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Abstract

Opver the past decade, Serious Games (SG) and Immersive Virtual Reality (IVR) have gained increasing
interest in rehabilitation. However, in IVR the Head-Mounted Displays (HMDs) introduce limitations
such as nausea, eye fatigue, and accessibility constraints. As an alternative, low-immersion games
using standard monitors can be employed, though they sacrifice spatial correspondence during user
interaction with virtual objects. To address it, this paper presents the development of a SG for upper
limb (UL) rehabilitation, incorporating a custom wireless wearable device with vibrotactile haptic
feedback to restore spatial correspondence. By combining Leap Motion controller (LMC) based on
hand tracking, the system enables natural movement interaction in a closed kinematic chain, offering
a viable compromise between immersion and usability. Additionally, three virtual scenarios were
developed to train pronation/supination, pinch grip, ulnar/radial deviation, as well as wrist, elbow
and phalange flexion/extension. User experience (short AttrakDiff), workload (NASA-RTLX), usability
(SUS scale), and functionality were evaluated in healthy participants divided into two groups. Group
1 (n=13) used only LMC, while Group 2 (n=9) used LMC and the wearable device. The results shown
that the system was perceived as more functional in Group 2, in addition, an increase in usability
(from 74.71 to 80.83) and improvements in feedback, movement precision and quick response were
observed in this group. These findings indicate that the wearable device signicantly improves spatial
correspondence during interaction, making the system a promising option for motor rehabilitation in
desktop VR enviroments.

Keywords: virtual reality; digitalization; evaluation

1. Introduction

The UL plays a fundamental role in human autonomy, as its joints enable the execution of essential
movements required for daily activities. Due to its continuous use, the UL is highly susceptible to
injuries and pathologies that may compromise motor function, significantly impacting an individual’s
independence. Motor disability of the UL primarily arises from musculoskeletal disorders (such as
fractures, carpal tunnel syndrome, arthritis, and epicondylitis) and neurological conditions (including
stroke, cerebral palsy, spinal cord injury, multiple sclerosis, and Parkinson’s disease) [1,2].

According to the World Health Organization’s Rehabilitation Need Estimator, until the year 2021,
approximately 440 million prevalent cases of fractures were reported globally, with nearly 38 million
occurring in the Americas. In the case of cerebral palsy, an estimated 63 million individuals were
affected worldwide, including 3.7 million in the Americas. Stroke exhibited a global prevalence of 51
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million cases, with 1.9 million in the same region. Regarding osteoarthritis, 370 million cases were
documented globally, of which 31 million were located in the Americas [3].

Neurodegenerative diseases also represent a significant healthcare burden. Parkinson’s disease
affects approximately 5.4 million individuals globally, including 300,000 in the Americas. Similarly,
multiple sclerosis accounts for 1.5 million cases worldwide, with 82,000 cases reported in the Ameri-
cas [3]. Although the WHO Estimator does not provide specific details regarding impairments of the
upper limb, several studies have reported that fractures in this region are common across different de-
mographic groups, with the radius and ulna being the most frequently affected bones [4-7]. Stroke, in
turn, is one of the leading causes of functional impairment of the upper limb, with approximately 35%
of patients experiencing weakness during the acute phase and 22% presenting with mild to moderate
weakness [8]. In the case of pediatric cerebral palsy, 83% of cases involve upper limb impairment, and
69% of those present limitations in manual control [9].

Given the impact of these conditions on the upper limb, rehabilitation plays a crucial role in
restoring patients” independence and quality of life [10]. Therapeutic interventions focus on recovering
movement, coordination, and strength through guided repetitive exercises during physical therapy
sessions [11]. However, conventional rehabilitation faces challenges such as the lack of patient engage-
ment and motivation due to the monotonous nature of therapy sessions [12], highlighting the need for
appropriate strategies that promote active participation and foster patient interest in the rehabilitation
process.

In the medical field, Virtual Reality (VR) is used to reduce costs and enhance quality across various
applications, including diagnosis [13], education [14-18], rehabilitation [19,20], and telemedicine [21].
Among these, rehabilitation has emerged as one of the most prominent areas of application, second
only to education. Within the context of rehabilitation, VR has proven to be a valuable tool in motor
rehabilitation, offering interactive environments that promote the repetitive execution of therapeutic
exercises in a more engaging and motivating manner. In particular, the integration of SG into VR-based
rehabilitation has proven especially effective. By incorporating gamification elements that stimulate
interest and commitment, SG not only enhances the overall user experience but also improves treatment
adherence. For instance, their implementation has been associated with improved UL function and
increased patient participation [22].

On the other hand, the design of SG aimed at UL rehabilitation must consider the specific
movements and motor skills targeted during therapy. In this regard, Kai-Lun Liao et al [23] developed
three mini-games, each focused on a particular type of UL movement. The purpose of this system is to
encourage patient engagement through the performance of interactive tasks that promote treatment
adherence. Moreover, authors implemented the user-centered design approach, which is essential
to identify and address the specific requirements of the target population. This strategy enables the
customization of virtual environment (VE) content, the adaptation of game mechanics, and the delivery
of meaningful feedback, thereby meeting therapeutic needs without compromising the quality of the
user experience [24,25].

In addition, natural interaction devices serve as key tools for integrating VR and SG into upper
limb rehabilitation. Natural User Interfaces enable intuitive interpretation of human body move-
ments through depth sensors and specialized cameras, as found in devices such as the Kinect and
LMC [26]. These technologies capture the user’s natural motion, facilitating smoother interaction with
VE specifically designed for therapeutic rehabilitation.

The integration of the LMC into rehabilitation systems has shown multiple benefits, particularly in
improving the accuracy of upper limb gesture acquisition and enhancing user immersion during motor
tasks [27,28]. For example, Angela Aguilera-Rubio et al. [27] developed a virtual reality intervention
protocol based on activities of daily living, supplemented with conventional rehabilitation exercises.
In this context, the LMC was employed as the primary interaction device to promote motor function
recovery in patients with post-stroke sequelae. The results of these studies underscore the feasibility
and therapeutic potential of the LMC as a tool for VR-based rehabilitation.
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In recent years, multiple SG have been specifically designed for upper limb rehabilitation using
the LMC. These developments aim to improve motor skills through the controlled execution of targeted
movements, offering an engaging and complementary alternative to traditional physical therapy. For
example, the study by Cuesta-Gémez et al. [29], in which a game composed of six interactive scenarios
was developed to enhance coordination and dexterity in patients with multiple sclerosis. These
scenarios replicate conventional exercises—such as wrist flexion and extension—within an immersive
VE that fosters patient engagement.

Similarly, Cabrera Hidalgo et al. [30] developed a video game using the Unity graphics engine,
focused on enhancing hand—eye coordination and fine motor skills in children. The high precision
of the LMC sensor enabled detailed tracking of phalangeal movements, as well as palm and wrist
positioning, thus providing enriched motor feedback. Another work is the RehabHand system,
proposed by A. de los Reyes-Guzman et al. [28], which comprises seven VR applications designed
to stimulate manipulative skills in patients with spinal cord injuries. These applications enable the
execution of motor tasks through precise, real-time tracking of hand movements captured by the LMC.

On the other hand, adopting a playful-musical approach, Shah et al. [31] developed a VE inspired
by the video game Guitar Hero, aimed at improving fine motor skills of the upper limb. The game
engages patients through music playback, during which musical notes appear and must be reached
using specific gestures. The system recognizes movements such as wrist extension and hand opening,
using the initial position of the fist as a reference point. Additionally, it incorporates rhythmic auditory
feedback to reinforce the association between stimuli and motor responses. Prior to each session, an
individualized calibration process is conducted to adapt the system to the patient’s range of motion,
thereby ensuring a personalized and therapeutically effective experience.

For their part, Mukhopadhyay et al. [32] proposed a series of interactive games combining the use
of Kinect and Leap Motion Controller to enhance upper limb movement coordination and precision.
These games aim to transform repetitive exercises into engaging activities, reducing monotony and
promoting treatment adherence. Finally, Maldonado et al. [33] developed a serious game using Oculus
Rift and Leap Motion Controller, designed for the rehabilitation of children with cerebral palsy. The
game consists of a VE in which patients must identify and hit objects by launching virtual balls
from their hands. During each session, the system records detailed performance metrics, including
the number of throws, movement accuracy, and total activity time. These data allow therapists to
individually monitor patient progress and dynamically adjust therapeutic strategies.

These studies highlight the effectiveness of the LMC as a natural interaction device in the design
of serious games for upper limb rehabilitation. Its ability to accurately capture hand movements,
combined with its integration into virtual environments, enables the development of innovative,
personalized, and engaging therapeutic experiences.

Although some of the aforementioned developments incorporate immersive VR, most choose
for desktop VR systems, where interaction primarily occurs through a monitor. This choice aims to
mitigate side effects commonly associated with immersive VR, such as fatigue, nausea, and dizziness,
which may arise during or after use, and in some cases, persist for days or even weeks, potentially
hindering the adoption of this technology [34,35].

However, desktop VR lacks the ability to provide peripheral imagery, as visualization is restricted
to the screen width. As a result, this limitation can affect spatial correspondence, i.e., the relationship
between the user’s physical movements and their representation within the VE. This correspondence
is essential to ensure that real-world actions are accurately reflected in the virtual world, enabling
more natural and effective interaction.

It has been demonstrated that haptic feedback enhances the sense of immersion in virtual envi-
ronments. This type of feedback is generally classified into two main categories: kinesthetic and tactile.
Kinesthetic feedback provides information regarding the user’s body position and movement, with
force feedback being one of its most common applications [36].
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Tactile feedback, on the other hand, can be divided into three subcategories: electrotactile, thermal,
and vibrotactile. Vibrotactile feedback employs vibratory actuators or motors in contact with the user’s
skin to deliver sensory information. Since electrotactile and thermal feedback can potentially cause
irritation or discomfort, vibrotactile feedback is the most widely used in VR applications [37].

This work presents the development of an upper limb rehabilitation system that integrates
a virtual reality tool based on SG, an optical hand-tracking device LMC, and a custom wearable
device with vibrotactile feedback. This integration enables users to perform closed kinematic chain
movements, which contributes to improving spatial correspondence within the VE. Moreover, the
environment was designed following User-Centered Design principles, allowing for the creation of a
first functional prototype of the system, including both the VE and the vibrotactile device. Subsequently,
a preliminary evaluation was conducted with healthy users, focusing on functionality, usability, and
mental workload.

It is worth mentioning that, unlike previous developments lacking haptic feedback, such as
those proposed by Aguilera-Rubio et al. [27], De los Reyes-Guzman et al. [28], Shah et al. [31], and
Mukhopadhyay et al. [32], this work implements vibrotactile haptic feedback with the aim of enhancing
user interaction with the VE by enabling the execution of closed kinematic chain movements and
improving the spatial correspondence between real and virtual actions.

This article is organized as follows: Section 2 presents the materials and methods used for the
development of the VR system, including the collection of user requirements, the design of virtual
scenarios, and the development and integration of the custom wearable device. Section 3 describes the
system evaluation protocol with preliminary experiments. Section 4 reports the results related to user
experience, system usability, and mental workload. Section 5 discusses the findings and conclusions of
the study.

2. Materials and Methods

The system integrates a VE designed with gamification principles to promote UL rehabilitation
through engaging tasks. It incorporates a wearable device that delivers vibrotactile feedback and uses
the LMC for optical hand tracking, enhancing user interaction and spatial correspondence within
the VE. Additionally, this work was carried out in four stages: i) identification of UL rehabilitation
movements, for which key motions were gathered through questionnaires administered to physical
therapists at the State Center for Rehabilitation and Special Education (CEREE) in Toluca, Mexico; ii)
the design and development of the virtual scenarios and the wearable vibrotactile feedback device; iii)
the integration of the custom wearable device into the virtual environment; iv) and evaluation of the
user experience with the system.

2.1. User Requirements

To define the exercises implemented in the VE, a survey was conducted with 20 physiothera-
pists from the CEREE. The survey was divided into two sections: the first gathered information on
key aspects of conventional rehabilitation, including the most common conditions treated, session
frequency and duration, and the rehabilitation techniques used. The second section focused on the
use and perception of VR tools in clinical practice. Therefore, the results of the survey indicated that
the most frequently treated patients had fractures or sequelae of cerebrovascular disease affecting
the UL. Other reported diagnoses included burns, multiple sclerosis, and carpal tunnel syndrome.
Less frequently, cases of rheumatoid arthritis, brachial plexus injury, radiculopathies, rotator cuff
tendinopathy, Guillain-Barré syndrome, and painful shoulder were also noted. Then, based on this
information, the exercises for the virtual scenarios were designed.

In addition, the specialists mentioned that the duration and frequency of the sessions depend on
the patient and their diagnosis. Generally, a conventional session lasts between 45 and 60 minutes,
with a frequency of 2 to 3 sessions per week. In virtual reality therapy, sessions are reduced to 30
minutes. Initially, 10 sessions are scheduled, and the number is adjusted according to the patient’s
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progress. Breaks, lasting between 5 and 15 seconds, are set based on the patient’s pain tolerance and
fatigue.

2.2. Virtual Environment Design

During the development of the rehabilitation system, various tools and devices were used. The
Unreal Engine (UE) version 4.27 game engine was employed for designing the virtual environments and
programming the task mechanics. This platform allows block-based programming through the use of
Blueprints, and as open-source software, it has extensive documentation and an active community that
facilitates problem-solving and access to shared tools such as plugins. Moreover, the “Ultraleap Hand
Tracking Plugin” was used to link the LMC device with the virtual environment, as it serves as the
main input device for user-interface interaction.

The LMC version one device was used as the interaction interface with UE. According to the
manufacturer’s specifications, when placed on a desk, its tracking area has an inverted pyramid
shape with a range of up to 60 cm [38]. However, this position limits tracking effectiveness, as it
forces the user to keep their arm raised, causing fatigue when seated at the desk. For this reason, the
device position was reversed, mounting it on an elevated base that allows a greater tracking range
and expands the interaction area limits. Empirically, it was determined that the actual range, without
significant loss in tracking relevant hand points, is approximately 80 cm. It is worth noting that its
precision is 0.2 mm during static tracking and decreases to 1 mm during dynamic tracking [39].

Figure 1 shows the general diagram of the proposed system’s operation. The user must place
their hand below the LMC device to allow tracking of the performed movements, which are displayed
on the computer screen running the VE that provides visual and auditory feedback, and based on the
user’s actions (such as collisions with objects or error detection), it also delivers vibrotactile feedback.

Visual feedback

Auditory feedback

Movement "“"——11 Hand Position

$)

Collision
obstacles

Vlbrotactlle
haptic feedback

Figure 1. Proposed system with its components.

It should be mentioned that the design of the VE included a user interface and three virtual
scenarios, each with three levels of difficulty and a specific task mechanic.

2.2.1. Graphical User Interface (GUI)

According to the user-centered design approach, the VE is intended for two types of users:
physical therapists and patients requiring upper limb rehabilitation.
The GUI follows the workflow described below:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1.  Login: The physical therapist enters their username and password.
Patient registration: A new patient is registered (name, age, sex, diagnosis), or an existing patient
is selected. Clinical observations can also be added.

3. Settings: Parameters such as game mode, sound, and the selection of scenarios and difficulty
levels are configured.

4. Game mode selection:

a) Both hands: The game starts with the right hand and switches to the left hand halfway
through the level.
b) Single hand: The UL to be used for the exercises is selected.

5. Scenario and level selection: The user can choose from four gameplay options:

a) By game: A single scenario with its three difficulty levels.

b) By level: All three scenarios at a single difficulty level.

c) Game and level: A specific scenario and desired difficulty level.
d)  Play all: All scenarios and all levels.

6.  Tutorial and virtual scenarios execution: Before starting the game, users watch five short video
tutorials. The first is a general overview shown before any scenario begins. The remaining four
explain how to perform the exercises for each scenario. Bubbles includes two tutorials: one for
the easy level (12 seconds) and another for the intermediate and advanced levels (13 seconds).
The Maze tutorial lasts 24 seconds, and the Fish tutorial lasts 41 seconds. After each tutorial, the
corresponding scenario starts based on the selected settings.

7.  End of session: A summary is displayed showing the patient’s name, ID, number of correct
actions, errors, and session duration.

2.2.2. Virtual Scenarios

Based on the survey, three virtual scenarios were defined, each with three levels of difficulty,
designed to fulfill the movement requirements of conventional rehabilitation for UL:

1. Bubbles: Set in a flower field, bubbles of varying sizes and colors appear. In the easy level,
bubbles float horizontally; in the intermediate and advanced levels, they fall vertically like
raindrops. Each level involves different tasks:

a) Easy: Users must pop bubbles (large or small) as instructed, using a pinch gesture, thumb
to index finger. Successfully popping bubbles increases the score. Movements include
metacarpophalangeal flexion and slight interphalangeal flexion, which are commonly
employed in UL rehabilitation exercises.

b)  Intermediate and Advanced: Users collect bubbles and sort them by color into containers.
The forearm must be supinated to catch a bubble and pronated to release it. Movements
include forearm pronation/supination. Difficulty increases with the number of bubbles
(two in intermediate, four in advanced) and the speed of appearance.

2. Maze: The scene features a 3D maze on the far wall of a room. Users guide a virtual hand through
a sequence of spheres representing the solution path to reach a diamond. Once the diamond is
obtained, a new level is automatically generated with a different trajectory, i.e., longer and more
complex maze paths, with varying shapes and sizes. Movements involve elbow and shoulder
flexion, and metacarpophalangeal flexion-extension.

3. Fish: Set in a marine environment, users control an orange fish using wrist and elbow movements.
The goal is to collide with point-gaining objects (bubbles, starfish) while avoiding harmful ones
(rocks, sharks). Sensitivity settings adjust the fish’s response speed, allowing customization to the
user’s range of motion. Higher levels increase the number, type, and speed of incoming objects.
Moreover, as the levels progress, both the speed at which objects approach and the number and
variety of objects increase. Table 1 shows the objects present in each level of the Fish scenario.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2 illustrates the movement of the pawn represented by the fish (a manipulation metaphor)
based on the user’s executed motions. For ulnar and radial deviation of the wrist, the direction of
the pawn’s movement changes depending on whether the left or right UL is used. For the rest
of the movements flexion/extension of wrist and elbow, the resulting displacement is the same
with either hand. Initially, the user must place the wrist in a neutral position, with the forearm in
pronation, the elbow semiflexed, and the arm positioned close to the side of the body.

Table 1. Objects present in the Fish scenario.

Level Desired objects Undesired objects
1 - Starfish - Rocks
T
3 - Starfish - Rocks
- Bubbles - Sharks
Collision outcome Increases the number of hits. Increases the number of errors.

Table 2. Fish movement based on upper limb joint actions.

Movements Left UL Right UL

Wrist

Ulnar deviation =~ Moves to the left Moves to the right
Radjial deviation Moves to the right Moves to the left
Flexion Moves downward

Extension Moves upward

Elbow

Flexion Moves backward

Extension Moves forward

Table 3 shows the final visualization of the three designed scenarios. In the screenshot of each
scenario, the top section displays the current level, accumulated score, and elapsed time. Additionally,
an instruction box appears in the bottom-left corner to guide users during the interaction. In the
Bubbles and Maze scenarios, a virtual hand is used as the manipulation metaphor, while in Fish, the
metaphor is represented by an orange fish.

2.3. Wearable Device Design

A custom wearable device was designed in the form of a bracelet, integrated with a 3D printed
enclosure housing the electronic components, including an embedded system based on Arduino
NANO, a Bluetooth module, a charging module, and a battery. The bracelet (secured using two
adjustable straps) features two vibration motors that deliver vibrotactile feedback upon receiving a
PWM signal from the Arduino NANO. This feedback enables the user to perform closed kinematic
chain movements, enhancing proprioception by aiding in the localization of virtual objects. Figure 2
shows the wearable device worn on a participant’s arm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Developed Virtual Scenarios.

Scenario Movements

¢ Pinch (metacarpophalangeal flexion and
slight interphalangeal flexion).
¢  Forearm pronation-supination.

Instructions

Recolectalas burbujas en'sii contenedor.

Maze: Easy level.

! NIVELI ’
= W
I N
8

e Shoulder flexion-extension.
e  Elbow flexion-extension.
*  Metacarpophalangeal flexion-extension.

. Ulnar and radial deviation.
e Wrist flexion-extension.
e Elbow flexion-extension.

N ¥ o * "
£ X % | "g;\
ok ‘ e
-
The Arduino NANO board is powered by 5 V supplied from an MT3608 step-up regulator, that is
connected to a 3.7 V lithium battery. In addition, a TP4056 charging module is included to recharge the

battery.
As shown in Figure 3, communication between the wearable device and the VE in UE is achieved

through the Universal Asynchronous Receiver-Transmitter (UART) serial communication protocol.
Two HM-10 Bluetooth modules configured in a master-slave setup are used, operating at a frequency
of 125 Hz (9600 baud) with an 8 byte transmission message. The master Bluetooth module is connected
to the Arduino NANO, while the slave module interfaces with the PC via a serial-to-USB adapter.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Bracelet

Figure 2. Designed wearable device with the 3D printed enclosure and bracelet.

BRACELET

MOTOR 1 MOTOR 2

- MT3608
Y MODULE

I | WIRELESS
TP4056 ARDUINO NANO BLUETOOTH 4.0
MODULE
ENCLOSURE ‘
WITH
ELECTRONICS HM-10 BLE MASTER

Figure 3. Block diagram which represents the electronic connections and communication of the wearable device
with the PC.

HM-10 BLE SLAVE

It is important to highlight that, to enable interaction between the wearable bracelet and the VE,
the following components were implemented in UE: (1) a “Serial COM” plugin specifically designed
for Arduino and (2) a Blueprint for collision detection. These two components allow UE to transmit
data to the Arduino NANO upon detecting collisions with objects in each scenario (bubbles, spheres,
rocks, starfish, sharks, diamonds, walls, or workspace boundaries). Upon receiving this input, the
embedded system sends an 8-bit PWM signal to one or both vibrotactile motors. In this configuration,
UE sends a digital message (e.g., 140 activates one motor; more than 150 activates both motors; in
all cases, the duty cycle can be adjusted within UE) to trigger a specific PWM signal on the Arduino
NANO. As a result, the user perceives different vibration intensities and patterns depending on
the object involved in the collision. Table 4 correlates scenarios and actions that trigger vibrotactile
feedback.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 4. Vibrotactile feedback provided by the wearable device based on user actions.

Scenario Actions

Bubbles  Popping bubbles, collision with bubbles, depositing in containers.
Maze Collision with spheres, collecting diamonds, collision with the back wall.
Fish Collision with desired and undesired objects, workspace limit.

Figure 4 shows the final integration of the components comprising the developed virtual reality
rehabilitation system. The system was implemented on a Dell computer equipped with an Intel Core
i7 processor, 16 GB of RAM, and an NVIDIA GeForce GTX 650 Ti graphics card.

Leap Motion Controller

Figure 4. Final integration and components of the rehabilitation system.

3. Preliminary Experiments

To evaluate the system’s performance, 26 healthy participants aged between 18 and 45 years old
were recruited. Participants were divided into two groups. In Group 1, 15 participants used the system
without the wearable device; however, only 13 assessments were considered valid after discarding two
due to factors that affected performance during testing, such as technical errors. Similarly, in Group 2,
where the complete system (Leap Motion Controller with wearable device) was used, two evaluations
were also excluded from 11 assessments.

3.1. Evaluation Protocol Description

Since this project requiered evaluating the user experience in healthy participants, and in this stage
of the project was classified as minimal-risk research, it has been followed the principles established
in the Declaration of Helsinki and the Regulations of the General Health Law on Health Research
(Title Two: Ethical Aspects of Research in Human Subjects, Chapter I, Article 17). Moreover, authors
submitted the protocol which has been approved by the Research Ethics Committee of the Faculty
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of Medicine, Autonomous University of the State of Mexico with number of register 008.2025 (see
Appendix A).

It is worth mentioning that participants with a history of upper limb injuries were excluded. The
entire session from the initial explanation to the completion of the final part of the questionnaire, lasted
approximately 40 minutes. Moreover, the session was divided into two parts: one using the dominant
hand and the other using the non-dominant hand. In the first part, which lasted about 19 minutes,
the participant played all levels of each scenario. In the second part, which lasted approximately 2
minutes, the participant played only the final level of the Fish scenario.

Prior to participation, all individuals were first informed about the duration of the test, the
study’s objectives, and the content of each session. They received a comprehensive informed consent
form detailing the objectives of the research project, the interaction process with the VE, the testing
procedure, and the confidentiality of data, which would be used exclusively for research purposes. If
they agreed to participate, they signed the form.

To ensure clear understanding, an explanatory video was provided (click here to open the video
link) illustrating the system’s functionality and demonstrating user interaction with the VE, such as a
general overview of the scenarios, levels, exercises, and mechanics involved.

Afterwards, a questionnaire consisting of three sections was designed to collect participant
feedback. Prior to starting the first experimental session, participants were asked to complete the first
section of the questionnaire. The remaining sections were administered during the experiment, as
described below. The three sections of the questionnaire are described as follows:

*  The first section (given before starting the test) collects demographic information from the partici-
pant, including their level of computer proficiency, experience with video games and VR, as well
as prior use of optical motion trackers. This data enables an analysis of whether these variables
are associated with user performance in the VE.

*  The second section (given after each scenario during the test) consists of a table with six questions
to assess the mental workload of each scenario using the NASA Task Load Index (NASA TLX). The
dimensions evaluated are: mental demand, physical demand, temporal demand, performance,
effort, and frustration level. The first three relate to the task’s imposed workload, while the latter
three pertain to the user’s interaction with the task. Each dimension is rated on a scale from
1 to 100, where 1 indicates a very low level and 100 a very high level. The Raw NASA TLX
version [40] was used, as it allows for comparison of individual dimensions without assigning
weights, thus avoiding the loss of relevant information. Additionally, as supported in [41], this
version facilitates simpler application and contributes to more accurate responses.

e  The final section (administered at the end of the test) explores the user’s experience with the
system. It comprises four subsections: the first assesses the user’s interest in the system as well as
its aesthetic and pragmatic qualities through the short version of the AttrakDiff questionnaire,
consisting of 10 pairs of opposing adjectives selected according to the user’s perception.

The second subsection includes 10 questions based on the SUS scale [42] to assess system usability.
Additionally, authors also include questions and statements (Table 5) to evaluate aspects such as
physical discomfort, enjoyment of the scenarios, and the information provided by the VE.

The remaining two subsections aim to identify specific errors encountered during the tests,
whether within the VE or while using the wearable device, and to recognize opportunities for
improvement.
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Table 5. Questions and statements included in the SUS questionnaire table.
Question Keywords
Is the information provided by the virtual environment clear? Clear information
Do the on-screen movements make sense in relation to my own? Coherence
I liked the game environments. Pleasant VE

Did you experience any physical discomfort or pain while using the system? Physical discomfort
Did you experience any visual or auditory discomfort while using the sys-

Other discomfort
tem?
I successfully completed the activities. Satisfaction
I felt motivated to finish the games. Motivation
I think that vibration modes are distinguished according to the actions per- ., .
formed. Vibration

Before starting the session, participants were given time to familiarize themselves with the
system using the Bubbles scenario. The duration of this familiarization phase depended on each
participant. The goal was to ensure proper hand placement under the LMC device, help them identify
the interaction area, and observe how their movements were represented in the virtual environment.
This phase was not timed to create a relaxed, pressure-free atmosphere.

Next, the first part of the session began, using the participant’s dominant hand with the Bubbles,
Maze, and Fish scenarios, in that order. After completing the third level of each scenario, a brief pause
was taken to complete the second section of the questionnaire. Then, the tutorial for the next scenario
was shown before continuing.

For the second part, the researcher reconfigured the system to enable control with the non-
dominant hand and selected the “By game and level” mode, choosing the third level of the Fish
scenario. Upon completion, participants were asked to complete the third and final section of the
questionnaire.

3.2. Experimental Testing

Functionality tests were conducted using two groups. The first group used the system without the
integration of the wearable device, while the second group tested the complete system. Furthermore,
computer proficiency was assessed using a self-reported scale ranging from 0 (low experience) to 10
(high experience), This information was used to characterize participants’ technical background in
both experimental groups.

1. Group 1 (System without Wearable Device): This group consisted of 6 men and 7 women. Regarding
educational background, 8 participants were undergraduate students, 4 were master’s students,
and 1 was a PhD student.

Based on the data collected in the first section of the demographic questionnaire, participants
rated their computer proficiency as follows: two rated themselves as 9, one as 8.5, six as 8, three
as 7, and one as 6. Weekly computer usage was reported as follows: four users between 1 and 10
hours, two between 11 and 20 hours, four between 21 and 30 hours, and three for more than 40
hours per week.

Regarding video game usage, six participants reported playing seldom, three occasionally, and
four frequently. Finally, eight participants were familiar with VR and had previously used a
VR system. One participant was familiar with the LMC; in contrast, five participants reported
knowledge of the Kinect sensor.

2. Group 2 (Complete System): This group included 4 men and 5 women. Regarding educational
background, six participants had completed high school, two held a bachelor’s degree, and one
held a master’s degree.

Based on the data collected in the first section of the demographic questionnaire, participants
rated their computer proficiency as follows: two rated themselves as 9, two as 8, one as 7, and
four as 6. Weekly computer usage was distributed as follows: two participants reported between
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10 and 20 hours, three between 21 and 30 hours, three between 31 and 40 hours, one between 41
and 50 hours, and one for 60 hours per week.

Regarding video game usage, one participant did not play video games, three played seldom,
two played occasionally, and three played always. Lastly, eight participants were familiar with
VR, and five of them had previously used a VR system. No participants were aware of the LMC
or had previously used it; in contrast, six had interacted with the Kinect sensor.

4. Analysis of Results

To assess the subjective perception of the VR system, participants completed the short AttrakDiff
questionnaire, which evaluates both pragmatic and hedonic qualities of interactive products. Also,
to evaluate the cognitive and physical demands associated with each VR scenario, NASA-TLX was
employed, which captures perceived workload across six dimensions. Finally, system usability was
evaluated with the System Usability Scale, providing a global score of ease of use, learnability, and
user satisfaction associated with the system.

4.1. User Experience with the AttrakDiff-Short Questionnaire

Figure 5 shows the results of the AttrakDiff questionnaire, comparing user perceptions of the VR
system with and without the wearable device. Overall, both system configurations obtained positive
values across most word pairs, indicating that the VR system was generally perceived as usable and
acceptable, even without the wearable device. This suggests that the Leap Motion-based interaction
alone provides a functional and understandable interface for upper limb rehabilitation tasks.

However, the system with the wearable device (Group 2) consistently achieved higher positive
scores across all evaluated dimensions. In particular, it was perceived as more simple, practical, and
clearly structured, reflecting strong pragmatic quality. Additionally, it stood out in hedonic aspects,
being described as more premium. In terms of overall appeal, users rated it as more good compared to
the version without the device.
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Figure 5. AttrakDiff Word-Pair Diagram for the Upper Limb Rehabilitation System Evaluation.

In contrast, the system without the wearable device (Group 1), although positively evaluated,
received comparatively lower ratings and occasionally approached negative perceptions such as
cheap, uncreative, or complicated. These findings indicate that, while both systems are functional, the
integration of the wearable device not only enhances system functionality but also significantly enriches
the user’s subjective experience by improving engagement, perceived quality, spatial correspondene,
and interaction realism, making the system more intuitive and attractive.
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Based on the results shown in Figure 5, the system type representation presented in Figure 6
was obtained. The VR system with the wearable device (represented in blue) was positioned within
the desired region, indicating that users perceived it as both highly functional and attractive. This
positioning reflects an optimal balance between pragmatic quality (task effectiveness) and hedonic
quality (user engagement), which characterizes an ideal user experience.
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Figure 6. System type representation according to the AttrakDiff evaluation.

In contrast, the VR system without the wearable device (represented in orange) was located
in the self-oriented region. Although this system was generally perceived as functional, its position
suggests a less engaging experience, mainly limited by reduced pragmatic quality. Consequently,
further improvements in task support and interaction effectiveness are required for the system to
reach the desired region, which, according to the results, can be achieved through the integration of the
wearable device.

4.2. NASA-TLX Workload

Figure 7 presents the average scores obtained for each dimension across the three virtual envi-
ronment (VE) scenarios for both Group 1 and Group 2. These results allow for the evaluation of the
cognitive and physical demands associated with each VR scenario.

Regarding the Mental demand dimension, Group 1 reported average scores of 43.46, 37.69, and
50.76 in the Bubbles, Maze, and Fish scenarios, respectively. As can be seen, Group 2 obtained values
of 30.55 in Bubbles, 36.66 in Maze, and 40.55 in Fish, Group 1 reported higher mental workload in the
first and third scenarios, while a slight decrease is observed in the Maze scenario when the wearable
device is used. According to previous studies, scores between 30 and 50 are considered suitable for
medium-complexity tasks that require sustained attention while avoiding mental fatigue [43-45]. It is
worth mentioning that keeping a low mental demand is particularly important in rehabilitation tasks,
especially during the early learning phase, as high mental demand in VR applications can compromise
motor learning [46].

In the Physical demand dimension, Group 1 reported average scores of 60.38 in Bubbles, 64.61 in
Maze, and 74.07 in Fish, whereas Group 2 shown lower scores across all scenarios, with values of 47.77,
56.11, and 55.55 for the Bubbles, Maze, and Fish scenarios, respectively. These results indicate a higher
perceived level of physical exertion in Group 1 compared with Group 2. The values obtained in Maze
scenario indicate higher physical demand, associated with the involvement of multiple joints (shoulder,
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elbow, and phalanges), as well as with the wide range of the interaction area, which allows the
execution of movements with greater amplitude. Similarly, the Fish scenario, which demands precise
and controlled movements, was associated with higher perceived physical demand in Group 1 when
controlling the pawn (represented by the fish). In contrast, Group 2 reported lower physical demand
in this scenario when using the wearable device with vibrotactile feedback, which was associated with
fewer compensatory movement patterns related to physical fatigue.
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Figure 7. Average scores by dimension (mental, physical, temporal, effort, performance, frustration) from the
NASA RTLX questionnaire.

Regarding Temporal demand, Group 1 shown average scores of 63.53 in Bubbles, 45.38 in Maze, and
57.15 in Fish, whereas Group 2 obtained values of 48.88, 26.66, and 41.66 in the Bubbles, Maze, and
Fish scenarios, respectively. Lower temporal demand values were consistently observed in Group
2 across all three scenarios. It is worth noting that the average scores obtained in the Maze scenario
were lower for both groups compared with the other two scenarios, as level progression time depends
on the speed at which the user performs the task. In contrast, in the Bubbles and Fish scenarios, level
progression time is predetermined. According to [47], Temporal demand typically ranges from 14 to
61.5 and increases with task speed and resistance. Lower levels of urgency or time pressure have
been shown to facilitate sustained engagement with the activity, which is particularly beneficial in
rehabilitation contexts, as it reduces the likelihood of disengagement and supports task completion.

The results for the Effort dimension indicate that Group 1 consistently perceived a higher level of
effort than Group 2 across all scenarios. In the Fish and Bubbles scenarios, Group 1 reported higher
levels (70 and 78.07, respectively), whereas Group 2 (in Fish and Bubbles scenarios) reported moderate
effort values (45 and 52.77). A similar trend was observed in the Maze scenario, where Group 1
reported (57.46) higher effort compared to Group 2 (45.55), although both groups remained within a
moderate range. Overall, these findings suggest that the use of the wearable device was associated
with a reduction in perceived effort, potentially indicating a more efficient interaction with the virtual
environment.

For the Performance dimension, the results indicate comparable perceived performance between
both groups in the Bubbles and Fish scenarios. In Bubbles, Group 1 obtained an average score of 58.07,
while Group 2 scored 58.88, showing nearly identical perceptions of task success. Similarly, in the Fish
scenario, both groups reported close values, with Group 1 scoring 49.61 and Group 2 scoring 56.11.
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In contrast, a more pronounced difference was observed in the Maze scenario. Group 1 reported an
average score of 54.61, whereas Group 2 obtained a lower score of 38.88. Since lower scores in this
dimension indicate a higher perceived level of performance, these results suggest that participants in
Group 2 perceived their task execution in the Maze scenario as more efficient. This dimension reflects
how successful participants felt when completing the tasks; values closer to zero indicate a higher
perception of performance, whereas values approaching 100 represent poorer perceived performance.
According to [41], intermediate scores such as those observed in this study indicate that participants
did not perceive complete success, but also did not experience a strong sense of failure. In this context,
the relatively higher Performance scores observed in Group 2 in the Bubbles and Fish scenarios indicate
a less favorable perception of task performance, despite successful task completion. This outcome may
be related to the subjective nature of the Performance dimension, as well as to the time-constrained
execution characterizing these scenarios, which may increase participants’ sensitivity to minor errors
or deviations and influence their self-assessment of performance.

Finally, for the Frustration dimension, the results reveal a differentiated pattern across scenarios.
Lower levels of frustration were observed in Group 2 for the Bubbles (26.66 vs. 36.92 in Group 1) and
Fish (32.84 vs. 20.55 in Group 1) scenarios. These results suggest that the integration of the wearable
device contributed to reducing negative emotional responses during interaction, likely by improving
movement guidance, spatial correspondence, and feedback clarity. In contrast, in the Maze scenario,
Group 1 reported lower frustration levels (21.92) compared to Group 2 (30.9). This difference may
be associated with the higher cognitive and motor coordination demands imposed by the Maze task,
where the additional vibrotactile feedback could have increased attentional load or task awareness in
Group 2, leading to a higher perception of frustration despite improved performance.

Overall, the results indicate that participants in Group 2 experienced lower frustration in two
out of the three evaluated scenarios, even in cases where perceived performance was not consistently
higher. This pattern suggests greater tolerance to task difficulty and reduced self-imposed pressure
when interacting with the complete system. Conversely, Group 1, although reporting comparable or
better perceived performance in some scenarios, exhibited higher frustration levels, which may be
related to increased expectations, reduced sensory feedback, or greater sensitivity to errors during task
execution.

4.3. System Usability Scale (SUS)

Tables 6 and 7 report the individual SUS scores obtained by participants in Group 1 and Group 2,
respectively, and Figure 8 summarizes the corresponding group averages within the standard SUS
acceptability and adjective rating scales. Group 1 (system without the wearable device) achieved an
average SUS score of 74.42, which is above the widely used benchmark value of 68 and is therefore
classified as good usability [48]. When the wearable device was integrated, Group 2 reached a higher
average SUS score of 80.83. According to the interpretation shown in Figure 8, both averages fall
within the acceptable range; however, Group 2 shifts toward a higher adjective rating (from good toward
excellent), indicating a clear improvement in perceived usability when using the complete system.

Table 6. SUS Results — Group 1.

User 1 2 3 4 5 6 7 8 9
SUS 87.5 82.5 70 52.5 85 52.5 62.5 72.5 82.5
Score

User 10 11 12 13

SUS 275 g5 70 90

Score

Average: 74.42
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Table 7. SUS Results — Group 2.
User 1 2 3 4 5 6 7 8 9
SUS 75 825 825 85 85 70 825 80 85
Score

Average: 80.83
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Figure 8. Comparison of average SUS scores by adjective ratings and overall acceptability range.

Regarding the statements and additional questions included in the SUS questionnaire, the results
are presented in Figure 9. Group 2 exhibits a higher concentration of positive responses, particularly
in the categories Clear information, Consistency, and Pleasant VE, where ratings of Strongly agree pre-
dominate. These results indicate that participants perceived the information presented in the virtual
environment as clear and coherent, and that the movements performed were consistent with those
displayed on screen. Overall, Group 2 shows fewer negative responses compared to Group 1.

In contrast, Group 1 displays a more dispersed response pattern, with a greater tendency toward
negative ratings such as Disagree and Strongly disagree, especially in aspects related to Satisfaction,
Motivation, and the perception of discomfort. It is worth noting that although some participants in
Group 2 reported experiencing physical discomfort, this factor did not significantly affect the overall
evaluation of the system. Taken together, these findings suggest that the integration of the wearable
device contributes to a more positive and consistent user experience.
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b a b
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(TN [
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Questlons

I Stongly agree N Agree I Neutral [ Disagree [N Strongly disagree |

Users

Figure 9. Additional questions to the SUS questionnaire.

Figure 10 presents the results of the general system evaluation based on participant perception.
When using the complete system (Group 2), none of the evaluated features received the lowest rating (1,
poor), whereas Group 1 recorded poor ratings in 9 out of the 13 assessed features. This contrast indicates
a more consistently positive perception of the system when the wearable device was integrated. The
most relevant characteristics are discussed below.
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In Group 2, the feature Experimental learning received the highest ratings, followed by General
feeling, with most scores ranging between 4 and 5. Similarly, participants in Group 1 also assigned high
scores to Experimental learning; however, ratings for General feeling were more variable, ranging from 2
to 5. Experimental learning reflects the system’s ability to support learning through practice, whereas
General feeling describes participants’ emotional state after completing the tasks, with lower ratings
indicating stress or frustration and higher ratings reflecting curiosity or calmness.

For the Feedback feature, which evaluates the quality of information provided to the user, Group 2
obtained more positive ratings. This improvement can be attributed to the inclusion of vibrotactile
feedback, which complemented the visual and auditory feedback available in Group 1.

Regarding Movement precision, defined as the perceived similarity between users’ physical gestures
and their visual representation on screen, Group 2 received higher ratings than Group 1, indicating a
clearer correspondence between action and visual feedback.

Group 1 (LMC without wearable device)

Group 2 (LMC with device)
f f

Characteristics

I cad N2 [T 4 [ Good

Figure 10. General system evaluation according to the perception of the participants.

In terms of Spatial correspondence, which refers to how effectively feedback supports the identifica-
tion of the relative position of virtual objects within the manipulation metaphor, Group 2 demonstrated
a notable improvement. The vibrotactile feedback enhanced spatial perception within the virtual
environment, allowing participants to identify object locations with greater accuracy.

Finally, for the Quick response feature, understood as the ability of both the virtual environment
and the wearable device to respond promptly to user actions—participants in Group 2 reported a
clearer sense of immediacy, which contributed to smoother and more fluid interaction.

Overall, the results obtained from the SUS, AttrakDiff, and NASA-TLX evaluations provide a
consistent and complementary assessment of the proposed system. The SUS results indicate that both
configurations achieved acceptable usability levels, with a clear improvement when the wearable
device was integrated. This improvement is further supported by the AttrakDiff analysis, where the
complete system was positioned in the desired region, reflecting a balanced combination of pragmatic
quality and hedonic appeal, while the system without the wearable device remained in a more self-
oriented region. Finally, the NASA-TLX results reveal that the inclusion of the wearable device
generally reduced perceived workload, frustration, and temporal pressure, while improving perceived
performance in key scenarios. Together, these findings suggest that the wearable device not only
enhances usability but also positively impacts user experience and interaction quality, resulting in a
more efficient, engaging, and user-centered virtual rehabilitation system.

5. Discusion and Conclusions

The results obtained in this study allow a comprehensive discussion of the proposed system
from the perspectives of usability, user experience, and perceived workload. The evaluation outcomes
directly address the objectives established in Section 1, particularly the assessment of whether the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1817.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1817.v1

19 of 27

integration of a wearable vibrotactile device improves interaction quality and user experience in a
virtual environment for upper-limb rehabilitation.

From a usability standpoint, the SUS results indicate that both system configurations achieved
acceptable usability levels. However, the system incorporating the wearable device consistently
outperformed the baseline configuration, reaching higher usability ratings and a more favorable
adjective classification. This suggests that while Leap Motion-based interaction alone is sufficient
to support task execution, the addition of vibrotactile feedback provides a clearer and more efficient
interaction paradigm.

The AttrakDiff evaluation further supports this observation. Participants interacting with the
complete system positioned it within the desired region, reflecting a balanced combination of pragmatic
quality and hedonic quality. In contrast, the system without the wearable device was perceived as more
self oriented, indicating that although it was functional, it lacked elements that promote engagement
and emotional involvement. These findings highlight the relevance of hedonic factors in rehabilitation
oriented virtual environments, where sustained motivation and engagement are essential.

Workload related results obtained through the NASA-TLX questionnaire provide additional
insight into user interaction. In general, participants using the wearable assisted system reported lower
levels of frustration, temporal demand, and perceived effort across most scenarios. Even in tasks where
performance differences were not pronounced, reduced frustration suggests greater tolerance to task
difficulty and a more comfortable interaction experience. This is particularly relevant in rehabilitation
contexts, where excessive cognitive or temporal pressure may negatively affect adherence.

A key factor underlying these improvements is spatial correspondence. The results show that
vibrotactile feedback significantly enhances the perception of alignment between real and virtual ac-
tions, allowing users to identify the relative position of virtual objects with greater accuracy. Improved
spatial correspondence not only contributes to better task execution but also strengthens immersion
and confidence during interaction. These findings reinforce the role of multimodal feedback especially
haptic cues in improving interaction quality within desktop based virtual rehabilitation systems.

Despite these advantages, some limitations were identified. In certain scenarios, such as the Maze
task, the addition of vibrotactile feedback may increase attentional demands, leading to slightly higher
perceived frustration. This suggests that feedback intensity and task complexity must be carefully
balanced to avoid cognitive overload, particularly in more constrained or precision oriented tasks.

This work presented the design and evaluation of a wearable-assisted virtual system for upper
limb rehabilitation. Integrating Leap Motion based interaction with vibrotactile feedback. The experi-
mental results demonstrate that the inclusion of the wearable device leads to consistent improvements
in usability, user experience, and perceived workload, fulfilling the primary objectives of the study.

The combined analysis of SUS, AttrakDiff, and NASA-TLX evaluations confirms that the wearable
device enhances interaction quality by enriching feedback, improving spatial correspondence, and
reducing frustration and temporal pressure during task execution. While the baseline system already
provides acceptable usability, the complete system achieves higher usability ratings and a more
favorable balance between pragmatic and hedonic qualities, resulting in a more engaging and intuitive
user experience.

From a broader perspective, these findings underline the importance of incorporating haptic
feedback into virtual rehabilitation environments, particularly in desktop based systems where immer-
sion is otherwise limited. The proposed system demonstrates the potential of wearable vibrotactile
devices to strengthen the perception of real virtual alignment and support more natural and effective
interaction.

Nevertheless, this study represents an initial validation of the proposed approach. Future work
will focus on further miniaturization of the wearable device to reduce weight and visual impact, as well
as on refining feedback strategies to better adapt to task complexity. In addition, closer involvement
of clinical specialists and future clinical validation studies will be essential to assess the system’s
therapeutic effectiveness and its impact on motor rehabilitation outcomes.
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Finally, it is important to emphasize that the proposed system is intended as a complementary tool
to conventional physical therapy rather than a replacement for healthcare professionals. It supports
rehabilitation processes by improving engagement, interaction quality, and user experience in virtual
environments designed for motor rehabilitation.
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The following abbreviations are used in this manuscript:

CEREE State Center for Rehabilitation and Special Education
GUI Graphical User Interface
HMDs Head-Mounted Displays
IVR Immersive Virtual Reality
LMC Leap Motio Controller
NASA TLX NASA Task Load Index
NUI Natural User Interface

SG Serious Games

SuUS System Usability Scale
UE Unreal Engine

UL Upper Limb

VE Virtual Enviroment

VR Virtual Reality
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Appendix C. Informed Consent (English version)

AUTONOMUS UNIVERSITY OF THE STATE OF MEXICO
BACHELOR’S DEGREE IN MEDICAL BIOENGINEERING

DEVELOPMENT OF A VIRTUAL ENVIROMENT USING SERIOUS GAMES
AND LEAP MOTION FOR UPPER LIMB REHABILITATION

INVESTIGACION: Evaluacién del funcionamiento del sistema y la usabilidad de la
interfaz de usuario del Entorno Virtual para la rehabilitacion de miembro superior.

Investigadores: L.B.M. Estrella Rubi Sanchez Nava (UAEM), M.C.Il. Monserrat Rios
Hernandez (UAEM), Dr. Juan Manuel Jacinto Villegas (UAEM).

CONSENTIMIENTO INFORMADO

Before deciding whether or not to participate, you should read and understand each of the
following paragraphs. Please feel completely free to ask any questions about any aspect that
may help clarify your doubts.

Researchers L.B.M. Estrella Rubi Sanchez Nava, M.C.l. Monserrat Rios Hernandez, and Dr.
Juan Manuel Jacinto Villegas from the Faculty of Engineering invite you to participate in a
research project whose objective is to evaluate the performance of a virtual reality system,
measure user experience, and obtain honest feedback regarding its development. The
researchers aim for this development to support the rehabilitation process of patients who, due
to injury or iliness, require recovery of upper limb mobility.

If you agree to participate in the study, the following will take place:

You will complete a testing session using the developed system, which consists of an optical
hand-tracking device, a vibrotactile armband, and a virtual environment. During the test, you
will interact with the system by placing your hands beneath the optical tracker, which will be
presented by the researcher. This device provides the virtual environment with positional data
for both hands, which you will be able to visualize on the screen. Depending on the actions you
perform, the virtual environment provides vibratory feedback through the armband, which must
be worn on the forearm of your dominant hand. To understand how the system works, an
explanatory video will be shown to you. Additionally, the environment includes tutorials that will
allow you to become familiar with the mechanics of each game. Any questions should be
communicated immediately to the researcher.

At the beginning of the session, the researcher will explain the purpose of the project and the
nature of your participation. Likewise, all points included in this informed consent will be
explained, and you will be allowed to ask any questions you deem necessary. After being
informed about your participation and having read this document, you will be given a
questionnaire. Prior to the test, you will be asked to complete the first section, which aims to
collect information related to your demographic data and your experience with computers,
video games, and virtual reality.

Subsequently, you will be able to interact with the virtual environment. First, you will be asked
to use your dominant hand. The session will consist of playing three different scenarios, each
with three levels of difficulty. Upon completing the tasks, a pause will be taken between each
game so that you may complete the second part of the questionnaire. While you are completing
the questionnaire, the researcher will configure the system to conduct the final part of the
session, which will be performed using your non-dominant hand.
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AUTONOMUS UNIVERSITY OF THE STATE OF MEXICO o
BACHELOR’S DEGREE IN MEDICAL BIOENGINEERING
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DEVELOPMENT OF A VIRTUAL ENVIROMENT USING SERIOUS GAMES
AND LEAP MOTION FOR UPPER LIMB REHABILITATION

At the end of the session, you will complete the third part of the questionnaire, which will allow
the identification of your experience with the system and potential improvements that may be
implemented.

All information you provide for this study will be treated as strictly confidential. It will be used
exclusively by the project’s research team and will not be available for any other purpose. The
results of this study will be published for scientific purposes; however, they will be presented in
such a way that you cannot be identified, thereby safeguarding your privacy and identity.

Participation in this study is entirely voluntary, and you will not receive any financial
compensation. During the activity, you may experience mild discomfort or fatigue due
to the use of the armband. You are free to decline participation or to withdraw from the
study at any time by simply notifying the researcher of your decision. If you so request,
all personal data collected will be removed from the study.

If you have any questions, comments, or concerns regarding the project, please contact the
researchers responsible for the study.

Contact information: esanchezn003@alumno.uaemex.mx, 7123052361;
mriosh623@alumno.uaemex.mx, 722 412 5233;
jmjacintov@uaemex.mx, 55 1867 0186.

If you agree to participate in the study, we will provide you with a copy of this document, wich
we kindly ask you to sign.

Participant's Name Date: _/ /

| authorize session recording (yes/no)

Signature:

THIS SPACE HAS BEEN LEFT BLANK INTENTIONALY
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