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Abstract
An extensive metamorphosis is currently taking place in the education industry due to the rapid adoption of different tech-
nologies and the proliferation of new student-instructor and student–student interaction models. While traditional face-to-face 
interaction is still the norm, mobile, online and virtual augmentations are increasingly adopted worldwide. Moreover, with 
the advent of gaming technology besides the 3D visual paradigm, the “touch” and “feel” paradigm is slowly taking its place 
in the user interface design through gamification. While haptic (force feedback) devices were barely available a decade ago 
outside research laboratories, the rapid rise in gaming technology has driven the cost significantly lower enabling the spread 
of these devices in many households and the wide public. This article presents a novel haptic-based training tool implemented 
as a gaming scenario to assist students in learning of abstract concepts in Physics. The focus is on electromagnetism as one of 
the fundamental forces in nature and specifically the abstractions used as building blocks around the Lorentz force. Experi-
mental results suggest that by introducing well designed visual-haptic interfaces in presenting abstract concepts, students 
become better engaged in the classrooms and superior learning outcomes can be achieved.

Keywords Haptics · Electromagnetism · Visuo-haptic user interface · Gamification · Computer simulation · Computer-
based learning

1 Introduction

Haptic devices allow us to interact with computer gener-
ated images in a novel way that provides touch sensation 
in addition to visual cues. In general, such devices track 
the position and orientation of a physical pointer that is in 
direct contact with the user’s hand and fingers. The posi-
tion information is used to compute potential collisions 
between the virtual representations of the pointer and the 
virtual (computer-generated objects) in the simulation. Once 
a collision occurs, the virtual pointer (Fig. 1) will constrain 
the movement of the physical pointer (through the device’s 
servomotors) conveying the user the sensation of touch.

Haptics is not a popular technology yet, however it is one 
of the most rapidly emerging technologies with an estimated 
economic impact of over $3 Billion from 2018 to 2028 [1]. 
This technology has been heavily employed with success in 
the medical education industry with a myriad of applica-
tions used for training and assessing the skills of young sur-
geons [2]. Haptics applications in K-12 training are a fairly 
recent development with a lot of potential particularly in 
teaching and illustrating abstract concepts [3]. Visual-haptic 
interface in a classroom setup may provide the means for 
accessing large amounts of information through interfaces 
that are appealing and user-friendly, encouraging student 
involvement and stimulating attention through “doing”. The 
combination of tactile, audio, and visual modalities in mul-
timedia technology facilitates the production of illustrative 
explanations of concepts, breaking the barriers of verbal 
communication [4]. A closer look at the current content and 
mechanics of course content delivery reveals deficiencies 
in several areas:

• Interactivity—A student in a traditional lecture is 
merely an observer rather than an active part of the sys-
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tem. Students should be able to take control and guide 
themselves through the learning system and interact 
with others to increase their involvement in the class 
[5]. This ability depends crucially on the interactivity 
present in the laboratory exercise. Lack of such engage-
ment potentially leads to a lack of student interest in the 
subject matter and consequent difficulty in understand-
ing important concepts.

• Communication bandwidth Without the haptic chan-
nel, the quality and quantity of information conveyed 
through an interface is reduced, resulting in a reduced 
communication bandwidth. Haptics provides a medium 
to learn by doing, through first-person experience. Kin-
esthetic learners makeup about 15% of the population 
[6] and struggle to grasp concepts completely by just 
reading and listening. The 21st-century learners have 
already been exposed to a vast number of multimedia 
tools and technology. Specifically, the millennials (aka 
Generation Y) are adepts of these tools and very fond 
of them.

• 3D Representations The world around us is 3D. Subject 
areas with complex concepts need appropriate content 
delivery methods. Taking advantage of 3D visualization 
will broaden the communication bandwidth, increase 
interactivity, and promote engagement. For example, 
understanding theorems in 3D geometry, molecular 
structure in chemistry [7], and force vectors in physics 
relies greatly on depth perception and the ability to visu-
alize in 3D specific constructs.

This article is organized as follows. Section 2 presents 
related work providing a brief overview of haptics in edu-
cation. Section 3 briefly describes the main paradigms of 
Electromagnetism, focusing on the Lorentz Force. Section 4 
overviews, the simulator design, presenting the main com-
ponents of the simulator, followed in Sect. 5 by an assess-
ment plan and experimental setup. In Sect. 6 we present the 

experimental results and provide an interpretation based on 
statistical data analysis on the participants’ test results.

2  Multimodal visual/tactile in UI

As the education landscape is rapidly changing with the 
augmentation of multimedia and handheld devices, novel 
technologies like haptic feedback (tactile sense) are more 
frequently explored [8, 9]. Specifically embedding force 
feedback in simulations where force sensing can enhance a 
visual illustration, is being explored. It is beyond the scope 
of this article to provide a survey of haptic applications 
however, we will illustrate the innovative uses of haptics in 
education and training with a few examples.

Haptic systems have been proposed to aid in understand-
ing abstract concepts in physics like friction coefficients and 
forces on an inclined plane [10] and engineering dynamics, 
inertia [11]. More recently, mechanical concepts illustration 
using a visual/haptic simulator have surfaced. For exam-
ple, concepts like pulley systems and the linear acceleration 
increase based on the radius of the pulley are explored in 
[12]. Using a 2D visual component and a haptic device ena-
bles the user to virtually pull on a string attached to a pulley 
system and feel the forces acting on the string.

A game scenario involving haptics has been explored for 
training nurses [13] employing different types of surface 
simulations for the patient skin and surface skin wounds. 
Extensive use of haptic simulators in tasks that require force 
control, specifically in the medical field e.g., dentistry [14] 
has been heavily investigated. Moreover, many complex sys-
tems for medical training have been proposed for surgical 
training (deformable force-tissue simulations, internal organ 
palpation [15], needle insertion procedures, etc.) however, 
these are beyond the scope of this article.

Chemistry learning systems like Interactive Molecular 
Dynamics, allows users to manipulate molecules in a simu-
lation with real-time force feedback and a 3D graphical dis-
play [16]. They can feel the relative strengths of different 
intermolecular forces and understand from a 3D perspective 
the inter-atomic bonds and formation of molecules. Such 
“journeys” from macro to micro-level not only capture the 
student’s attention but also aid in the retention of informa-
tion. Pilot demonstrations with biology students using aug-
mented graphical models and tactile feedback to explore 
complex molecular structures support the hypothesis that 
this method provides an intuitive and natural way of under-
standing difficult concepts and phenomena [17]. A recent 
application in this direction is employing head-worn displays 
to explore and enhance organic chemistry instruction [18].

The National Aeronautics Space Administration (NASA) 
has also shown interest in the potential use of haptics in edu-
cational technology with the Learning Technologies Project 

Fig. 1  The basic principle of interaction through haptic devices

Author's personal copy



Journal on Multimodal User Interfaces 

1 3

at Langley Research Center being concerned with innovative 
approaches for supporting K-16 education. Pilot studies into 
the use of haptics-augmented simple machines have yielded 
positive feedback with 83% of elementary school students 
and 97% of college students rating the software “Somewhat 
Effective” to “Very effective” [19]).

A mentioned earlier, the kinesthetic learners, find it dif-
ficult to understand concepts by reading or listening [20]. 
Without the tactile channel, the quality and amount of infor-
mation conveyed through an interface is reduced, resulting 
in a narrower communication bandwidth and less efficiency 
during the learning process. Visuo-Haptic interfaces may 
provide a bridge for learners allowing them “learning by 
doing”, enriching the environment presented through visual 
and auditory modalities.

3  Application: electromagnetism

Electromagnetism is a branch of physics focusing on the 
study of the electromagnetic forces, a type of physical inter-
action that occurs between electrically charged particles. The 
electromagnetic force usually exhibits electromagnetic fields 
such as electric fields and magnetic fields and is a fundamen-
tal interaction in nature. Understanding the paradigms of 
electromagnetism is fundamental and constitutes important 
building blocks for understanding a variety of systems and 
phenomena (electric engines, current propagation, etc.).

3.1  The Lorentz force

The Lorentz force (named after Hendrik A. Lorentz, a Dutch 
Noble Prize physicist who derived the transformation equa-
tions underpinning Einstein’s theory of special relativity) is 
the force acting on a charged particle as it passes through 
electric and magnetic fields [21]. A charged particle in an 
electric field will always “feel” a force due to this field, while 
a charged particle in a magnetic field will only “feel” a force 
due to the magnetic field if it is moving relative to this field. 
These two effects are often studied separately at school but 
the sum of these two effects creates a force called the Lor-
entz force (as illustrated in Fig. 2)

Mathematically the Lorentz force is expressed as a vector 
product between the electric field intensity and the magnetic 
field intensity as follows:

where F is the force acting on a charged particle; q is the 
charge of the particle; E is the electric field intensity; v is 
the particle velocity and B is the magnetic field intensity

For a continuous charge distribution in motion, the Lor-
entz force equation becomes:

F⃗ = q

(

E⃗ + v⃗ × B⃗

)

where dF is the force on a small piece of the charge distribu-
tion with charge dq.

Lorentz force acts at right angles to both the magnetic 
field and the velocity of the particle. Various mnemonics or 
memory aids are used to help remember the direction of this 
force. The first field generates the electric force whose direc-
tion is in the direction of the electric field. The second field 
generates the magnetic force perpendicular to both velocity 
and magnetic field. The direction of the particle motion is 
then determined by Fleming’s Right-hand rule [22] as illus-
trated in Fig. 3.

Understanding the Lorentz force is an essential building 
block for the students’ further knowledge in the field and 
inverted classroom approaches have been investigated [23] 
to improve students’ understanding of these forces. However, 
challenges exist for the learners who do not easily grasp 
abstract concepts due to the 3D nature of the forces involved, 
as well as due to the orthogonality of the force vectors acting 
on charged particles in electromagnetic fields.

3.2  Teaching Lorentz force paradigms

One of the more confusing parts of electricity and magnet-
ism involves the implementation of the numerous “right-
hand rules” that determine the direction of forces or fields 
as illustrated in Fig. 3. An interface to practically experience 
and feel the Lorentz force on a charged particle moving in 
electric and magnetic fields while observing the directions 
of the field vectors might convey a better understanding of 

dF⃗ = dq(E⃗ + v⃗ × B⃗)

Fig. 2  The difficulty of representing 3D concepts in 2D-Lorentz force

Fig. 3  Fleming’s right-hand rule for determining the orientation and 
direction of the vectors
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the magnitude and direction of these forces. As a particle is 
moved through regions of space containing fields of each 
kind of varying strengths and directions, the tactile feedback 
from the device would help cement the ideas of velocity-
dependent forces and demonstrate the fact that a uniform 
magnetic field does not change the speed of a charged par-
ticle, but only its direction.

Although the action of a magnet on the beam in a cath-
ode-ray oscilloscope is an interesting illustration of this 
effect, there is no experimental setup that allows a student to 
“feel” what this force would be like for a variety of charges, 
field strengths, and velocities. After all, grabbing a charged 
particle in one’s hand is not possible.

The discussion of vector fields, such as the electric, 
magnetic, or gravitational fields, is further hindered by 
the inability to depict a 3D collection of objects which can 
themselves point in any combination of three perpendicular 
directions in space. The field due to some arrangement of 
charges, currents, or masses can be shown on a monitor and 
the resultant forces on another charge, current or mass can 
be felt via the haptic interface. A valuable extension of this 
idea would link the concepts of potential and field which are 
vital to a clear understanding of electricity, magnetism, and 
gravitation. We have found that students do not easily grasp 
the difference between potential and field, or the relation-
ship between them. We hypothesize that a simulation show-
ing a contour map of equipotential on a 2D or 3D display 
while allowing the student to feel the forces associated with 
the gradient of the potential would greatly aid the construc-
tion of the student’s mental model of the process. Hence we 
started brainstorming a visual-haptic interface that would 
facilitate such interactions.

4  Multimodal interface design

The goal of the simulator is to enable students to experi-
ence by feeling the invisible forces acting on the charged 
particle via the force feedback system. We believe a similar 
visual-haptic interface will evolve into affordable and flex-
ible platforms for hands-on learning that will promote deep 
conceptual understanding of abstract concepts not only in 
physics but in other areas too.

Three major learning styles have been proposed and affect 
student cognition: visual, auditory, and kinesthetic. Studies 
[24] confirm that learning styles are also combined and are 
dependent on the domain or subject area. We hypothesis that 
the visual-haptic simulator will provide:

• For kinesthetic learners. These are hands-on learners 
that use their sense of touch and learn through moving 
and touching [25], favoring doing rather than talking. 
These learners require active-learning exercises since 

moving and action help them focus better [26]. A visual-
haptic simulator will enable the inclusion of a variety of 
learners and learning styles.

• A high degree of simulation control. Experiments 
carried out with simulators can be controlled at a very 
detailed level and the recorded data provides insights into 
the details of the student’s actions during the simula-
tion (e.g., forces applied on the haptic device, position 
and orientation of the haptic pointer and time required to 
react to certain visual/haptic stimuli).

• An increased engagement. A game like scenario could 
stimulate students’ curiosity and would provide a deeper 
level of engagement in the laboratory experiments [27] 
and in learning complex paradigms [28] hence, we pro-
vided a 3D visual representation of the vectors for the 
electric and magnetic fields. The task of the student is 
to virtually “grab” a charged particle and “play” with it 
through electromagnetic fields of different intensity.

4.1  Gamification and the visual user interface

“A picture is worth a thousand words” and so is a pleasant 
learning experience. Nowadays, 82% of millennials are more 
likely to return to news sites that are visually stimulating 
[29]. Furthermore, articles with visuals have an 85% chance 
of being read by millennials. This generation Y and Z are 
more familiar with technology and gaming; hence gamifica-
tion is a known paradigm. As illustrated in Fig. 4 the action 
of virtually “grabbing” a charged particle is intriguing to the 
student. The paradigm of “grabbing” an object in the virtual 
space relies on visual cues—the pointer of the haptic device 
is associated with the location of the particle in 3D space. A 
simple sphere model was used to illustrate the charged par-
ticle and a set of arrows to denote the electric and magnetic 
fields visually.

The student has to compensate for the forces acting on 
the particle using the haptic device, and as she is doing so, 
using the visual cues for the vectors’ directions, she may 
better observe the relationship among the Lorentz equa-
tion components, specifically the force vectors direction, 

Fig. 4  A game scenario—student “grabs” a charged particle by hand 
and moves it through an electromagnetic field, feeling along the way 
the electromagnetic forces acting on it
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orientation, and magnitude. The event is timed and every 
time the student can follow a straight line by compensating 
for the Lorentz forces the number of points that she receives 
is increased. The game repeats 20 times under different sce-
narios with the goal for the learner to accumulate as many 
points as possible

The rationale for this gaming scenario is that, by under-
standing the relationships between the speed of the particle 
and the polarity of the fields involved, the student learns to 
estimate the Lorentz force direction, orientation, and mag-
nitude, allowing her to complete the move in a straight line.

The interactive animation obtained by moving the spheri-
cal particle through the electromagnetic field is rendered at 
30 Frames Per Second (FPS).

4.2  The haptic user interface

The haptic component is represented through the forces that 
act on the particle and are felt in the haptic user interface 
(HUI). The student feels a force pulling or pushing her hand 
as the particle is moved with various speeds through the 
electromagnetic fields. This force conveys to the student, 
through tactile cues, the direction, orientation, and magni-
tude of the force vectors involved. The student has to com-
pensate for the forces acting on the particle using the haptic 
device, and as she is doing so, the tactile and visual cues 
complement each other conveying a clear picture of the 
force’s amplitude and direction.

The force vector haptic implementation is based on the 
MagneticGeometryEffect in H3D with finely tuned con-
stants, empirically tuned to match the force feedback system 
employed [30]:

where:

• k is the springConstant and it is set to various values 
depending on the intensity of the magnetic field. The 
larger the value of springConstant the larger the force. 
A value of k = 400 will generate a force in the Falcon 
Novint™ of approximately 2.25 Newton (approx. 0.5 lbs 
of force).

• a is the startDistance, indicating the distance from the 
geometry where force starts to act on the haptic device.

<MagneticGeometryEffect DEF="MGE" 
startDistance="a" escapeDistance="b" 
springConstant="k"> 

<Extrusion spine="–0.05 –0.05 –0.05, 0 
–0.05 0, 0 0.05 0, 0.05 0.05 0" 

crossSection="0.01 0.01, 0.01 –
0.01, –0.01 –0.01, –0.01 0.01, 0.01 0.01"  

DEF="EXT"/> 
</MagneticGeometryEffect> 

• b is the escapeDistance, indicating the distance from 
the geometry that when exceeded will no longer gener-
ate any force effect on the haptic device.

Using the haptic and the visual cues for force vectors, 
and given time to anticipate the direction of the forces, 
we hypothesize that the student will understand better the 
relationship among the Lorentz’s equation components. To 
test the hypothesis, a comprehensive assessment method 
was designed and implemented.

5  Assessment method

To assess the efficiency of the simulator as an addition 
to traditional instruction, we proposed the deployment of 
this game-like visual-haptic scenario in a laboratory setup 
employing a set of haptic devices and a large number of 
participants.

5.1  Participants

The sample for the simulator assessment consisted of 92 
undergraduate students with non-physics background that 
volunteered for the study. Out of these, 84 participated 
in the experiments, with the remaining eight not being 
able to complete some of the tasks or being absent from 
one of the experimental stages. The 84 participants were 
aged between 18 and 27 years (Mean = 21.5, Standard 
Deviation = 2.1).

The participants were placed into 3 equal-number groups:

• The Control group (C): 28 participants, aged 19 to 27 
[M = 23.4, SD = 1.9]. These participants used traditional 
methods to learn about the Lorentz Force in the labora-
tory, through paper-based exercises in the lab.

• The Visual-Haptic group (VH): 28 participants, aged 
18 to 26 (M = 21.3, SD = 2.2). These participants used 
the visual-haptic simulator.

• The Visual group (V): 28 participants, aged 18 to 27 
(M = 22.3, SD = 2.1). These participants used the visual 
part of the simulator (no haptic/tactile feedback—the 
haptic device would act as a simple pointer on the 3D 
interface.)

To ensure uniformity in terms of previous performance, 
the distribution of students between groups was such that the 
combined Average GPA (AGPA) for each group was simi-
lar, with a small SD; (VH group AGPA = 3.05 SD = 0.21, 
V group AGAP = 3.03 SD = 0.22, C group AGPA = 3.06 
SD = 0.21).
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5.2  Materials

The Physics laboratory was used as the main location for 
deploying the haptics devices. Since the laboratory already 
had laptops with USB interfaces, the haptic device addi-
tion and configuration did not pose any major problems in 
terms of the hardware setup. The main issue was finding 
a proper location for the haptic device and ensuring that 
both right-handed students, as well as left-handed stu-
dents, could use the device. This issue was mitigated by 
adding a few more desks and increasing the tablespace in 
the laboratory.

5.2.1  Hardware and laboratory setup

Out of a myriad of haptic devices are available on the 
market today [31] we employed a popular and inexpen-
sive version: Falcon Novint™ [32], a desktop haptic robot 
device, also referred to as a “3D mouse”. Unlike expensive 
professional desktop haptic robots, the Falcon is marketed 
primarily as a gaming peripheral. The device consists of 
three motorized arms attached to an interchangeable end-
effector. As standard, this end-effector is a ball grip, but 
custom attachments such as a pistol grip are available for 
gaming scenarios. The device is connected to the computer 
system using a USB2 interface. Volume-wise the Falcon 
takes up to 9 × 9 × 9 inches of desk space and has 4x4x4 
inches of 3D touch space. The device can apply up to 2 lbs. 
of force (9 Newton) and can simulate the tactile feeling of 
objects to a sub-millimeter precision, having a refresh rate 
of about 1 kHz. We used a set of 16 devices and deployed 
them in a laboratory setup as illustrated in Fig. 5.

All systems had similar configurations; the laptops had 
a CORE i5 Quad-Core INTEL (2.4 GHz) Processors with 
8 GB of RAM and similar hardware components (GPU, 
peripherals, and storage devices) and software processes 
running.

5.2.2  Software for haptic device programing

Several frameworks and toolkits exist for haptic rendering 
e.g., CHAI [33], Open Haptics [34], SOFA [35] however, 
most are research-oriented or have a heavy learning over-
head. A comparative study of software APIs and frame-
works for haptic application development [36] chooses the 
Haptic 3D (H3D) API [30] as the frontrunner on several 
dimensions. H3D is dedicated to haptic modeling that 
combines the OpenGL and Extended 3D [37] standards 
with haptic rendering in a single scene graph that mixes 
haptic and graphic components. H3D is independent of 
haptic device multiplatform that allows audio and 3D ste-
reoscopic device integration. H3D is conceived to support 
rapid prototyping. For our application, the haptic-based 
component was written using Python [38] and the H3D. It 
is released under the GNU GPL license with commercial 
licensing options. While X3D provides the 3D graphics 
primitives for rendering, Python describes the applica-
tion’s user interface behavior and functionality. H3D 
facilitates rapid prototyping and supports a wide range of 
haptic devices. To distribute the application on all inter-
faces, we implemented an image-copy of all the required 
software libraries and their dependencies on a DVD and 
replicated that image across several computing systems.

5.3  Procedure

We present next the three steps required to complete the 
assessment: the pre-tests, the experiments execution, and 
the post-test together with the actions employed at each 
step.

5.3.1  Pre‑test

Before participating in the learning activity, the students in 
each group (C, VH and V) took a pre-test in the form of a 
questionnaire (25 questions, each 4% of the grade), to evalu-
ate their prior knowledge of the Lorentz force concept. The 
pre-test showed that most students had little or no knowl-
edge of the Lorentz force concept, with the average score 
being 18.07% (random chance would yield a score of 17%). 
Moreover, a t test on the group scores showed that there was 
no significant difference between the C, VH, and V groups 
in terms of their background knowledge of the Lorentz force 
concept. As illustrated in Fig. 6, most scored in the 10–25 
out of 100 failure score range.

An ANOVA and a two-tail t test on the pre-test scores for 
groups C and VH did not identify a significant difference 
between the groups (t = 0.08, p = 0.93). A t-test on groups C 
and V produced similar evidence (t = 0.04, p = 0.96).

Fig. 5  A laboratory setup with Falcon Novint™ haptic devices, aug-
menting existing systems
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5.3.2  Experiments execution

The experiments took place on two consecutive days. Day 
one, only students from the VH and V groups were invited 
in the laboratory to play a “space tennis” game using the 
haptic devices (as illustrated in Fig. 7). Space tennis is a 
3D haptic game scenario part of the H3D API. The pur-
pose of this practice was to improve the students’ famili-
arity with the haptic system, to reduce the cognitive load 
during the actual experiments. Students were able to use 
the device until they had no longer questions about the 
haptic interface or how the interface works.

Due to restrictions in equipment numbers (16 Visual-
Haptic working simulators in the laboratory; 14 used for 
experiments and 2 backups), groups VH and V were sub-
divided into two groups of 14. All subgroups undertook 
the same procedure.

Day two; all participating students were given a 50-min 
lecture on the Lorentz Force using traditional materials 
(textbook and associated materials). After a 10 min break:

• The students in the Control group (C) participated in a 
further 50-min traditional lab class, with the instructor 
solving different problems related to the Lorentz force 
phenomena whilst interacting with the students in the 
lab, asking and answering questions.

• The students in the Visual-Haptic group (VH) partici-
pated in a 50-min session of Visual-Haptic activities to 
feel and see the relationship between the force vectors 
and the electromagnetic fields (as illustrated in Fig. 8). 
Again, due to the number of available simulators, the 
students were subdivided into two groups of 14, with 
both sub-groups undertaking the same activities.

• The third group, the Visual group (V) participated in 
a 50-min session where each student used the Visual-
Haptic simulator with the Haptic component disabled. In 
this way, they could only see the 3D image of the game 
scenario without the ability to feel any force feedback 
in their arm. Basically, the haptic device acted as a 3D 
mouse in this scenario (as illustrated in Fig. 9).

While students were “playing” with the systems, three 
assistants were helping with small troubleshooting tasks to 
direct students’ focus on the concept understanding rather 
than the interface troubleshooting. Incidents were minor 
with only one of the simulator blocking during experiments, 
prompting us to deploy one of the backup systems with min-
imal interference with the learners’ working environment.

5.3.3  Post‑test

At the end of the experimental session, all participating 
students received a comprehensive test on concepts linked 
directly to the Lorentz force. The 60-min post-test consisted 
of a set of 25 questions; 15 multiple choice questions and 10 
essay type questions, each having an equal weight of 4% of 

Fig. 6  Pre-test score distribution

Fig. 7  Students play a “space tennis” game to get familiar with the 
haptic device

Fig. 8  VH group “playing” the haptic game

Fig. 9  V group—only visual, NO haptic feedback, but deep learner 
engagement
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the final grade. The test was taken by all students, in a class-
room setup. No calculator and/or haptic device was allowed 
during the examination.

6  Results and analysis

Pre and post-test scores were collected and anonymized (i.e., 
student names were replaced with an id from 1 to 28 fol-
lowed by the group identifier (C, VH, or V). An average 
grade, rounded up to the first 2 decimals, was assigned for 
each test based on the grades provided by two independent 
graders. Graders were not aware of the experiments, and 
the anonymized student id was used to reduce the potential 
for bias.

6.1  Post‑test scores analysis

The post-test scores indicate a significant increase in the 
participants’ knowledge of concepts associated with the Lor-
entz force, with an average overall score of 82.39% (random 
chance would yield a score of 18%). We observed a much 
larger variance in the test results, compared to the pre-tests 
(σ(C) = 3.36, σ(VH) = 3.24 and σ(V) = 3.01), with standard 
deviations on the post-test of σ(C) = 10.87, σ(VH) = 7.11 and 
σ(v) = 8.1 as shown in Fig. 10.

Clustering the Pre-test and Post-test results provides a 
relative view of the data on all three groups. As observed 
herein, the Post-test score has a larger variance, while the 

students scored consistently higher in all three groups with 
the VH group having the highest average (88 out of 100 
points) and the smallest STD of 7.11 in the Post-test group. 
The knowledge gain is clearly illustrated in Fig. 10 (right), as 
the overall scores significantly improved after lecture deliv-
ery, as expected. To further analyze the results group paring 
was necessary.

6.2  Analyzing the post‑test groups as pairs

Performing a t test on the post-test scores on the C and 
VH group identifies a significant difference (t = 4.78 and 
p < 0.001) which infers potential improvement in learning as 
a result of employing the Visual–Haptic simulator. A simi-
lar analysis between C and V groups shows that employing 
only the 3D visual component of the simulator may also 
significantly improve learning and subsequent outcomes 
(t = 2.6, p = 0.1, tcritical = 2). Interestingly, even the compari-
son between the V and the VH group points to a difference 
(t = 2.4, p = 0.2) providing some evidence that the tactile 
component might have an impact on the student comprehen-
sion of the forces electromagnetic forces involved.

A histogram of the post-test results for each group shows 
a clustering of the VH group closer to the 100% mark for the 
grade than the V and the C group, whilst the C group has a 
wider distribution further from the maximum as proven in 
Fig. 11.

7  Conclusion

From the early stages of infancy, human education includes 
learning about objects and world related paradigms with 
a hands-on approach. Frequently, to understand an object, 
we may simply hold it in our hands to get a sense of its 
size, weight, shape, and texture. Haptic interfaces allow us 
to apply force feedback to the skin and joints, simulating 
the user’s direct contact with virtual objects. Such expe-
riences are interpreted as touch sensations in conjunction 

Fig. 10  Top: pre and post-tests averages and σ. Bottom: Grades clus-
tering. Vertical—score out of 100, horizontal—student number

Fig. 11  Histogram of the post-test scores per group. Vertical—fre-
quency, horizontal—score
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with physical objects, even though the objects may be just 
a computer simulation. Users may feel different force types 
simulating a variety of surface types or direct forces on vir-
tual deformable or rigid objects.

This article presents the development and assessment of 
a gamified visual-haptic prototype, designed to promote a 
better understanding of abstract electromagnetism concepts. 
The focus is on the Lorentz force and on a game-like sce-
nario that gives the user the impression of physically grab-
bing a small charged particle and moving it across an elec-
tromagnetic field of varying polarity at different speeds. The 
graphical user interface accompanied by the haptic feedback 
provides cues to the direction, orientation and magnitude 
of different force vectors, conveying the participant a better 
understanding of the forces involved in the process.

Experimental results show improved scores for the partic-
ipants and provide an optimistic base for the development of 
such interfaces. However, this is a small-scale study targeted 
at a very narrow niche in electromagnetism with a limited 
number of participants. The study may have been influ-
enced by factors specific to the student groups, which are 
not immediately evident from the findings. It is also possible 
that experiences external to the course content and materi-
als delivery may have contributed to student test outcomes 
and opinions. Certainly, students in the VH and V groups 
have been very excited about the use and direct involvement 
with a haptic device, as they have not seen such a device 
before. This could have been a factor that contributed to 
their increased attention during the laboratory experiments 
as compared with the traditional physics laboratory. Of 
course, other abstract concepts might not be easily adapt-
able to a visual-haptic game scenario like the ones involving 
forces. In future experiments we plan to collect more data 
for the individual student profiles in terms of their mono or 
multimodal perception and their preferred learning styles.

As technology advancements in haptic and robotic tech-
nology bring haptic user interfaces closer, it may be wise to 
explore their potential in enabling novel simulation systems 
to empower teachers and provide learners with unique ways 
of understanding abstract concepts [39], as well as enhanc-
ing their engagement in class. While this technology does 
not replace traditional methods of content delivery, haptic 
interfaces can be seen as an augmentation that, if properly 
designed, could enhance participant learning and compre-
hension of complex concepts.
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