ensure that the
variables are clearly visualized so that the phenomena can be easily and better understood.

Figure 2. Sketch of the displacement of a box in a track when a force is applied with a haptic device.
The mass of the box as well as the static and dynamic frictional coefficients can be modified at will.

4.1.2. The Physics of the Model to Be Developed

Once the learning experience is selected, the next step is to model the characteristics
and behavior of the bodies that will occur in the environment. The realistic ranges of
variables such as the size, mass, density, and gravity of the objects must all be incorporated.
The applied forces such as weight and friction must be included in the environment.
Another key element is the correct use of the related physical equations.

The identified difficulties include: (a) trivializing the model to take the challenging
part out of the experience; (b) not taking all the possible variable combination into account
in the programmed equations; (c) oversimplifying the realistic scenario to easily model it in
a haptic environment; (d) defining inadequate variable ranges; (e) lengthy simulation times;
and (f) not including a wide variety of conditions in the model to give rise to non-realistic
scenarios which may even confuse the students. The worst that can happen is that students
leave the learning experience with distorted concepts and misunderstandings.

To overcome the aforementioned difficulties, physics experts must design the learning
model. This way, the laws of physics will be carefully incorporated, and the possible
realistic alternatives will be provided to the students within the correct variable ranges.
The duration must be such that the simulation can be enjoyed and appreciated. The
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visualization of the physical concepts must be clear, so that the learning experience can go
beyond end-of-book problems.

Another good idea is to use physics engines to decrease the modeling efforts required
by both the physics and programming. As explained in Section 4.2, it is possible to use
physics engines that are already available in development frameworks. For example,
the Nvidia PhysX engine can simulate the behavior of an object on the GPU and handle
interactions between objects. However, in some versions, the information on the collisions
between solid and deformable objects is not available. Therefore, in some environments, it
is necessary to program additional libraries to achieve proper collisions between objects [13].
Currently, there are game engines, such as Unity and Unreal, that integrate physics engines
to model physical behavior and which can add an attractive visual modeling feature to the
environment [9].

4.2. The Definition of the Technological Model

The next design phase should consider the development of the application, the ap-
propriate use of the screen space for interaction, and the integration of haptic devices in
the simulation.

4.2.1. Visuo-Haptic Environment Design

Once the model is conceptualized, application developers should design the visuo-
haptic environment. In this process, the developers visualize the type of aid that would
enhance students’ interactions (a variety of views in the simulation, visual panels where
interactions parameters will be displayed, guiding lines to help students locate in the
virtual space, etc.). Developers should consider user experience practices to motivate
students and engage them in understanding a complex concept or activity.

The identified drawbacks in this process include: (a) user manual guides are not
provided as to take full advantage of the simulator; (b) some of the visualization spaces are
either too small or too big; (c) lack of auxiliary elements that can enrich the phenomena;
and (d) the presence of too many significant figures in the outcome variables blurring the
physical meaning of the solution.

The authors strongly recommend the careful consideration of which simulation param-
eters can be controlled by the students (size, mass, gravity, density) and where to deploy
them on the screen. Allowing students to modify environmental variables can increase
their interactivity. Consequently, student engagement will last much longer, leading to the
growth of learning outcomes. Figure 3 shows an example of the design of a developing
interface for a visuo-haptic simulator designed to teach the buoyancy phenomenon.

Figure 3. Example of an interface design in a visuo-haptic environment focused on teaching the
buoyancy concept.
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4.2.2. Haptic Device Selection

Once the visual design and selection of the interaction are established, the developers
and physics experts should decide which haptic device is better suited for the interaction
medium between the simulator and user. Haptic devices are electromechanical tools used
to recreate the sense of touch in virtual environments (Figure 4). These can either be
impedance-based or admittance-based [32]. In the first case, the user sends the interaction
movements to the simulator, and the application is responsible for calculating the feedback
force. On the other hand, in admittance-based haptic devices, the user applies a force
on the device, which reacts by displacing it and sends a proportional distance to the
application to update the visuals in the simulation. In general, impedance-based haptics
are preferred due to their lower cost and size. However, it must be noted that admittance-
based haptic devices provide freedom in the mechanical design and deliver greater force
and stiffness feedback.

Figure 4. Novint Falcon haptic device used in interactive visuo-haptic environments.

Haptic devices can also be classified by the number of degrees of freedom and degrees
of force feedback they provide. Commercial haptic devices usually consider three or six
degrees of freedom in the design; however, low-cost devices typically provide three degrees
of force feedback. A haptic with six degrees of force feedback is required if torque is also to
be modeled. This specification is principally required in visuo-haptic simulations used in
the medical field [14].

Several obstacles must be overcome when selecting appropriate haptic devices. For
example, this may be the need to import the devices in some countries where additional
customs fees considerably delay the entire design process. Maintenance is not usually
provided by dealers or manufacturers in all countries. Additionally, if a certain educa-
tional scenario requires more than three degrees of freedom, it is difficult to modify the
experimental setting to include additional degrees of freedom.

A careful selection of the brand and model strongly suggests avoiding unnecessary set-
backs in the simulator requirements. One must always first look into academic agreements
to reduce the costs. It is advisable to avoid, if possible, customs fees, and it is strongly
recommended that maintenance services be provided.

The use of haptic devices has considerably increased in the last decade in education,
gaming, and training (automotive, aviation medicine, robotics, etc.). The Novint Falcon
devices have the benefit of being low-cost devices with good expansion capabilities. Their
design is based on the high-end OMEGA haptic device, developed by Force Dimension.
However, Novint Technologies has been out of business since 2010; therefore, Force Dimen-
sion, which has continued to provide software support to these devices and their stores,
such as haptic houses, has continued the commercialization of these types of devices [33].

4.2.3. Haptic Rendering Framework

Haptic rendering is the process by which the user can feel, touch, and manipulate
virtual objects through a haptic interface [32]. In haptic-based simulators, the user interacts
with the environment using a joystick. To enable haptic rendering, a renderer framework
is needed to communicate applications with haptic devices. Currently, there are four
solutions for haptic rendering:
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• H3DAPI, previously known as HAPI, is an open source, cross-platform haptics ren-
dering engine entirely written in C++. It is device-independent and supports multiple
currently available commercial haptics devices;

• OpenHaptics is a proprietary haptics library developed by SensAble Technologies,
currently known as Geomagic. However, it only works with haptics that are manufac-
tured by them;

• Haptic Lab, previously known as Immersion Studio, is an application aimed at soft-
ware design, where users can add multi-layer, high-fidelity haptic feedback with ease
using TouchSense Force technology;

• HDAL is a software development kit for connecting Novint products. It enables users to
add the haptic capability to their application and display high-fidelity force rendering.

The library implementation to correct connectivity between the application and the
haptic device is a pitfall that must be overcome. Generally, haptic device manufacturers
provide SKD to allow haptic representation in virtual environments. However, engine
games do not have native functions that can easily admit them. Therefore, third party
solutions heavily depend on the CPU architecture and do not consider multiple devices’
operability. Moreover, the visuo-haptic solution creation usually takes a long time due to
the complexity of graphic engines that can deliver state-of-the-art visualizations.

To solve some of the mentioned difficulties, an HaDIU architecture was designed [9]. It
allows one to successfully develop multiple device connectivity in game engines. At the
same time, the performance of the application is not affected by multiple connectivity. One
must have a functional blending of different environments which accounts for the connectiv-
ity of each device as well as optimizes the developing times of the visuo-haptic applications.

4.2.4. Application Programming

Once these requirements are considered, developers need to decide how the visuo-
haptic environment can be best programmed. There are diverse programming languages
that can be used to program 2D and 3D applications (C++, C#, Java, Python, etc.). Works
on incorporating haptic devices in simulation frameworks can be found in the research of
Conti et al. [34]. They created Chai3D, a C++ cross-platform graphic simulation framework.
It is open source and supports a variety of commercially available haptic devices. Moreover,
efforts focused on incorporating haptic devices’ in-game engines can be found in the work
of Escobar-Castillejos et al., where the authors added the connectivity of haptic devices
(Novint Falcon, Omega, and Geomagic Touch) with Unity game engine [9]. The latter
is an example of how current approaches are considering the use of game engines for
the development of visuo-haptic simulators. Game engines are software applications
that facilitate the implementation of graphics rendering, collision detection, and physics
simulation, which allow the developer to focus on the game logic and interactions.

Before selecting the haptic rendering module, researchers should select which technol-
ogy they will use in the visual rendering and visuo-haptic environment modules. As stated
above, game engines are great tools for the development of high-end applications such as
games and simulations. In the case of Unity, it is a cross-platform game engine developed
by Unity Technologies. It can be used for 2D or 3D graphics applications, as well as in-
teractive virtual environments. This game engine is recommended for its ease of use and
scripting language, which facilitates the definition of the simulated elements’ behaviors.

Finally, HaDIU Unity plugin is recommended as the haptic rendering module in
the pipeline [9]. This plugin enables the proper connection between a haptic device and
the Unity game engine. A challenge that researchers face during the development of
visuo-haptic applications is the proper addition of haptic devices in the simulation (see
Section 4.2.2). Developers should consider that for haptics devices to work properly, these
devices need to run at a minimum rate of 1000 Hz to avoid anomalies in their performance.
This plugin has been tested and used to develop electromagnetism simulators and it
obtained proper and stable interactions between the user and the visuo-haptic virtual
environment [6].
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4.3. The Calibration of the Environment and Tests

In phase three of the methodology, developers and physics experts need to test the
preliminary version of the visuo-haptic simulator.

4.3.1. Model and Haptic Feedback Calibration

Physics experts need to test the simulator to validate that the values calculated by the
simulator are close or equal to the force feedback that the student will feel. Moreover, in this
step, developers and physics experts need to test how the haptic device reacts according to
the proposed physics model.

If the feedback forces’ response is not correctly calibrated in the haptic device, instabil-
ity in the simulation may occur. If the defined variables are within an unrealistic range, the
entire learning activity will be counterproductive. It is strongly recommended to perform
several tests, and let developers establish the limits in the simulation (removing interaction
variables, setting fixed values to physics parameters, or setting a range of values to physics
variables) to avoid instabilities during the simulation.

4.3.2. Visuo-Haptic and Usability Tests

Usability tests measure the ease of use of the set of objects of elements in the interface
design and consist of selecting a group of users (average students) who will use the visuo-
haptic environment and ask them to carry out the tasks for which the environment is
designed. In addition to the calibration of the behavior of the bodies, according to the
physical model designed by the experts, it is important to carry out usability tests by
these representative users who will use the environment [35]. In this step, the design and
development team take note of the interaction, errors and difficulties users may encounter.

The usability metrics successfully used by the authors’ team in visuo-haptic environ-
ments include: (a) the accuracy in identifying the mistakes made by the test students and
whether these were recoverable when using the appropriate data or procedures; (b) the
time required to complete the activity; and (c) the student memory, to track how much the
student remembers during a given period without using the environment.

4.4. Recommendations for Application in a Student Environment and Field Studies

Once the visuo-haptic environment is mature—that is, it behaves without errors,
complying with the laws of physics according to the models designed by the experts and
with the appropriate usability metrics—its application in real learning environments must
be carefully implemented to identify the benefits for the students.

The authors propose the following aspects for the assessment: (a) sample selection
considering the control and experimental groups for student testing; (b) administration of
opinion questionnaires; and (c) measurement of student learning gains.

4.4.1. Sample Selection and Student Testing

Student control and experimental groups are needed to measure the benefits of using
the visuo-haptic environments for students to acquire knowledge and develop reasoning
skills. The experimental group uses the visuo-haptic environment while the control group
does not. One of the difficulties faced is that, in general, the processes for registering groups
and assigning teachers do not depend on researchers. If this is the case, the allocation of
participants is carried out using quasi-experimental designs [36]. It is recommended that
the deliberate manipulation of at least one independent variable to observe its effect and
its relationship with one or more dependent variables is considered. Additionally, when
defining the number of experimental groups and the control groups, it is important to
consider the equivalence of the didactic resources given to each group, such as the content,
audiovisual materials, labs, and lecture time.
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4.4.2. Opinion Questionnaires

Opinion questionnaires are a detailed instrument to solicit personal comments and
points of view, in this case intended to be applied to students about the design and use
of the visuo-haptic environments. These should be addressed to the students after they
used the environment, questioning them about its different cognitive and functioning
aspects. The questionnaires usually contain closed questions (multiple choice), using a
Likert scale to facilitate their processing, and open questions to know the students’ points
of view about specific aspects of the environment and their interaction with it. Opinion
questionnaires are important and include questions related to the general usability of the
system, its simplicity, and the accuracy between the system and the real world. Usually,
the results of opinion tests can be qualitatively evaluated. Once the opinion questionnaires
are designed and applied, we recommend performing Cronbach statistical validations to
guarantee the robustness of the instrument.

4.4.3. Learning Gains

Learning gains are used to test whether the use of the visuo-haptic environment has
a positive effect on student outcomes. Initially, the pre-test and post-test are adminis-
tered to both the experimental and control groups. The pre-test is an indicator of the
student prior knowledge about a given subject. The experimental group interacts with
the visuo-haptic environment, while the control group is given traditional content. Fi-
nally, the post-test is also administered to the whole student sample. To measure the
effectiveness of the applied methodology in the student learning process, it is useful to
define either an absolute learning gain: G =< Post > − < Pre >, where < Post > and
< Pre > are the average post-test and average pre-test for either the experimental or
control groups. Additionally, a relative learning gain may be calculated [37], such that:
g = (< Post > − < Pre >)/(100− < Pre >). For a given student, the relative learning
gain is the actual student learning gain relative to the maximum student learning gain they
may attain.

For the results to be meaningful, we recommend that during the process (a) the sample
is as large as possible, for both the experimental and control groups; (b) a professor teaches
both the experimental and control groups, to mitigate as much as possible the “teacher
effect”; and (c) the pre-test and post-test are administered under similar and controlled
conditions to both groups.

We also suggest validating the significance of the results by means of t-test and p-value
analyses, having defined null (H0) and alternative (H1) hypotheses, or by the effect–size
considering the average gains and their standard deviations [38,39].

5. VIS-HAPT Methodology, Results and Discussion

To determine the usefulness of the VIS-HAPT methodology, various development studies
of visuo-haptic environments were carried out with and without the proposed methodology.

5.1. Description of the Selected Visuo-Haptic Environments

The four selected visuo-haptic environments common to both cases—with and without
methodology—are described as follows:

1. Block on a rough incline. The main purpose of this scenario is that students understand
the nature of the friction force that a rough incline exerts on a block located on it
(Figures 5 and 6). The user manipulates a virtual hand or a haptic sphere to push the
block upwards or downwards the incline with an applied force, so as to feel the actual
force that the block exerts on the virtual hand or the haptic sphere. The simulator
reproduces the resulting block’s motion. The user can select the values of the static
and kinetic friction coefficient, the block’s mass, and the angle of the incline.

2. Point charge. This simulator allows exploring the electric force exerted between two-
point charges (Figures 7 and 8). A point charge is fixed at the origin of the reference
frame and another point charge can be displaced around the former by the user,
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changing the distance between the charges. The magnitudes and signs of the charges
can be changed by the user. The purpose of the simulator is for the user to feel the
strength of the attractive or repulsive force that the charge at the origin exerts on the
other one at different distances and for different charge magnitudes.

3. Line charge. This simulator is aimed at assessing the direction and strength of the elec-
tric force exerted by a long straight-line charge on a point charge (Figures 9 and 10).
The line charge is fixed along the z axis and the point charge can be displaced at
any desired position around the line charge. Users can select the values and signs
for both the linear charge density and the point- charge, so as to feel the force that
the line charge exerts on the point charge at different distances and for different
charge magnitudes.

4. Plane charge. In this simulator, the force exerted by a very large plane charge on a
test point charge is explored (Figures 11 and 12). The plane charge is fixed at the
YZ plane, and the users can select the values and signs of the plane charge density
and the point charge. Displacing the point charge at any desired position around the
plane in the environment, the users can feel the strength and direction of the electric
force exerted by the plane charge on the point charge at different distances and for
different charge magnitudes.

5.2. Technological Model Developments

A comparison of the technological model developments with and without VIS-HAPT
methodology is presented to emphasize the affordances and the improvements introduced
with the methodology. To make this comparison more visual and direct, the main character-
istics of the two versions of the four selected visuo-haptic simulators are described below.

5.2.1. Block on a Rough Incline

Without VIS-HAPT methodology: The development of this environment using Chai
3D—OpenGL, without applying the proposed methodology, has been reported along with
other developments by [22]. Figure 5 shows the application interface. A 2D visualization
was displayed with a virtual hand used to apply the external force (red arrow). The
corresponding friction force is shown by the brown arrow. A box was included to enter the
physical data: block mass; friction coefficient (static or kinetic); and incline angle. The box
also displays the values for the applied force and the corresponding friction force.

Figure 5. Interface elements of the “block on a rough incline” visuo-haptic environment developed
with Chai 3D—OpenGL.

With VIS-HAPT Methodology + HaDIU: The graphical interface was improved
showing a 3D display. Additionally, several elements were integrated into the visualiza-
tion, such as showing or hiding the block’s free-body diagram, and improvements in the



Future Internet 2021, 13, 255 12 of 20

interaction scheme, such as sliding bars and spaces, enable directly entering the values for
the physical variables: block mass; friction coefficient (static or kinetic); and incline angle
(shown in the left panel). The applied force, the friction force, and the normal forces are
displayed on the right panel.

Figure 6. Interface elements for the “block on a rough incline” visuo-haptic environment developed
with VIS-HAPT and HaDIU.

5.2.2. Point Charge

Without VIS-HAPT methodology: The development of this environment using Chai
3D—OpenGL, without applying the proposed methodology, was reported by [28]. Guiding
lines and the line connecting the charge at the origin of the coordinate system and the
movable point charge are included to provide a 3D visualization. Figure 7 shows the
corresponding application interface.

Figure 7. Interface elements of the “point charge” visuo-haptic environment developed with Chai
3D—OpenGL.

With VIS-HAPT Methodology + HaDIU: This visuo-haptic simulator was previously
presented in [6]. For the electric force scenarios, the graphical interface was improved
with a more realistic 3D visualization, including guiding lines, the line connecting the
two charges, and the electric force vector on the mobile point charge, with changing
magnitude according to the force strength between the charges. The students’ learning
experience was improved by including on-screen user guides available to them when
required. Additionally, the possibility of changing the reference axes and fixing them at
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different positions was included to help users choose a better visual perspective. Spaces to
directly enter the values for physical variables and sliding bars were also added. The values
for the distance between charges and the magnitude and the components of the electric
force exerted on the mobile charge are also displayed. Figure 8 shows the corresponding
application interface.

Figure 8. Interface elements of the point charge visuo-haptic environment developed with VIS-HAPT
and HaDIU architecture.

5.2.3. Line Charge

Without VIS-HAPT methodology: The development of this environment using Chai
3D—OpenGL, without applying the proposed methodology, was reported by [28]. In a
similar way to the point charge visuo-haptic simulator, guiding lines and the line connecting
the line charge and the movable point charge are included to provide a 3D visualization.
Figure 9 shows the corresponding application interface.

Figure 9. Interface elements of the “line charge” visuo-haptic environment developed with Chai
3D—OpenGL.

With VIS-HAPT Methodology + HaDIU: This visuo-haptic simulator was previously
presented in [6]. As in the case of the point charge environment above, the graphical
interface was also improved with a more realistic 3D visualization, including guiding lines,
the line connecting the line charge and the mobile point charge, and the electric force vector
on the point charge, with changing magnitude according to the distance between the line
and point charges. The students’ learning experience was improved by including on-screen
user guides available to them when required. Additionally, the possibility of changing the
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reference axes and fixing them at different positions was included to help users choose
a better visual perspective. Spaces to directly enter the values for physical variables and
sliding bars were also added. The values for the distance between line and point charges,
and the magnitude and components of the electric force exerted on the mobile charge, are
displayed on the screen. Figure 10 shows the corresponding application interface.

Figure 10. Interface elements of the line charge visuo-haptic environment developed with VIS-HAPT
and HaDIU architecture.

5.2.4. Plane Charge

Without Methodology Chai 3D—OpenGL: The development of this environment
using Chai 3D—OpenGL, without applying the proposed methodology, was reported
by [28]. The plane charge is seen edge-on, shown as a line on the XZ plane, and therefore
providing a 2D visualization of the scenario. Guiding lines show the distance of the
point charge to the plane charge and to the XY plane. Figure 11 shows the corresponding
application interface.

Figure 11. Interface elements of the “plane charge” visuo-haptic environment developed with Chai
3D—OpenGL.

With VIS-HAPT Methodology + HaDIU: This visuo-haptic simulator was also pre-
viously presented in [6]. The graphical interface was also improved with a more realistic
3D visualization. The plane charge is presented in perspective, guiding lines are included,
and the electric force vector on the mobile point charge is also shown, with changing
magnitude according to the distance between the plane and point charges. The students’
learning experience was improved by including on-screen user guides available to them
when required. Spaces to directly enter the values for physical variables and sliding bars
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were also added. The values for the distance between the plane and point charges, and the
magnitude and components of the electric force exerted on the mobile charge are displayed
on the screen. Figure 12 shows the corresponding application interface.

Figure 12. Interface elements of the plane charge visuo-haptic environment developed with VIS-
HAPT and HaDIU architecture.

5.3. Comparative Study of the Times Used for Each Phase with and without VIS-HAPT Methodology
5.3.1. Reported Times without and with Methodology

The times recorded (in hours) for the different phases—with and without applying the
proposed methodology—were estimated from a weekly log in which the times employed
in each stage by the developers and researchers were carefully recorded, as required by our
institution. The recorded times for the different phases considered the following aspects:

1. Learning experience design. The time dedicated in this phase includes: (a) the number of
sessions and hours spent on selecting each educational scenario; (b) the time needed
to design the contextualized physical phenomenon; (c) the time spent on the design of
the visualization elements; and (d) the time invested in deriving the physical model
needed to build the visuo-haptic environment;

2. Definition of the technological model. In this phase, we consider (a) the time taken to
prepare the visuo-haptic design; (b) the time of the sessions dedicated to defining the
visuo-haptic device and programming its connections to the environment; (c) the time
invested to enable the haptic rendering; and (d) the time of the application programming.

3. Calibration and testing. The time recorded for this phase includes: (a) the time for plan-
ning and executing the tests with model students; (b) the time needed to recalibrate
the models; and (c) the time spent in the planning, design, and application of the
usability tests.

4. Applications and field studies. This phase includes (a) the recorded planning times for
the implementation of the field studies with experimental and control groups; (b)
the time needed for the design the activity guides given to the students during the
learning experience; (c) the time needed design and administer the pre-test and post-
test; (d) the time needed to design and administer the opinion surveys; and (e) the
time taken to analyze the data and results to measure learning gains and size effects.

The reported times for phases 1 and 4 were estimated using the hours registered in
our session logs, considering the number of sessions held by our team working on task
(during the learning experience design), as well as through the different moments needed
to carry out the field studies of the visuo-haptic application with the students.

On the other hand, the times reported in phases 2 and 3 were taken from [9] and
were used here to compare the Chai3D + OpenGL framework with the HaDIU plugin for
each visuo-haptic simulator (as can be seen in Table 1 below), along with phases 1 and 4
included in the present work.
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Tables 1 and 2 show the recorded times (in hours) for the different phases with and
without applying the proposed methodology, respectively.

Comparing the times in Tables 1 and 2, the methodology helped to substantially
reduce these times in all four phases. The average times dedicated to developing and
implementing the visuo-haptic environments for these phases were reduced by 42%, 69%,
26% and 27%, respectively, with an average reduction of 44% compared to the cases
without methodology. Therefore, the obtained times with the VIS-HAPT methodology are
significantly smaller than those obtained without following the phases of the methodology.

Table 1. Times used for the development of the different phases of the visuo-haptic environments
using the VIS-HAPT and HaDIU architecture. Data marked with * were published by [9].

Scenario Framework
Learning

Experience Design
Time (h)

Development
Time

(Technological
Model) (h)

Calibration and
Testing Time (h)

Applications and
Field Studies

Time (h)
Total Time (h)

Block on a rough incline VIS-HAPT Methodology +HaDIU + Unity 24 10 * 14 * 21 69

Point charge VIS-HAPT Methodology +HaDIU + Unity 20 8 * 16 * 8 52

Line charge VIS-HAPT Methodology +HaDIU + Unity 20 8 * 12 * 8 48

Plane charge VIS-HAPT Methodology +HaDIU + Unity 20 8 * 12 * 8 48

Average 21 8.5 13.5 11.2 54.5

Table 2. Times used for the development of the different phases of the visuo-haptic environments
without VIS-HAPT methodology. Data marked with * were reported in [9].

Scenario Framework
Learning

Experience Design
Time (h)

Development
Time

(Technological
Model) (h)

Calibration and
Testing Time (h)

Applications and
Field Studies

Time (h)
Total Time (h)

Block on a rough incline Chai3D + OpenGL 40 30 * 20 * 32 122

Point charge Chai3D + OpenGL 36 25 * 16 * 14 91

Line charge Chai3D + OpenGL 34 27 * 18 * 8 87

Plane charge Chai3D + OpenGL 36 29 * 19 * 8 92

Average 36.5 27.8 18.2 15.5 98

It is important to recognize that this remarkable time decrement may also be in part
due to the acquired knowledge of the visuo-haptic environments’ technological models, as
well as to the experience gained by the authors in the application and field studies phase.

Our previous developments and publications (Section 3) were mainly focused on
educational field studies to determine learning gains and student perception. Nevertheless,
we are not yet including a learning-gain comparative study in the present work since we
have not had the appropriate conditions during the application and field study processes
such as: (a) appropriate student samples; (b) different student conditions; and (c) haptic
devices conditions.

5.3.2. Significant Test for Time Differences with and without Methodology

A hypothesis test of paired samples was carried out to explore whether there is
a statistically significant difference in the used times in each phase with and without
methodology, with a null hypothesis (H0 : µwith = µwithout) and an alternative hypothesis
(H1 : µwith < µwithout). The results are shown in Table 3.
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Table 3. Hypotheses test of the paired samples of reported times with and without VIS-HAPT methodology.

Phase Average Time (h) Difference in Times (h) Hypotheses Test
of Paired Samples

Without
Methodology With Methodology p-value

Learning
experience design

time
36.5 21.0 15.5 0.0000

Development time
(technological

model)
27.8 8.5 19.3 0.0000

Calibration and
testing 18.2 13.5 4.7 0.0296

Application and
field studies 15.5 11.2 4.3 0.1040

Total 98.0 54.2 43.8 0.0005

5.3.3. Student Perception Surveys

In addition to recording times for the design, development, calibration and testing, as
well as application and field studies, usability studies for the visuo-haptic environments
were also performed based on students’ perception questionnaires after experimenting
with the visuo-haptic simulators. Figure 13 shows some images of students working with
the visuo-haptic simulators of electrical forces in the laboratory.

Figure 13. Students interacting with the visuo-haptic environments of electrical forces.

The questions of the instrument used to study students’ perceptions are presented in
Table 4. A three-step Likert-scale was used, where 1 = disagreement or total disagreement;
2 = neutral; and 3 = agreement or total agreement.

Table 4. Questions on the exit perception survey for electric force simulators, adapted from [28]
without methodology and [6] with the proposed methodology.

ID Perception Question Without Methodology With VIS-HAPT Methodology

1 2 3 1 2 3

PQ1 Comprehension of force behavior 5% 3% 92% 0% 3% 97%

PQ2 Simple and intuitive manipulation 5% 9% 86% 0% 8% 92%

PQ3 Appropriate and attractive visualization 8% 20% 72% 0% 7% 93%

PQ4 Helped to understand electric forces 6% 0% 94% 0% 3% 97%

PQ5 Recommend using visuo-haptic simulators 5% 0 95% 0% 2% 98%

From Table 4, students’ perceptions of the use of the electric force visuo-haptic simula-
tors were very positive for all questions and for the two approaches, without methodology
or with methodology. Furthermore, a closer look at the values reveals that the students’
perceptions were even better for the case with the proposed methodology. In this latter case,
no student rated any question with a score of “1”, and more than 90% of them assigned “3”
to all items.
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A hypothesis test of the comparison of percentages, using Fisher’s exact method,
was carried out with Minitab for the results of Table 4. It is presented in Table 5, with
H0 : µwith = µwithout and H1 : µwith < µwithout. In all cases, a higher proportion of
agreement and total agreement students using the environments with methodology than
without was obtained. However, the difference was only significant at the level of α = 0.05
in item PQ3 (appropriate and attractive visualization).

Table 5. Hypotheses test of the paired samples of the perception survey with and without methodology.

ID Perception Question Without
Methodology

With
VIS-HAPT

Methodology

Difference
in

Percentages
for Scale 3

Hypotheses
Test of
Paired

Samples

1 2 3 1 2 3 p-value

PQ1 Comprehension of force behavior 5% 3% 92% 0% 3% 97% 5% 0.0835

PQ2 Simple and intuitive manipulation 5% 9% 86% 0% 8% 92% 6% 0.1965

PQ3 Appropriate and attractive visualization 8% 20% 72% 0% 7% 93% 21% 0.004

PQ4 Helped to understand electric forces 6% 0% 94% 0% 3% 97% 3% 0.2445

PQ5 Recommend using visuo-haptic simulators 5% 0 95% 0% 2% 98% 3% 0.197

6. Conclusions

A well-structured methodology, named VIS-HAPT, was proposed to carry out the
process of designing, implementing, and assessing learning experiences incorporating
visuo-haptic devices for engineering students. The methodology is organized in four
phases: (a) learning experience design; (b) development of the technological model; (c) en-
vironment calibration and testing; and (d) application and field studies. With VIS-HAPT
methodology, it was possible to: (i) create better scenarios to enrich the learning experi-
ences by adding the sense of touch; (ii) make more efficient processes to build the physical
models of the selected scenarios; (iii) standardize the interface design processes to provide
better quality visualizations; (iv) establish a process to select suitable haptic devices to
optimize programming efforts; (v) integrate the HaDIU generic architecture to Unity game
engine in order to facilitate the operation of haptics from different brands and models;
(vi) calibrate the process of the physical model used in the simulator coupled to the hap-
tic device; (vii) standardize the performance of usability tests with physics experts and
students; and (viii) improve the selection process of student samples and the design of
perception questionnaires.

A significant reduction in the time and effort by approximately 44% for all four phases
of the proposed methodology was attained, as compared to the cases without methodology.
Despite the fact that the tests were only carried out with four visuo-haptic environments,
significant reduction times were obtained in almost all phases, and it can be concluded
that the times were shorter when the methodology was used. The results of this work
also suggest a slight additional improvement in students’ perceptions when applying
the VIS-HAPT methodology, making students feel comfortable with the improvements
introduced to their learning activities.

In terms of future work, the authors envisage the design of new visuo-haptic environ-
ments with the VIS-HAPT methodology for physical scenarios that are typically difficult
for students and that involve the use of forces. Additionally, it will be necessary to perform
further learning gains studies, comparing the results of experimental and control groups
to better assess the impact of the use of visuo-haptic environments on student outcomes.
When transferring these benefits to the Education 4.0 framework, near-reality learning
experiences should be added, with multiple applications in professional performance, for
students to acquire knowledge and develop skills to face the challenges of Industry 4.0.
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