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Abstract

Achieving adherence to physical exercise training is essential in elders and adults with neuro-
logical disorders. Immersive technologies are seeing wide adoption among new neurorehabil-
itation therapies, as they provide a highly effective motivational and stimulating component.
The aim of this study is to verify whether the developed virtual reality system for pedaling exer-
cise is accepted and could be safety, useful and motivating for these populations. A feasibility
study was conducted with patients with neuromotor disorders and elderly people from Lescer
Clinic and the residential group Albertia, respectively. All the participants performed a pedaling
exercise session with virtual reality platform. Then, the Intrinsic Motivation Inventory, the Sys-
tem Usability Scale (SUS), Credibility and Expectancy Questionnaire, were assessed in the
group of 20 adults (mean age = 61.1; standard deviation = 12.617, 15 males and 5 females)
with lower limb disorders. While the Simulator Sickness Questionnaire, Presence Question-
naire, Game user Experience Satisfaction Scale and SUS were assessed in the group of 18
elders (mean age = 85.16; standard deviation = 5.93, 5 males and 13 females). In light of the
outcomes, PedaleoVR is considered to be a credible, usable and motivational tool towards
adults with neuromotor disorders to perform cycling exercise, and therefore its usage could
contribute to adherence to lower limb training activities. Moreover, PedaleoVR does not gener-
ate negative effects related to cybersickness while the sensation of presence and the degree
of satisfaction generated have been positively evaluated by the geriatric population. This trial
has been registered at ClinicalTrials.gov under the identifier: NCT05162040, Dec 2021

Introduction

The most frequent causes of sudden neurological injuries and lower limb disorders (LLD) are
trauma and stroke [1]. Regarding the rehabilitation of locomotion after spinal cord injury or
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stroke, there has been considerable controversy and debate about the efficacy of the different
approaches used [2]. New approaches propose an adaptation of therapy to the patients’ motor
learning process [3-5]. Although the referenced literature focuses on the rehabilitation of cere-
brovascular patients, due to the extension of this field, the idea of adapting therapy to the
motor learning process can be equally applied to patients with other neurological lesions in a
way that therapeutic exercises are combined with stimulating environments.

According to the statistics of the Eurostat, “in 2019, more than one fifth (20.3%) of the
European Union (EU) population was aged 65 and over” [6]. Moreover, the growing pace of
elderly segment population is concerning, since the EU population over 80 years is projected
to increase from 5.8% to 14.6% to 2100 [6]. As it is well-known, population undergoing an
aging process eventually suffers a series of neurophysiological events that affect the loss of
muscle mass, strength and balance control, causing falls in the elderly [7]. Often, those who
suffer a fall must undergo long periods of rehabilitation to get full recovery, affecting their
dependence in their daily lives. Indeed their functional situation has an impact on the quality
of life of these patients [8]. With the determination to reduce the rate of falls, several scientific
studies agree that physical exercise can help to attenuate the incidence of the so-called age-
related conditions [9]. More effective interventions based-on personalized exercises for the
patient and designing physical training programs can improve the muscle strength and bal-
ance, alleviating the decline in mobility in the elderly [10].

For both populations, patients with LLD and elderly people, a common interest is identi-
fied: the need for training tools to encourage physical activity to improve motor control, stabil-
ity in gait function and lower limb strengthening. Regarding regular physical activity (PA)
therapies for these populations, there are more and more PA interventions that propose pedal-
ing activities, since the use of exercise bikes presents an affordable cost for patients and they
are simple to use [11]. However, most of the programs that promote pedaling as a practice for
physical strengthening do not offer real-time progress information to clinicians due to the lack
of standard definition, follow-up protocols and quantifiable indices of functional improvement
[12, 13]. On the other hand, in terms of emerging technologies applied to this area, immersive
technologies stand out. Their potential lies in the ability to generate controlled and personal-
ized immersive environments where the movements made by the patient can be captured and
objectively quantified. Through immersive environments to the therapy makes potential
motor learning a transparent process for the user. Moreover, modifying different sensory
aspects of the learning environment can influence motor behavior [14]. In the course of thera-
peutic programs, adding simple sensory stimulation could improve sensory and motor func-
tion in neurological patients [15]. Latest studies have focused on demonstrating that stimuli
environments-based physical training facilitates the recovery of motor function in neurologi-
cal patients [16, 17]. Exergames technologies, such as Nintendo Wii"or Kinect™, are widely
used to stimulate older adults in initiating or maintaining physical activity [18]. These technol-
ogies have had a rapid adoption in this field due to its low-cost, but also they are relatively sim-
ple to install and use [19, 20]. In addition, exergames with computers as well as virtual reality
clearly provides a positive motivational aspect for physical activity [18, 20]. These rehabilita-
tions based on immersive technologies increase patient motivation by allowing to perform
physical activities in virtual environments (VEs), providing the patient feedback on the goals
achieved. All these strategies are based on task repetition, which increases intensity and ten-
sion during exercise and facilitates motor learning and neuroplasticity [21].

To the authors’ knowledge, even the use of these interactive technologies does not always
guarantee better outcomes in PA by themselves, it can be assumed that they enhance adher-
ence to training programs and physical activity, which has a positive effect on motor function-
ing on the older adults and patients with LLD. The importance of motivation itself in every

PLOS ONE | https://doi.org/10.1371/journal.pone.0280743  February 22, 2023 2/20


https://doi.org/10.1371/journal.pone.0280743

PLOS ONE

Usability study of VR cycling platform for lower limb rehabilitation

physical field is undeniable, but in neurorehabilitation, the use of interactive technology and
exergames-based system have proven to be effective to motivate persons with disabilities to
perform exercise [22]. But whether the use of these technologies is fully accepted by this popu-
lation more than other tools to perform physical exercise and how motivating are they per-
ceived is being explored recently by some authors [22-24]. And their conclusions call for more
evidence to support their tentative conclusions. The researchers of this study developed a
novel virtual reality platform designed to achieve greater adherence to cycling exercise through
the use of gamification strategies and user motivation [25] for adults with LLD and older
adults. Due to these good results in the technical validations, the researchers understand that
the developed tool will be used by the population of people with motor disorders if they find it
motivating and useful for their rehabilitation process, while it will be used by the adult popula-
tion if they positively tolerate this technology and are satisfied with its use. Thus, the research-
ers wish to validate the following hypotheses:

o Do patients with LLD see this virtual reality platform for pedaling as a positive value for their
rehabilitation? Does the use of this virtual platform provide them with motivation for physi-
cal exercise pedaling?

To address these questions we hope to gain information on credibility and intrinsic motiva-
tion ratings.

« Do adults accept virtual reality technology as a tool for pedaling physical activity? Are they
satisfied with using this platform?
To address these questions we expect to gain information on satisfaction, sense of presence,
and user experience ratings.

« Do both populations find the platform design easy to use? To address this question we hope
to validate the tool from a usability point of view.

In general, it is expected to validate the characteristics of virtual reality in this platform for
the promotion of the approximate pedaling activity from two different populations that could
find in its use a potential benefit. Then, in the present study, the differences between the two
populations are known and respected by the authors. The intention is not to compare them
but to evaluate how the same VR platform for the promotion of the pedalling activity can nur-
ture relevant aspects of use for each population. Therefore, the data from each case are shown
separately throughout the Results and Discussion sections.

Materials and methods
Participants

The participant screening protocol was based on the following inclusion and exclusion criteria
applied by the physicians of the Lescer Clinic and Albertia. Inclusion criteria were: (1) individ-
uals were eligible if they had been prescribed pedalling exercise as treatment for lower limb
training or rehabilitation (2) They also had to be able to perform a pedalling session with vir-
tual reality technology.

Exclusion criteria were: (1) an insufficient cognitive state, in particular, presence of demen-
tia or mild cognitive impairment; (2) an unbound bone fracture; (3) severe disorders of vision
and/or audition (inability to perceive visual and/or auditory information coming from virtual
reality); (4) whose clinical record ruled out any incompatibility with the use of a virtual reality
system.

The CONSORT diagram (Fig 1) shows the participant flow through the study, including
enrollment, experimental intervention and analysis. As it is depicted in Fig 1, finally eighteen
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Elderly People

|| Patients with LLD

Enrollment

Enrollment -
‘ Assessed for eligibility (n= 23) Assessed for eligibility (n= 22)

Allocation

Excluded (n=5) Excluded (n=1)
+ Not meeting inclusion criteria (n=3) + Not meeting inclusion criteria (n=0)
+ Declined to participate (n=2) + Declined to participate (n=1)
+ Other reasons (n=0) + Other reasons (n=0)
Allocation

Allocated to intervention (n=18)

+ Received allocated intervention (n=18) +» Received allocated intervention (n=21)
+ Did not receive allocated intervention (n=0) + Did not receive allocated intervention (n=0)

Allocated to intervention (n=21)

Follow-U l

Discontinued intervention (n=0)

Follow-U l
Lost to follow-up (n=0)

Discontinued intervention (decease) (n=1)

Analysed (n=18)

+ Excluded from analysis (decease) (n=0) + Excluded from analysis (decease) (n=1)

Analysed (n=20)

Fig 1. CONSORT flow diagrams of the elderly people from Albertia Servicios Sociosanitarios and patients with lower limb disorders from Lescer Clinic.

https://doi.org/10.1371/journal.pone.0280743.9001

elder participants from Albertia met these criteria (5 males and 13 females, mean aged = 85.16
(standard deviation = 5.93)) and provided written consent to be enrolled onto the study. Like-
wise, 21 participants from Lescer Clinic met these criteria and provided written informed con-
sent to be enrolled onto the study, but only 20 participants completed the study (15 males and
5 females, mean aged = 61.10 (standard deviation = 12.62)). Participants with neurological
pathologies were diagnosed with (6) ischemic strokes, (1) hemorrhagic stroke, (1) thalamic
stroke, (1) internal capsule stroke (3) traumatic brain injury (TBI), (1) Parkinson syndrome,
(1) mixed axonal neuropathy with sensory demyelination, (1) progressive multifocal leukoen-
cephalopathy, (1) secondary obstructive hydrocephalus, (1) angioma avernosus hemorrhage,
(1) hemiprotuberancial hemorrhage—cavernoma, (1) ataxia and (1) cerebral artery aneurysm.
The clinical conditions, gender and age of the participants are shown in Table 1.

Procedure

All the participants gave written informed consent, in accordance with the Research Ethics
Committee of Universidad CEU San Pablo (approval code: 550/21/51). Additionally, the pro-
tocol of the study was registered at Clinicaltrials.gov with reference: NCT05162040. The pri-
vacy rights of human participants were observed at all times.

Prior to starting the pilot and completing the questionnaires, written informed consent was
obtained, and the participants read instructions of the questionnaires.

First, a practical explanation of familiarization with the instrumentation is carried out,
aimed at acquiring basic skills in the use of the virtual reality environment synchronized with
the pedaling task. The ‘Landscape Flight” scenario was used for the familiarization trial since it
is the most peaceful VE of all three and it has fewer distracting elements. Then, a pedaling
exercise is performed on a static pedaling ergometer synchronizing the physical activity with
the visual feedback of the virtual reality application. Two pedaling sets of 5 minutes each are
performed, with 1 minute rest between sets. All the participants underwent both sets of ped-
alling with the ‘High Flight’ VE. This scenario infuses greater sensation of dynamism due to
the displacement of the clouds, the speed of the plane’s movement and the speed of the propel-
ler. Moreover, the appearance of animated elements such as birds, other planes and fog banks,
along the route, are elements that can captivate the user’s attention, increasing their sense of
presence. Once the exercise task was completed, several questionnaires were administered by a
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Table 1. Socio-demographic and clinical characteristics of patients from Lescer Clinic by gender, age and clinical

condition.

Gender Age Clinical Condition
M 59 Hemorrhagic stroke
M 39 Thalamic stroke
M 75 Traumatic brain injury
M 45 Cerebral artery aneurysm
F 71 Ischemic stroke
M 57 Ischemic stroke
F 88 Ataxia
M 71 Internal capsule stroke
M 39 Severe traumatic brain injury
M 62 Ischemic internal carotid stroke
M 77 Axonal mixed neuropathy with sensory demyelination
F 64 Angioma avernosus hemorrhage
M 53 Ischemic stroke
M 53 Ischemic stroke
M 62 Ischemic stroke
M 58 Hemiprotuberancial hemorrhage—cavernoma
F 72 Traumatic brain injury
M 56 Progressive multifocal leukoencephalopathy
M 72 Parkinson syndrome
F 49 Ischemic stroke

https://doi.org/10.1371/journal.pone.0280743.t001

researcher to evaluate the experience of the patients with LLD and the elderly participants with
PedaleoVR. In the case of the elderly, the cybersickness survey was taken before and after the
use of PedaleoVR. All responses of all the questionnaires were subsequently digitized and the
paper questionnaires filed.

Virtual reality cycling platform

A lower extremity motor training platform has been developed for adult patients with
impaired control due to neurological damage and older adults using an immersive virtual real-
ity system that establishes a progressive and individualized training program based on the
rehabilitation of gait function.

PedaleoVR implements extrinsic feedback strategies, gamification by levels, and personalis-
ing of the sessions with the aim of achieving greater adherence to the users’ pedaling exercise
sessions. Its immersive nature means an increase in the feeling of “presence”, generating an
impact on the subject’s involvement in achieving the training objectives.

Description of the VR platform: PedaleoVR. PedaleoVR consists of two parts: a sensing
system which integrates micro-controller unit (MCU), inertial measurement unit (IMU) and a
Bluetooth module, and a virtual rehabilitation training scene, as shown in Fig 3. This VR sys-
tem is based on the communication of pedaling data and surrounding information to the con-
trol computer. The data transmission from the inertial sensors to the Oculus Quest 2 head-
mounted display (HMD) is established via Bluetooth. The VR platform supports the data pro-
cessing of pedaling cycles, speed and distance traveled of each user and the transmission of
these values to the immersive scenarios.

The motion capture system for pedal kinematic analysis to be used is the ENLAZA™ sensor
from Werium Assistive Solutions, due to the proven reliability of its ROM measurements at
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PANEL DE CONTROL

Fig 2. Pilot session with subjects with neuromotor disorders. (A) Participant using the virtual cycling platform. (B) Capture of the first-person view of the virtual

scenario ‘High Flight’.
https://doi.org/10.1371/journal.pone.0280743.9002

the cervical [26], wrist and elbow joints [27]. The ENLAZA™ sensor module contains an iner-
tial measurement unit (IMU) with 9 degrees of freedom, which integrates a 3-axis accelerome-
ter, a 3-axis gyroscope and a 3-axis magnetometer. The sensor also includes a Bluetooth
module (2.4 GHz) through which the IMU data is sent to the virtual reality device.

Virtual scenarios. The PedaleoVR was developed using Unity3D Game Engine software.
In total, 3 virtual games were developed. These VR scenarios generated for this therapy con-
sists of controlling the forward movement of a vehicle by pedaling. Thus, the user is placed
inside the vehicle’s cabin and visualizes the session data on the control panel (Fig 2).

The whole virtual platform consists of two main spaces. Firstly, there is a standby area
where the user logs in him/her-self in the system, his/her ranking records are displayed and
he/she can select the game ambience where to perform the pedalling session. The next space of
this experience consists of the three games with different ambience scenery (see Fig 3). (i)
Game High Flight: the navigation vehicle is a light aircraft and the flight environment is the
sky; (i) Game Landscape Flight: the navigation vehicle is a light aircraft and the flight envi-
ronment is a canyon valley; (iii) Game Sailing Night: the navigation vehicle is a fishing vessel
and the sailing environment is the sea.

Visual biofeedback. The system implemented in the VR platform evaluates every second
the average pedaling speed of the last 3 seconds with respect to the target speed. A threshold of
acceptance of the instantaneous speed is set at £15% of the target speed. Higher values are con-
sidered too fast and lower values too slow, so pop-up messages are generated to moderate or
increase the pedaling cadence accordingly. Motivational messages are displayed when the user
maintains an adequate pace.

Measurements

All assessments were performed by the researchers of the study. The following 6 questionnaires
were used for the corresponding assessments of each group of participants, neurological
patients and elderly people. The datasets used and/or analysed during this study are available
at the address specified in the Supporting Information Captions section.

PLOS ONE | https://doi.org/10.1371/journal.pone.0280743  February 22, 2023 6/20


https://doi.org/10.1371/journal.pone.0280743.g002
https://doi.org/10.1371/journal.pone.0280743

PLOS ONE

Usability study of VR cycling platform for lower limb rehabilitation

INITIAL VIRTUAL SCENARIO
USER DB 5IGN IN + GAME SELECTION

CYCLING GAME SELECTION

CYCLING GAME SCENARIO
SESSION SETTINGS

SESSION PARAMETER
CONFIGURATION PANEL:
=== #* TARGET SPEED (KM/H) AND
EXERSICE LENGTH (MIN)

l

SAILING NIGHT

SENSOR ID SETTINGS PANEL
OF THE ENLAZA PAIRED TO
THE OCULUS HMD

l START EXERCISE
REAL-TIME PEDALLING CADENCE ANALYSIS FROM SENSOR DATA

TO CONTROL PROGRESS IN THE VIRTUAL SCENARIO

SESSION DATA

STORAGE: A) VISUAL FEEDACK

*  USERNAME CURRENT CYCLING SPEED
DATE VS. TARGET SPEED
CYCLES
LUSE G B) COUNTDOWN TIMER
EXERCISE
LENGTH

C] ADAPTATION OF
VEHICLE'S FORWARD
MOTION ACCORDINGTO
CURRENT CYCLING SPEED

END EXERCISE

Fig 3. Workflow diagram of the Pedaling Virtual Platform user experience. MOTOmed scheme [28].

https://doi.org/10.1371/journal.pone.0280743.g003

Intrinsic motivation inventory. The IMI is considered a reliable assessment (intraclass
correlation = 0.70) and was selected to evaluate the motivation to use the PedaleoVR. It
assesses the participant’s subjective experience related to a target activity in laboratory experi-
ments, in this case the PedaleoVR exercises. The instrument assesses participants interest/
enjoyment, perceived competence, effort, value/usefulness, felt pressure and tension, and per-
ceived choice while performing a given activity, thus yielding six subscale scores. The IMI
items have often been modified slightly to fit specific activities. Nonetheless, shorter versions
have been used and been found to be quite reliable. The present study used the IMI 25-item
version which includes the three subscales of value/usefulness, interest/enjoyment, and per-
ceived choice. A total IMI score is not recommended, therefore subscale scores, each with a
recalculated maximum score of 7, are used in the analyses [29].

Credibility and expectancy questionnaire, CEQ. The CEQ was selected to evaluate the
credibility and expectancy with regard to the PedaleoVR for improvement of PA and is also
considered a reliable assessment (Cronbach’s alpha = 0.85). The Credibility/Expectancy Ques-
tionnaire is the most widely used measure of treatment credibility and expectancy in psycho-
therapy research. It contains 6 items rated on a 1-9 or a 0%-100% scale, depending upon the
item. This revised scale, which was used in the present study, has been subjected to factor anal-
ysis, with results indicating that the items load onto two distinct factors of credibility and
expectancy. The first three items of the scale load onto the credibility factor and the final three
items load onto the expectancy factor. The maximum score on each subscale is 27. A score of
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13.5 is considered neutral, everything above 13.5 is positive while everything under 13.5 is con-
sidered negative [30].

Simulator sickness questionnaire, SSQ. The SSQ is widely used in VR research to assess
users’ level of sickness symptoms based on subjective severity ratings of 16 symptoms on a
scale from 0 (no perception) to 3 (severe perception) after the exposure [31]. The ratings for
individual symptoms are divided into three non-exclusive categories that represent symptoms
of nausea (N), oculomotor disturbance (O), and disorientation (D). The formulas dictate that
the sum of nausea, oculomotor disturbance and disorientation, are multiply by the scaling fac-
tors 9.54, 7.58 and 13.92, respectively [31]. While the total simulator sickness score (TS) is
computed by multiplying the sum of each category by the scaling factor 3.74. Therefore, a SSQ
total scores above 20 is considered “bad” [32]. Similar thresholds can be assumed for the sub-
scales nausea, oculomotor disturbance, and disorientation as the scaling factors were chosen to
produce scales with similar variations [31].

Presence questionnaire, PQ. VR studies commonly use the Witmer and Singer (1998)
Presence Questionnaire (PQ) [33]. We used PQ Vs. 3.0, Nov. 1994, revised by UQO Cyberse-
curity Lab in 2004 which has been widely tested for reliability. PQ includes 24 questions that
measure factors such as realism, control, quality of interface, possibility to examine, possibility
to act, self-evaluation, sounds and haptic. Since in our study was not possible to manipulate
objects with and did not include sounds, the optional sound and haptic questions were
excluded, resulting in a 19-questions survey. Each question is evaluated on a 7-point Likert
scale.

Game user experience satisfaction scale, GUESS. To assess the satisfaction of gamified
virtual application, we used the 18-item short scale of the Game User Experience Satisfaction
Scale (GUESS-18) [34]. This questionnaire is a brief, practical, and comprehensive measure of
video game satisfaction for practitioners and researchers, which is recommended to use in iter-
ative game design, testing, and research. The GUESS-18 scale consists of nine subscales: usabil-
ity/playability, narratives, play engrossment, enjoyment, creative freedom, audio aesthetics,
personal gratification, social connectivity, and visual aesthetics. The GUESS-18 items are rated
with a 7-point Likert scale (1 = Strongly Disagree to 7 = Strongly Agree). Calculating the sub-
scales scores of the GUESS-18 consists of averaging the items in that subscale and an overall
score calculated by summing the subscale scores.

System usability scale, SUS. The SUS test has become an industry standard as it allows to
evaluate a wide variety of products and services, including hardware, software, mobile devices,
websites and applications. Whereby, the SUS was selected to evaluate the usability of Peda-
leoVR within adults and is also considered a reliable assessment (Cronbach’s alpha = 0.91).
The item scores on the SUS range from 1 (totally disagree) to 5 (totally agree) and are con-
verted into a score from 0 (negative) to 100 (positive). A score of 72.5 or higher is considered
good and above 85.0 is excellent [35].

Statistical analysis

To determine the sample size for these feasibility studies of PedaleoVR in different popula-
tions, we set the following hypothesis: We want to identify whether these issues (usability,
credibility, intrinsic motivation, sense of presence, VR sickness and satisfaction) affect 10% or
more of our participants with an 85% probability of detecting them in a feasibility test. With
these requirements, we need to recruit at least 18 participants, which is estimated from the for-
mula: log(1-.85) / log(1-.10) = 18.006. Therefore, the samples of 18 and 20 participants were
presumed appropriate to capture heterogeneous data for analysis. In this paper, means and
standard deviations were calculated for each of the metrics. These parameters allow us to
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Intrinsic Motivation Inventory Score

Table 2. Mean and standard deviation (SD) outcomes of Intrinsic Motivation Inventory (IMI), Credibility/Expec-
tancy Questionnarie (CEQ) and System Usability Scale (SUS) of patients with neuromotor disorders. The interpre-
tation of the mean scores for each subscale is provided in the form: U = unacceptable outcome; A = acceptable
outcome; HD = highly desirable outcome.

Assessment Mean (SD) (n = 20) Score interpretation

IMI

Interest/Enjoyment 4.593 (1.363) U =0-3; A=3-5HD =5-7
Value/Usefulness 4.783 (1.555) U=0-3;A=3-5HD =5-7

Perceived Choice

5.281 (0.843)

U=0-3;A=3-5HD=5-7

CEQ

Credibility 18.300 (5.595) U =0-13; A = 13-20; HD = 20-27
Expectancy 15.050 (6.004) U =0-13; A = 13-20; HD = 20-27
SUS 80.3754 (15.558) U =0-50; A = 50-72.5; HD = 72.5-100

https://doi.org/10.1371/journal.pone.0280743.1002

statistically describe the aspects of credibility, expectation, intrinsic motivation and usability
for the population of patients with LLD, and the aspects of satisfaction, sense of presence, gen-
eration of adverse aspects and usability for the population of older adults. Descriptive analysis
of the questionnaire results and graphic plots were computed and generated with IBM SPSS
Statistics (version 27.0).

Results

Table 2 includes the descriptive analysis of the IMI, CEQ and SUS questionnaire responses of
patients with LLD. IMI mean values of each subscale are shown in Fig 4, and CEQ mean values

B Interest/ Enjoyment [l Value/ Usefulness [ Perceived Choice

Intrinsic Motivation Inventory Subscales

Fig 4. Boxplot distribution of IMI assessment: Interest/Enjoyment, Value/Usefulness, perceived choice.

https://doi.org/10.1371/journal.pone.0280743.9g004
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Fig 5. Boxplot distribution CEQ assessment: Credibility and expectancy.
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of each subscale are shown in Fig 5. The results of cybersickness questionnaire of older adults
are included in Table 3 and the cybersickness ratings of the previous-exposure and post-expo-
sure are shown in Fig 6. Table 4 includes the outcomes of presence, satisfaction and usability
of older adults. Regarding the PQ outcomes, the mean values obtained in each subscale are
shown normalized in Fig 7. GUESS-18 mean values of each subscale are shown in Fig 8. And
the SUS outcomes for both groups are shown in Fig 9.

Case study 1: Patients with LLD

Intrinsic motivation. The mean value of “interest/enjoyment” subscale (4.593/7.000) is
the lowest outcome of all three categories. Despite this result, it is still consider a really good

Table 3. Mean and standard deviation (SD) outcomes of Simulator Sickness Questionnarie (SSQ) Pre-experimen-
tal test and post-experimental test, and differential values of elderly people. The interpretation of the mean scores
for each subscale is provided in the form: N = negligible; M = minimal; S = significant; C = concerning;

U = undesirable.

Assessment Mean (SD) (n =18) Score interpretation

Pre-test SSQ 3.710 (5.797)

Nausea 3.710 (5.797) N<5; M =5-10; S = 10-15; C = 15-20; U>20
Oculomotor 4.632 (6.946)

Disorientation 2.320 (5.338)

Post-test SSQ 7.420 (14.062)

Nausea 7.420 (14.062) N<5; M =5-10; S = 10-15; C = 15-20; U>20
Oculomotor 8.422 (13.343)

Disorientation 6.186 (11.574)

Difference 4.363 (9.350)

Nausea 3.710 (9.613) N<5;M =5-10; S = 10-15; C = 15-20; U>20
Oculomotor 3.79 (8.089)

Disorientation 3.866 (9.051)

https://doi.org/10.1371/journal.pone.0280743.1003
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https://doi.org/10.1371/journal.pone.0280743.g006

outcome as it indicates that the participants are motivated by PedaleoVR to perform the
cycling exercises. While VE and the game is enjoyable, it is understandable to reach monotony
at some point during cycling activity, which could affect on the interest aspect. Acknowledging
this issue, it may be considered for future iterations of the prototype to include other motor
activities that are stimulating for the subject.

Table 4. Mean and standard deviation (SD) outcomes of Presence Questionnaire (PQ), Satisfaction Questionnaire (GUESS-18) and System usability Scale (SUS) of
elderly people. The interpretation of the mean scores for each subscale is provided in the form: U = unacceptable outcome; A = acceptable outcome; HD = highly desirable

outcome.

Assessment Mean (SD) (n=18) Normalized mean Score interpretation

PQ

Realism 29.375 (12.750) 0.699 U =0-0.5; A =0.5-0.75; HD = 0.75-1
Possibility to act 12.750 (7.554) 0.531

Quality of interface 2.500 (2.329) 0.791

Possibility to examine 11.250 (3.991) 0.625

Self-evaluation 8.125 (1.807) 0.677

GUESS-18

Usability 6.625 (0.763) - U=0-3;A=3-5HD =5-7
Narratives 6.406 (0.898) -

Play Engrossment 6.218 (1.095) -

Enjoyment 5.471 (1.815) -

Creative Freedom

5.5004 (1.879)

Audio Aesthetics

5.8214 (1.749)

Personal Gratification

6.937 (0.250)

Social Connectivity 5.500 (1.949) -
Visual Aesthetics 6.781 (0.546) -
SUS 68.472 (18.145) - U =0-50; A = 50-72.5; HD = 72.5-100

https://doi.org/10.1371/journal.pone.0280743.t004
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The mean value of “value/uselfulness” subscale (4.783/7.000) indicates that the participants
perceived PedaleoVR as a useful and valuable tool for their motor functioning recovery. It is
also noticed that in some cases participants have given low ratings to the platform, these rat-
ings are attributed to some people’s distrust of these technologies and their lack of habit of
using them. But this samples are the less.

Credibility/Expectancy. Credibility is associated with logical thinking while expectation
is associated with an effective process. Then, the following ideas can be extracted from the
results of the Credibility/Expectancy Questionnaire: In terms of credibility, they believe that
performing cycling exercise with PedaleoVR can support them in their rehabilitation(18.300
+5.595). Besides that, the participants have moderate expectancy (15.050+6.004) that they will
improve in their physical functioning by exercising with PedaleoVR.

Case study 2: Elderly people

Simulator sickness questionnaire. SSQ-scores were calculated based on official guide-
lines [31]. Considering the post-test SSQ results, the scale associated with disorientation had
the lowest score (6.186+11.574) followed by the nausea symptomatology scale (7.420+14.062)
and finally the oculomotor symptoms scale (8.422+13.343). In general, following aforemention
interpretation [32], none of the subscales exceeds 20 points, so it could be said that the VR
cycling platform does not cause negative effects. Nevertheless, a recent study [36] suggested
administrating the SSQ both before and after the exposure of an experimental condition.
Thus, it seemed reasonable to take a baseline to offer more specific insight into the effects of
the use of the VR cycling platform by subtracting the values of the previously presented symp-
toms. After calculating the differences between the pre-test and post-test SSQ, the values of
each subscale are still lower (see Table 3). This reinforces the conclusion that the VR cycling
platform has no negative effects on elderly people. These results are favourable because it is
undesirable to generate adverse effects in the aging population.

Presence questionnaire. Regarding the overall QT Score of the patients, a total mean of
71.000/108.000 was obtained with a standard deviation of 23.225. The moderately high score
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indicates that users are generally satisfied with the VE but it could have been better. This
assessment is consistent with the design characteristics of the application, which does not
exploit all the auditory and haptic stimulation resources or all the interactive options, which
could increase user’ sense of presence. In order to compare the outcomes (see Table 4) of the
different subscales with each other, the values have been normalized and represented in a
radar plot (Fig 7). Thus, it can be seen that the subscales with the highest mean are the ones
corresponding to the quality of the interface with 0.792/1.000 and the realism with 0.701/
1.000. While the lowest means subscales are the possibility of acting, with 0.5312/1.000, the
possibility to examine with 0.625/1.000, and the self-evaluation performance with 0.677/1.000.
Additionally, from the analysis of the raw data, a high correlation was observed between the
realism subscale and the ability to act subscale. From this finding, it can be deduced that the
visual enhancement of the VR platform with photorealistic graphics could in turn improve the
user’s perceived ability to act. Finally, lower values on the scales of possibility to examine and
possibility to act are reasonable, as the environment designed for the play objectives of the ped-
alling activity did not support these possibilities.

Game user experience satisfaction scale. Regarding the overall GUESS-18 Score of the
patients, Table 3 shows the average of all subscales where the highest values correspond to the
subscales of Personal Gratification (6.937/7.000 + 0.250), Visual Aesthethics(6.781/

7.000 + 0.546), Usability (6.625/7.000 + 0.763), Narratives (6.406/7.000 + 0.898) and Play
Engrossment (6.218/7.000 + 1.095). On the other hand, the lowest mean values correspond to
the subscales of Enjoyment (5.471/7.000 + 1.815), Creative Freedom (5.500/7.000 + 1.815),
Social Connectivity (5.500/7.000 + 1.949) and Audio Aesthetics (5.821/7.000 + 1.749). The
score on the Social Connectivity subscale is particularly noteworthy, as although it is under-
stood that this application has the potential to scale to a multiplayer system and that the social
interaction [37, 38] could be an incentive for users. But, drawn from the results, the Social
Connectivity aspect does not seem to have been considered relevant by the elderly people
themselves. Although the result of the Enjoyment subscale is positive and moderately high, it
can also be interpreted in a similar way to the values of the intrinsic motivation subscale car-
ried out with patients with LLD. Since the elderly are also aware and knowledgeable of the ben-
efits of physical activity, it can be considered that the satisfaction reflected also encompasses
this self-motivation and the values of the enjoyment subscale hint at this fact. The overall score
for all patients is 51.647 over 63, which confirms that participants were very satisfied with the
system used. In general, the ratings are consistent with the design of VR cycling platform.

Usability and feasibility

The results of the SUS from patients with LLD (80.375+15.558) suggest that the ease of use of
PedaleoVR is very good. These results were to be expected since the participants had no prob-
lems handling the VE. This success is attributed in part to having dedicated an explanation
and familiarization phase with the technology prior to the test. Knowing the average age of the
participants and predicting their lack of experience with virtual reality technologies, it was
deemed necessary to include this previous step in the experimental protocol. This measure did
not seem to be sufficient in the case of the elder participants, who did not always show full con-
fidence in the system through the experimental tests, and as a result, the SUS score obtained
was almost 12 points lower (68.472+18.145). Even so, both usability ratings were good, if not
better in the case of the younger adult group. On the other hand, an interface design was gen-
erated that was consistent with the needs of this group of adults. Also, the whole system should
be simple and easy to use, it should not generate movement constraints for the patient during
pedaling exercise.
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Discussion

The present study aimed first to analyze the usability of the virtual cycling platform by two dif-
ferent population groups with lower limb motor disorders. Secondly, the study sought to
answer the prevously stated hypothesis. The results extracted from the standardized question-
naires of each case study (group) are here discussed and summarized.

The IMI questionnaire reflects the subjective experience of the participant with regard to a
target activity. This instrument allows the measurement of different aspects of a person’s moti-
vation. Measuring how a system or technology is perceived in terms of usefulness is a way to
valid and to predict the technology use, intentions and attitudes towards working with that
system, according to Chen et al. [39]. For these reasons, it can be said that this system is posi-
tively perceived and valued by adult patients with neuromotor disorders and their acceptance
can be presumed. Related to the “Perceived choice” subscale of the IMI (5.281/7.000), the vast
majority of them felt likely to perform the cycling activity. This positive predisposition to per-
form the activity is a key step in the maintenance of physical exercise.

From another point of view, some authors warn that while the IMI questionnaire is able to
assess the intensity of motivation, it fails to identify the motivational dimension (intrinsic or
extrinsic) [40]. As an example, in the context of PA, participants may indicate that they have
enjoyed the activity, not because of the satisfaction of doing the activity per se, but rather
because of the extrinsic rewards associated with participation [24, 41]. Translating this concern
to our study, it is understood that patients with neurological disorders who attend rehabilita-
tion already have an underlying extrinsic motivation for recovery. Thus, it could be expected
that the assessments they make are mainly due to an intrinsic motivation generated by the vir-
tual platform.

However, determining the level to which patients attribute their improvement to the usage
of the VR platform can be assess by the CEQ. Regarding the CEQ insights, we can assume that
adult neurological patients with LLD are convinced that PedaleoVR is a useful tool that can
help them to perform physical activity, but they still need more convincing evidence that Peda-
leoVR can improve their physical functioning. This could be done by conducting a longitudi-
nal study in which the impact of maintaining over the time the use of PedaleoVR on lower
limb motor recovery is observed. Furthermore, providing more information about the positive
benefits of performing pedaling activities in improving stability and gait function could
improve their expectations. However, it is understood that depending on the severity of the
patients’ diagnosis, their expectations of physical improvement are moderate.

Additionally, the satisfaction questionnaire allows to measure the enjoyment of the person
during an activity. The results of the Enjoyment or Person Interest subscale of the IMI
reported by the LLD patients show values concordant with the results of the Play Engrossment,
Enjoyment and Personal Gratification subscales of the GUESS-18 reported by the older adults.
On the other hand, the usefulness and value scale of the IMI questionnaire provides informa-
tion consistent with the credibility subscale of the CEQ. Both subscales reflect the extent to
which the participant perceives the use of this tool to be beneficial. Both scales obtained accept-
able values.

The sense of presence is an aspect that can significantly influence user motivation. In these
terms, the categories of realism and interface quality are the most highly rated. Similarly, the
visual aesthetics category of the GUESS-18 questionnaire is highly rated. In fact, all subscales
of GUESS-18 scored on average between 5.4 and 7 points. These highly desirable values reveal
the high user satisfaction with the platform. Although the results of the motivation, credibility
and satisfaction scale show that users find the use of this platform rewarding, motivating, inter-
esting and potentially valuable, it is necessary to re-evaluate the effect of this motivation in the
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long term. For there may be a novelty factor that alters this perception of motivation and there-
fore the actual engagement may decline over repeated use. This has also been noted in other
similar studies [24].

In general, all Nausea, Oculomotor and Disorientation subscales of SSQ scored below 10
points, considering the adverse effects to be minimal. Even though, the value of each subscale
is also shown in Table 3 as the difference in scores between the pre-exposure and post-expo-
sure measures and, in this case, the values are negligible. Compared to other studies [23, 24],
the adverse effects measured are lower than those measured by previous studies. This may be
attributed to the fact that the aesthetics of the virtual environment and the design of the plat-
form are more sensitive to avoiding general user discomfort. Regarding usability, both popula-
tions have been explicitly consulted about this aspect of the platform. It can be concluded that
for the adult population (whose mean age is 85.16 with standard deviation = 5.93) the ease of
use is rated as adequate, while the population of patients with LLD (whose mean age is 61.10
with standard deviation = 12.62) rates the ease of use of the platform as excellent. We can con-
clude that both populations rated the usability of the platform positively, with a higher rating
from the adult population with LLD.

PedaleoVR design aspects

It was essential to achieve a prototype that was consistent with these two characteristics. First,
in order to make it easy to handle for these patients, whose neurological damage could also
affect the upper limb, the use of VR controllers was dismissed. In line with improvements in
hand recognition software, which is increasingly being used in the field of rehabilitation appli-
cations [42], we implemented and hand-tracking-based interactions with the VE. Second, the
use of inertial sensors for controlling exergames has become used the most in virtual training
tools [43, 44] as they are getting cheaper, their accuracy is increasing and gesture recognition
is improving [45]. In addition to these reasons, the ENLAZA™ sensor is included, with the pri-
mary intention of incorporating a non-obstructive pedal movement capture system during
pedaling that is adaptable for all patients and all stationary pedaling stations. As a result, it can
be stated for the usability assessment of PedaleoVR, that it is perfectly feasible and easy to use
tool for elderly people and patients with LLD.

Methodological aspects

As the present research is a usability and feasibility study, only descriptive statistics can be per-
formed. For these reason, our results have to be handle with the upmost care. Findings of this
study provide a context for the use of PedaleoVR in two different populations, and describe
how the usage this novel system is perceived and accepted. However, analyzing the success of
PedaleoVR as a tool to enhance pedaling exercise and its effects in adult patients with LLD
requires further studies, as well as its potential effects in lower limb strengthen in elderly peo-
ple. Nevertheless, the motivation and satisfaction outcomes agree with the reviewed studies
which showed that exergames intervention groups were more motivated to exercise [46] and
found the training more appealing than traditional exercises [47].

Limitations

This study has several limitations. First, given the descriptive nature of the study, we did not
consider the current routine therapies performed by the participants. Therefore, it is possible
that participants had different physical activity baselines, different habits of using technological
tools, and different expectations regarding the platform presented.
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Secondly, in the group of neurological patients, we can differentiate between a group of
younger participants around 50 years of age and another group of older participants around
70 years of age. In the case of the group of older people, we find a group around 85 years of
age. If we could have had a larger sample of participants in both cases, all the metrics could be
analysed according to different age groups. However, due to this limitation, it has not been
possible to carry out this characterisation, with the exception of SUS outcomes, where differ-
ences have been observed between the two groups, which presumably could be due to the dif-
ference in age and familiarity with the technology.

As a final observation, it is also worth considering that, pedaling exercise can be exhausting
for those participants who are not in suitable physical condition to undertake the effort. This
issue can compromise the enjoyment of the pedaling activity. Therefore, having a pedaling
assistance system could be useful for these patients to avoid generating an initial demotivating
due to lack of adaptation of the system.

Conclusion

Our research describes the core aspects of a virtual reality platform based on a standalone sys-
tem for the promotion of pedalling activity in an immersive environment. The findings allow
us to address enhancements and future designs of VE for older adults and patients with LLD.
In overall conclusion, all participants agreed on great aesthetics of the VE and the VR platform
design in terms of usability. These aspects could promote the enjoyment of the activity and
personal gratification, which would also be contributing to the participant’s motivation. More-
over, it has also been verified that the platform does not generate adverse effects due to the
cybersickness of virtual reality in static activities. This evaluation has been carried out in an
adult population and no cases of rejection of the technology for these reasons have been
reported. Finally, further studies should explore the extent to which intrinsic motivation is
maintained in the long-term. As a future direction it is considered that the addition of sound
tfeedback, as well as performance scoring, may improve the user experience and, consistently,
the engagement in exercise.
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