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Abstract

Background: With the increasing prevalence of neurological conditions among older adults, there is a growing
need for effective home-based rehabilitation solutions supporting long-term functional recovery while minimizing
caregiver burden. Virtual reality (VR)-based interventions have shown promising results in enhancing
neuroplasticity and motivation. However, the usability and acceptability of integrated VR telerehabilitation
systems in home settings remain underexplored.

Objective: This study aimed to evaluate the usability and acceptability of the RecoveryFun system, a prototype
integrated VR-based telerchabilitation platform designed to support upper limb functional recovery in older adults
with neurological conditions. It also investigated impact on patients’ quality of life, caregiver stress, and
healthcare professionals’system perception.

Methods: Patients aged over 60 years with neurological conditions and moderate upper limb function were
recruited to test the system. The system comprised a VR headset with exergames, a wearable stress monitoring
sensor, a caregiver mobile app and a clinician web platform. Usability and acceptability were evaluated with a 4-
week pre-post study during which each participant followed an individualized rehabilitation plan of at least two
weekly training sessions,supported by a caregiver. Secondary outcomes included functional ability, quality of life
and interest to use the system for the patient, while perceived stress and system impact for the caregiver.

Results: Sixteen patient—caregiver pairs were enrolled across Italy, Belgium and Switzerland; fourteen completed
the study, along with six professionals. Patients reported good usability and high satisfaction with the comfort and
ease of use of the system. Caregivers found the system usable and not impacting their routine, with reduced stress
levels and perceived benefits in patient motivation. Professionals valued remote individualized rehabilitation,
noting some setup and adaptability issues.

Conclusions: RecoveryFun demonstrated good usability and acceptability across user groups. With further
refinements, it could be a valuable home telerehabilitation solution for older adults with neurological conditions.

Trial Registration: ClinicalTrials.gov (NCT06640452), registered on 2024-10-10
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This study has been developed within the framework of the RecoveryFun (“An integrated VR-based
telerehabilitation platform to support RECOVERY and maintenance of FUNctional abilities among seniors.”)
project (AAL-2021-8-64-CP), co-financed under the Ambient Assisted Living Joint Programme of the European
Commission [1]' and the National Funding Agencies of Belgium, the Netherlands, Italy, and Switzerland. The
project website is available online [2]%.

1. Introduction

Demographic ageing [3], the increasing prevalence of overweight and obesity [4],? the rising incidence of diabetes
[5], and the overall growth of cardiovascular risk factors are expected to lead to a higher incidence of
cerebrovascular diseases in Western countries over the coming decades [6—8].

Stroke, in particular, is currently one of the leading causes of disability worldwide [9], with approximately 1.5
million new cases diagnosed each year in Europe, generating an estimated annual cost of € 60 billion [10]. These
data highlight the substantial economic burden on national health systems, which is likely to intensify as
demographic pressures increase.

In response, the study of healthcare economics and strategies for optimizing resource allocation has become an
increasingly relevant and debated topic. Stroke care is currently undergoing a transformation, driven by
technological innovation and a shift towards home-based rehabilitation models. These models are recognized for
their cost-effectiveness and sustainability, regardless of a country's income level [11].

At the same time, healthcare systems are under mounting pressure to contain costs while maintaining or improving
the quality of care. Notably, approximately 80% of stroke survivors experience some degree of upper limb motor
impairment [12], making upper limb rehabilitation a persistent and critical challenge. Functional recovery is often
hindered by the phenomenon of "learned non-use", a behavioral adaptation in which patients progressively avoid
using the affected limb, thereby restricting both engagement in therapy and overall progress [13].

Addressing this challenge requires interventions grounded in neuroplasticity, —the central nervous system’s
ability to structurally and functionally reorganize in response to injury or external stimuli—which is considered a
foundational principle in post-stroke recovery. Effective neurorehabilitation depends on repetitive, intensive, and
meaningful interventions that promote adaptive neural re-mapping [14, 15]. Clinical physiotherapy interventions
have also been shown to improve functional ability and balance after stroke, although evidence of corresponding
changes in biological markers of neuroplasticity remains less conclusive [16].

Telerehabilitation has emerged as a promising solution in this context, leveraging a variety of technologies such
as immersive and non-immersive Virtual Reality (VR) systems, serious gaming applications, motion-tracking
sensors, robotic devices, active gloves, and biofeedback platforms. These tools have been shown to enhance
patient adherence, motivation, and therapy efficacy, while enabling remote clinical monitoring [17—19]. VR, in
particular, has gained traction in neurological rehabilitation due to its ability to deliver task-oriented, repetitive
training that stimulates the production of Brain-Derived Neurotrophic Factor —a key molecule involved in
synaptic plasticity, neurogenesis, and cortical reorganization after stroke [20-22]. Numerous studies have
demonstrated the effectiveness of VR in treating patients with neurological impairments. Its application extends
to a wide range of neurological disorders with varying etiologies, including vascular, neurodegenerative,
autoimmune, and genetic conditions [23, 24].

By creating enriched, multi-sensory environments, VR fosters engagement and motivation, facilitating neural
reorganization and motor recovery [25, 21]. Task-specific, VR-based interventions have been shown to counteract




learned non-use and promote functional gains. The use of VR has an effect in the structure of brain: improved
interhemispheric balance, enhanced connectivity between different functional areas, increased cortical
representation mapping of the affected limb muscles, improved neural plasticity measures were correlated to
enhanced behaviour outcomes, increased activation of regions in the frontal cortex and the mirror neuron system
may be involved in VR interventions [25]. Numerous randomized controlled trials and meta-analyses support
VR’s efficacy in improving motor function, range of motion, muscle strength, and overall quality of life in stroke
survivors [14].

Within this framework, the RecoveryFun project—an inclusive telerehabilitation initiative for ageing well in the
new decade—was developed under the European Active Assisted Living (AAL) Programme. The project aimed
to design, test, and commercialize an innovative digital platform for personalized, home-based telerehabilitation.
The prototype system integrates immersive VR, Internet of Things connectivity, and Artificial Intelligence
technologies to support upper limb rehabilitation in older adults with impairment [2].

At the outset, project partners collaboratively defined the rehabilitation framework and developed the clinical
study protocol [26].

The RecoveryFun system was conceived to reduce healthcare pressure and costs, while ensuring continuity and
quality of care. This system is intended to support upper limb rehabilitation at home and alleviate caregiver burden,
enabling more efficient resource utilization and promoting long-term functional recovery.

A key aspect that must be considered when analyzing the RecoveryFun prototype system is the innovation of the
system. In fact, numerous studies have investigated the use of VR in both clinical and domestic settings [27, 21,
28, 29]. However, the independent use of immersive VR at home by patients, remotely monitored by therapists
via a dedicated platform with innovative, state-of-the-art features, is novel and requires initial investigation of the
prototype at this stage.

The usability and acceptability of the system are two fundamental aspects for achieving therapeutic goals. A well-
designed system that is accessible and user-friendly promotes adherence to treatment and allows for regular and
continuous use, which are crucial elements for stimulating neuroplasticity and improving motor functions [30].
The successful use of rehabilitation technologies depends on factors related to user experience, such as the
intuitiveness of the interface, ease of use, and the sense of presence that the technology is able to generate [30].

To assess the system's usability and acceptability in an unsupervised, home-based setting, the research team
conducted a dedicated study. While existing literature strongly supports the use of VR in hospital-based
neurorehabilitation [ 14], fewer studies have explored its application in fully autonomous home environments. This
study aims to evaluate the usability and acceptability of a prototype home-based telerehabilitation system designed
for older adults, operated without direct professional assistance, to explore its perceived benefits and potential to
advance neurorehabilitation.

2. Methods

The study is designed as a usability and acceptability study to test the RecoveryFun prototype system. The entire
protocol, including the description of the system components, exergames, inclusion and exclusion criteria, scales
and procedures has been previously described in detail [26]. Therefore, in the next few paragraphs we provide
concise methodology summaries to facilitate the reading and comprehension of the paper.

2.1 The RecoveryFun prototype system
The RecoveryFun prototype system is designed for upper limb motor through a set of seven VR exergames for

training purposes. For each exergame, the motion parameters are set on the basis of the measurements evaluated
in the calibration phase during a first session with the physiotherapist.



The system is composed of a series of integrated components. In particular, the patient is provided with:

- A virtual reality headset (PICO 4 VR headset) (Figure 1) with the exergames VR application (Figure 2),
to perform his/her training session;,

- A wearable sensor (Shimmer very pulse) (Figure 1), connecting to the network through a gateway, to
measure Photoplethysmography and Galvanic Skin Response data, which are then processed by an
appropriate algorithm to derive measures of stress and fatigue for the clinicians;

- A tablet, to have remote support by the clinical staff;

- A router, to provide the internet connection.

Figure 1. Selected components of the RecoveryFun telerehabilitation prototype system: VR Headset (Pico 4) and a wearable
sensor (Shimmer very pulse)

Figure 2. Exergames VR application

The carer has the possibility to use the tablet during the patient's clinical session to visualize the VR environment
in which he/she is playing and has access to the secured mobile caregiver app installed on his/her smartphone. In
brief, the caregiver app gives the possibility to the caregiver to motivate and support the end user in the therapy
adherence, by sending motivational messages visible to the patient in the RecoveryFun VR application’s home.
Moreover, through the dedicated application, the caregiver is able to monitor the training adherence of the patient
and consult support material on the use of the system (explanatory videos and FAQ section) to help the patient in
using the devices, acting as a 1st level assistance. The carer also has the possibility to use the tablet during the
patient's clinical session to visualize the VR environment in which he/she is playing.

The professionals (physiotherapist and management staff) rely on the clinical platform, a secured web app, to
manage the clinical session settings and to monitor the patient’s data. In the clinical platform an authorized
clinician can:

- Edit the clinical/administrative data of the assigned patients;

- Manage the VR devices and assign them to a specific patient;

- Associate the caregiver with the correspondent patient;

- Create rehabilitation plans for specific patients;

- Monitor the activity of the patients (i.e., observe the progress of the rehabilitation sessions executed, see
the number and the duration of training sessions executed, evaluating compliance to the rehabilitation
plan);

- Connect to a secured video channel to see the patient's activities in the VR environment.

2.2 Intervention

The study was conducted using a pre-post approach, with a group of patients and carers receiving the system and
undergoing data collection before and after the installation and use of the technical solution. In particular, the
study involved four main phases: recruitment and baseline evaluation; followed by education sessions for patients
and caregivers; home installation and use of the rehabilitation system with caregiver support; weekly remote
monitoring by clinicians; and a final evaluation after four weeks to assess usability, acceptability, and overall
impact. Three centres of recruitment were involved: IRCCS INRCA (Italy), TRAINM (Belgium) and ZURZACH
Care (Switzerland). As defined in the protocol, a total of 30 participants (15 patients and 15 informal caregivers)
were to take part in the trial. The study lasted 4 weeks, during which each participant completed an exemplary,
individual rehabilitation plan with at least two rehabilitation sessions of at least 10 minutes and at most 30 minutes
per week. Each rehabilitation session was planned and scheduled by the therapist remotely via the dedicated
clinical platform. The physiotherapist, by monitoring performance and adherence data regarding previous sessions
through clinical platform and (video)calling patients when necessary, was able to create sessions customized to



the patient by choosing the most useful level and exergames according to the rehabilitation goals. The patient
could still perform more sessions if desired.

2.3 Study population

The population selected for the trial in the RecoveryFun project consisted of patients aged over 60 years who had
overcome an acute neurological event (e.g., stroke or brain injury) no more than 12 months before the recruitment
time and completed intensive inpatient rehabilitation. The patients we were referring to had already returned home
and needed to maintain the goals achieved or increase functionality. In order for the patient to be able to use the
system properly (to date), specific physical/cognitive requirements were needed. Patients must have sufficient
physical function, including a Trunk Impairment Scale (TIS) [31] score of at least 20, a Fugl-Meyer Assessment
(FMA) [32] score of 33 or higher for upper limb motor function (with specific abilities in shoulder, elbow, wrist,
and hand movements), and the ability to sit unsupported for at least 30 minutes without fatigue. Adequate shoulder
range of motion and good trunk control were essential. Cognitive ability was also required, with a Montreal
Cognitive Assessment (MoCA) [33] score of 24 or above. Additionally, patients must have a caregiver available
to assist if needed. Exclusion criteria included any condition that would prevent safe or effective use of a VR
headset, such as certain visual disorders, implanted medical devices, epilepsy, vertigo, severe fatigue, psychotic
disorders, or cognitive impairment (MoCA <24). Patients must also be capable of providing informed consent and
wearing the VR headset either independently or with minimal help.

2.4 Outcomes

The study aimed to assess the usability and acceptability of the RecoveryFun prototype system. The study was
structured into three phases: recruitment (R), baseline evaluation (T0) and final evaluation (T1). A set of tools
was used for each phase in order to evaluate the study outcomes.

In particular, primary outcomes investigated in the study were:

1. Usability perceived by the patient through System Usability Scale (SUS) [34] (T1) and User Experience
Questionnaire (UEQ) [35] (T1);
Usability perceived by the informal caregiver through SUS (T1);

3. Acceptance perceived by the patient through Quebec User Evaluation of Satisfaction with Assistive
Technology (QUEST) 2.0 [36] (T1).

In addition, secondary outcomes of the study were:

1. Impact of the system on patient quality of life, measured with the World Health Organization Quality of
Life Bref (WHOQOL-BREF) [37]* (T0 and T1), and functional ability with the FMA (R and T1);

2. Stress perceived by the caregiver thought Perceived Stress Scale (PSS) [38] (T0 and T1) and an ad-hoc
questionnaire (T1);

3. Patient interest to use and the attitude to pay using an ad hoc questionnaire (T1).
Impact of the system on the caregiver to understand whether it is a helpful and supportive tool or causes
additional difficulty through an ad hoc questionnaire (T1) and on the professionals to evaluate the overall
experience with the system, its usability, possible benefits and critical issues through a focus group or
individual interviews (T1).

The protocol also included study specific questions on demographics and attitudes to technology from both the
patient and informal caregiver (TO0). In addition, subjective health and social support were explored with the
patient with an ad hoc questionnaire (T0).




2.5 Statistical analysis

The first step of the data analysis involved the description of the sample. Continuous variables were reported as
either mean and standard deviation or median and interquartile range on the basis of their distribution (assessed
using Kolmogorov-Smirnov test). Categorical variables were expressed as absolute numbers and percentages. The
trial comparison between pre- and post- conditions was evaluated by paired t test (for normal distribution), Mann-
Whitney U tests (for non-normal distribution), or Chi-Square tests (for categorical variables). p-values below 0.05
were considered statistically significant; however, due to the limited sample size, no results reached this threshold.
Considering the exploratory nature of the analysis, exact p-values were not reported in the text. Moreover, a linear
regression model on the outcome variation between baseline and follow-up was estimated in order to evaluate
measure variation.

3.  Results
3.1 Samples

The study involved a total of 14 patients, 14 caregivers and 6 healthcare professionals, whose descriptions will be
presented below (see Supplementary file 1 and 2). Initially, 16 patients were enrolled;however, two participants
in Belgium withdrew due to a general decline in their physical health, unrelated to the study. Accordingly, the
number was reduced by two caregivers. Moreover, in Switzerland at T1 the Fugl-Meyer was not re-administered.
Therefore, at T1, data will be reported for a sample of 8 patients for functional ability, following the exclusion of
one participant identified as an outlier.

3.1.1. Patients

The sample was composed of 14 patients among Italy (50%), Belgium (14.3%) and Switzerland (35.7%).
Participants were eight (57.1%) males and six (42.9%) females with an average age of 73.2 years. Specifically,
three people (21.4%) were under 65, four (28.6%) were between 66 and 75, six (42.9%) were between 76 and 85,
and only one person (7.1%) was over 86. Half of the sample (50%) was married, while the other half consisted of
three people (21.4%) who were widowed, two (14.3%) in a full time relationship, one (7.1%) separated and one
(7.1%) single. The majority (50%) had secondary education, while four participants (28.6%) had tertiary
education, two (14.3%) primary and one person (7.1%) no education.

As mentioned in the methodology, recruitment tools were used, whose mean values are reported below: Fugl-
Meyer 52.36 (SD=12.02), TIS 21.36 (SD=1.22) and MoCA 26.21 (SD=2.08). Considering sex differences, on
average, females scored higher on the Fugl-Meyer than males. Instead, regarding patients’ age, people over 75
years of age had a lower average score on the Fugl-Meyer physical assessment and on the cognitive assessment
than people under 75 years of age. No further differences emerged.

The data collected through the Matching Person and Technology — Survey of Technology Use -Consumer (MPT
SOTU-C) revealed that the technologies most frequently used by participants were: computer (11 people),
smartphone (6 people), mobile phone (7 people), smart banking, smart tv and tablet (2 people each), tv (2 people),
car technology and smart blood pressure monitor (I person each). Moreover, the mode of response most
commonly used was positive (M= 17.07, SD= 5.69), followed by neutral (M= 10.64, SD=4.36) and negative (M=
3.29, SD=3.10). Females, compared with males, reported fewer positive and more neutral and negative responses.
In contrast, people older than 75 years provided more negative responses and less neutral than those younger.

3.1.2. Caregivers

The sample was composed of 14 caregivers among Italy (50%), Belgium (14.3%) and Switzerland (35.7%).
Participants were eleven (78.6%%) females and three (21.4%) males with an average age of 62 years. Specifically,
most caregivers (57.1%) were under 65 years of age, 35.7% were between 66 and 75 years old and 7.1% between
76 and 85 years old. Six people (42.9%) were married, three (21.4%) were in a full-time relationship, two (14.3%)



single, one (7.1%) widowed and one (7.1%) divorced. One (6.2%) refused to answer. Most of them (42.9%) had
secondary education, while five participants (35.7%) had tertiary education and three (21.4%) primary. Half of
the sample (50%) was retired, four (28.6%) were still working full-time, two (14.3%) were working part-time and
another (7.1%) was working inside the home. Most of the caregivers (57.1%) involved were the patient's
spouse/partner. In other cases, the patient was their parentv (28.6%), grandmother (7.1%) or friend (7.1%).

Considering data collected through MPT SOTU-C, technologies most frequently used by caregivers were:
smartphone (9 people), computer (7 people), smart tv and tablet (4 people each), credit card (4 people), smart
banking (2 people) and car technology (2 people). In addition, the mode of response most commonly used was
positive (M= 19.50, SD= 3.70), followed by neutral (M= 8.50, SD= 4.38) and negative (M= 3.00, SD= 3.62).
Taking sex into consideration, both sex gave predominantly positive responses. The difference emerged in the
other response modes: while males tended to use more negative responses, females neutral. Instead, in relation to
age, the frequency of neutral and negative responses was on average higher, while that of positive responses was
lower in people under 65 than in those who were older.

3.1.3. Healthcare professionals

Six healthcare professionals among Italy (33.3%), Belgium (33.3%) and Switzerland (33.3%) were involved.
Participants were five (83.3%) males and one (16.7%) female with an average age of 33 years. All (100%) had
tertiary education, three (50%) in physiotherapy, two (33.3%) in science and one (16.7%) in psychology. Most of
them (83.3%) had good familiarity with technology and one (16.7%) excellent. All of them (100%) had past
experience with virtual reality.

3.2. Primary outcomes
3.2.1. Usability perceived by patients

The average score of SUS was 68.57 (SD= 18.42) in which 100 is the maximum and 68 is the threshold for a
usable system [39]. Therefore, the system appeared to have good usability from the perspective of the patients.
The average SUS scores revealed that male expressed a slightly higher level of system usability in comparison
with females. More significant differences emerged when considering the age of the patients. In fact, those over
75 years old reported greater usability of the system than those under 75 years old.

In addition, examining the data collected through UEQ, it was found that patients rated the RecoveryFun system
positively for all scales. Specifically, the average scores for the different scales are as follows: Novelty 1.73 (SD=
1.21), Attractiveness 1.70 (SD= 1.05), Perspicuity 1.52 (SD= 1.44), Dependability 1.36 (SD= 0.95), Stimulation
1.36 (SD= 1.56) and Efficiency 1.12 (SD= 1.09). Moreover, the dimension of pragmatic quality aspects obtained
from patients an average score of 1.33 (SD= 1.08) and the hedonic quality aspects of 1.54 (SD=1.32). On average,
females scored higher than males on hedonic quality aspects, while individuals over the age of 75 scored higher
than younger individuals on both hedonic and pragmatic quality aspects.

Considering the various tools used, SUS scores showed a strong correlation with pragmatic quality aspects (r=
0.866) and a moderate correlation with hedonic quality aspects (r=0.410). In addition, SUS scores also correlated
with QUEST scores, more for those inherent to the headset (r= 0.675) than the wearable sensor (r= 0.383).

3.2.2. Usability perceived by informal caregivers

The SUS revealed that caregivers on average rated usability as good (M=71.25; SD=19.68), with highest scores
reported by male than female and by people under 65 years old rather than over.

3.2.3. Acceptance perceived by patients

Regarding the users’ satisfaction with the system measured by QUEST, both the headset and sensor scores were
above 4 showing high satisfaction with these technologies. Specifically, the average score obtained by the headset



was 4.31 (SD= 0.59) and by the sensor was 4.59 (SD= 0.27). No significant differences were found in QUEST
scores in relation to patient sex and age, except for slightly higher scores in the headset rating in people over 75
years of age compared to younger people.

Moreover, dimensions considered most important by the patients for both the headset and the wearable sensor
were easy to use, adjustments and weight. One patient didn’t express preferences for wearable sensor dimensions.

3.3.Secondary outcomes
3.3.1. Impact of the system on patients quality of life and functional ability

In exploring the perceived benefits of the system on patients, at both the baseline and final evaluation, WHOQOL-
BREF was administered to collect information on quality of life, specifically in physical health, psychological,
social relationships and environment. The scores at baseline for each dimension were as follows: physical health
(M=62.29, SD=9.82), psychological (M=64.88, SD=11.41), social relationships (M=71.43, SD=11.65) and
environment (M=74.33, SD=12.02). Thus, the sample reported higher levels in the domains of environment and
social relationships than in the domains of physical health and psychological. In all WHOQOL-BREF domains,
mean scores in males were higher than in females, while, with regard to age, people older than 75 years had higher
mean scores in the physical and psychological health domains, while those younger than 75 years old in the
environment domain. The mean scores of social relationships, however, on average were not significantly
different.

Instead, at the final evaluation, on the one hand positive variation in physical health (M=1.22, SD= 2.02) and
psychological domain (M=0.81, SD= 2.34) was observed and on the other negative variation in social relationships
(M=-0.24, SD=2.85) and environment (M=-0.70, SD=2.94). Considering sex, females in the environment domain
tended to show a greater decrease than males. In the social relationships domain, however, men showed a slight
decrease and females a small increase. With regard to age, people over 75 presented higher change scores over
time in all domains compared to those under 75.

In order to better characterize the patients and investigate potential changes in motor function, Fugl-Meyer was
administered also at the final evaluation. At the end of 4 weeks, there was a positive variation of 1.11 (SD=17.04)
in the Fugl-Meyer scores. Changes over time on average were greater in males than in females and in people older
than 75 than in those younger. One of the participants during the trial had pneumonia affecting her functional
ability. If the pre-post difference is calculated excluding this participant the positive variation is 6.25 with a
standard deviation of 7.76.

3.3.2. Stress perceived by caregivers

Caregivers through PSS showed a reduction in perceived stress of 2.86 (SD: 3.32). This reduction appeared greater
in females than in males and in people older than 65 than in those younger ages.

The increase in PSS over time was then analysed in relation to mean scores of caregiver outcome variables (SUS
and MPT SOTU-C). Regarding usability, participants who experienced an increase in perceived stress reported a
lower SUS score (M= 51.25, SD=15.91 vs M=) compared to those who did not, who reported a higher SUS score
(M= 74.58, SD= 18.70). Instead, regarding MPT SOTU-C, people who perceived increased stress used more a
negative response mode (M= 8.00, SD= 8.49) than patients (M= 2.17, SD= 1.90) who did not report an increase
in stress. The opposite occurred for neutral responses: those who perceived an increase in stress used fewer neutral
responses on average (M=3.00, SD=4.24) than people who did not report such an increase (M=9.42, SD=3.82).

To further explore this dimension at the final evaluation, some ad hoc qualitative questions were also administered.
They revealed that the majority of caregivers (92.9%) did not change the daily routine after the system was
introduced. Some reported appreciations about it (“The system has not modified my daily routine. In my opinion
is useful that there isn’t a scheduled program” — IDO7ITA) and strategies used (“Within the day I carved out 15



minutes to manage the session” —1D131TA; “I had scheduled her timetable with my timetable” — ID17ITA). One
caregiver (7.1%), on the other hand, reported that she changed her routine, although mostly at the beginning (“In
the beginning needed more time, to get used to the system” ID13CHE).

Regarding how the system was accepted by their family members, the majority of caregivers (78.6%) indicated
that it was positively accepted. Some comments expressed by caregivers were: “My mother has accepted very
well the system” (IDO7ITA); “With interest” (ID09ITA); “Very positive and proactive” (ID13ITA); “Serenely”
(IDIS5ITA); “Naturally” (ID191TA); “Good” (IDO9CHE); “Surprisingly good, although he was initially annoyed
by the games because of the poor hand-tracking” (ID13CHE); “Good, she was very motivated” (ID15CHE). In
contrast, a minority (21.4%) reported difficulty in the acceptance of such technology by the patient (“Initially fine.
Then showed reluctance to do sessions due to hand pain” - ID111TA; “It was not really suitable to his condition
and as he is sceptic” - IDO2BEL).

Finally, most caregivers (64.3%) believed that the system has improved patient self-management of rehabilitation
(“In my opinion the system helps the rehabilitation” — ID17ITA). On the contrary, a minority (21.4%) reported
that, according to them, the system made no improvements and others (14.3%) that they could not answer (“time
was too short to be able to assess this” ID15CHE).

3.3.3. Patients’ interest in using the system and attitude toward paying

The majority of patients considered the system to have been extremely (35.7%), fairly (28.6%) and slightly
(21.4%) useful/helpful. In contrast, a minority (14.3%) said the system was not helpful at all.

Patients reported that factors influencing their decision to use a home rehabilitation system included the possibility
to try out the device themselves (28.6%) or receiving a recommendation from their physician or another trusted
healthcare worker (28.6%). Other aspects mentioned were seeing someone demonstrate the device’s use (21.4%),
receiving a recommendation from a friend or family member (7.14%), or having the opportunity to try and receive
a demonstration during rehabilitation (14.3%). Two patients (14.3%) were unsure how to respond.

Finally, the following list presents in order of decreasing significance the factors deemed most important by
patients when thinking about whether or not to use a home rehabilitation system:

- Recommendation from my physician (M=4.86, SD=0.36);

- Ease of use (M=4.64, SD=0.63);

- How much support I receive from caregivers (M=4.43, SD=0.94);

- State of my health (M=4.43, SD=0.94);

- Cost (M=4.21, SD=0.8);

- Whether insurance scheme will pay for part or all of the cost (M=4.21, SD=0.8);
- Perceived value (M=3.79, SD=0.97);

- Level of comfort with technology (M=3.71, SD=1.33);

- Easy to buy/availability (M=3.57, SD=0.94).

Instead, the aesthetic appearance of the device was rated on average as not important (M=2.29, SD=1.2).

3.34. Impact of the system on caregivers and professionals
Caregivers' responses to the questionnaire on the impact of the system revealed that most of them (35.7%) never
used the caregiver app. The remaining study participants used it rarely (28.6%), sometimes (28.6%) or quite
frequently (7.1%).
The caregiver application in the relative's home rehabilitation for most participants was not important (28.6%) or

somewhat unimportant (21.4%). Instead, 35.7% of caregivers believed the application was important, somewhat
(28.6%) or very (7.1%). A minority (21.4%) expressed a neutral opinion about the caregiver application.



Moreover, most caregivers (92.9%) stated that the system for the person they were assisting was useful/helpful.
Specifically, 50% considered it fairly, 28.6% only slightly and 14.3% extremely useful/helpful. Only one caregiver
(7.1%) said the system was not useful at all.

Considering the supporting role played during the rehabilitation process, all caregivers (92.9%), except one
(7.1%), reported that the use of the system was not an additional burden. Some comments expressed by caregivers
were: “No, I didn't feel a heavy load” (IDOTITA); “I do not see it as an additional burden; it is a time when I lend
my help, as the time frame is also reduced” (ID131TA); “No additional burden, but attention to a friend”
(IDISITA); “No burdens were relieved, although he was honoured to be in the project and gave him a sense of
importance” (ID02BEL); “It relieved me” (ID11CHE). The participant who, on the contrary, reported an
additional burden given by the use of the system attributed it to the “time required” (ID13CHE).

Most caregivers (71.4%) agreed on integrating classical rehabilitation with home telerehabilitation systems such
as RecoveryFun. Some comments expressed by caregivers were: “They are different type of rehabilitation and
both are useful, are complementary” (IDOTITA); “telerehabilitation is a way to make rehabilitation more
interactive, so I agree in integration” (ID13ITA); “prefer to integrate, because it is also for me a variation”
(IDO7CHE); “integration, because independent of time and place” (ID11CHE). In contrast, a minority (21.4%)
reported that they would prefer classical rehabilitation because of the clinician's presence next to them or the
“social contacts” (ID13CHE). One (7.1%) expressed a dubious opinion (“depending on the effort (distance to
therapy, place of living)” ID15CHE).

In the current situation where telerehabilitation is only partially reimbursed, most caregivers (85.7%) thought it
could be valuable to pay for the use of the RecoveryFun system. Those who agreed to pay to utilize this service
considered it reasonable to pay monthly 50-100€ (42.9%), 100-150€ (14.3%) or 150-200€ (7.1%). Three
caregivers (21.4%) refused to answer and two (14.3%) didn’t know what to reply.

Caregivers, except for one who did not reply, used the following words to list the positive aspects of the system:
fun; cognitive; stimulating; independently; relaxing; little time; together; innovative; useful; additional; creative;
no travel; helps; various; followup.

Instead, negative aspects reported were as follows: few games; complicated; screen not centered; too difficult; not
suitable for rehabilitation; not autonomously; not customizable; wifi; less personal contact; not clinician; user
friendliness. Only 9 caregivers (64.3%) responded as 5 (35.7%) did not report any negative aspects.

Finally, healthcare professionals provided their feedback on the various components of the system. The critical
issues sometimes found in the use of virtual reality that hindered the execution of games were: virtual screen
distance too close, screen angle not centered, interaction with objects not always working properly. Instead, the
sensor charging mode appeared cumbersome. Regarding the clinical platform, it was found to be easy to use.
Professionals have, in addition, proposed to improve it through the input of both sensor and caregiver app data
and the history and duration of previously scheduled rehabilitation sessions.

Considering patients, system setup at home should be further simplified as the system has too many components
and, if the patient or caregiver is unfamiliar with the technology, it can be complex. In addition, exergames should
be more adaptable to the patient's abilities through a wider range of games and levels in which the therapeutic
purpose is clearly described. Gamification could also be expanded, for example by giving a score at the end of the
game or the opportunity to obtain prizes.

Conducting the trial emphasized the importance of caregiver involvement and offered the opportunity to observe
the benefits of a system such as RecoveryFun for patients. In fact, healthcare professionals mentioned a positive
impact of the system on patients, also related to the fact that they were autonomous in the mode and timing of
performing the exergames and that the rehabilitation sessions seemed to improve both motor and cognitive status.
Indeed, the possibility of doing as many exercises as patients with a neurological disease wish is favorable, as the
chances of faster recovery are increased.



Finally, healthcare professionals invited for future studies to consider that selecting a specific population to have
more comparable data limited the possibility of involving more participants. Based on their experience during the
trial, they suggested patients with chronic conditions and orthopedic disabilities are likely to be the best targets
for the solution.

4. Discussion
4.1. Principal findings

The goal of this study was to assess the usability and acceptability of the RecoveryFun prototype system in
telerehabilitation. Starting with patients' experience, they reported good usability of the system, as evidenced by
an average SUS score above the acceptability threshold. The UEQ also revealed positive impressions on all
dimensions, particularly in terms of novelty and stimulation. Patients expressed high satisfaction for the headset
and wearable sensor, emphasizing ease of use and comfort. Notably, most patients found the system useful and
expressed interest in using similar solutions in the future, especially if recommended by a physician. Satisfaction
with both the headset and wearable sensor was high (QUEST >4), emphasizing comfort and ease of use as decisive
features. The results obtained from the SUS, QUEST, and UEQ scales consistently indicated good usability of the
RecoveryFun system across all its components. In particular, the highest scores were reported for the wearable
sensor on the QUEST and for the novelty and attractiveness dimensions on the UEQ, reflecting positive user
perceptions of comfort, ease of use, and engagement. Similarly, SUS scores exceeded the threshold for acceptable
usability, further supporting the system’s feasibility. Taken together, these findings suggest that RecoveryFun has
great potential for autonomous use at home by patients aged over 60 years with limited technological familiarity.

Caregivers also rated the system as usable and manageable within their routine. Importantly, almost all caregivers
reported that support for use of the system was not changing their routine, a potential critical factor for sustainable
implementation in the home environment. Although caregiver use of the application was relatively limited, those
who used it recognized its motivational potential. However, the assessment of the application's use could be
subject to cultural bias, as in Italy it is very common for the caregiver to live with the patient. For this reason, the
use of the system may be less motivated, in contrast to other contexts where the patient does not live with the
caregiver. The system was also perceived as making a positive contribution to the rehabilitation pathway, with
several caregivers noting increased patient motivation and emotional involvement. A reduction in perceived stress
(as measured by PSS) among caregivers was also documented, particularly among women and older participants.

These results are consistent with current evidence [40] which have repeatedly reported that immersive VR and
exergames-based interventions are feasible, well-tolerated, and often preferred by older adults compared to
conventional rehabilitation modalities. In particular, the SUS score observed in this cohort, aligns with analogous

studies involving technology-assisted home rehabilitation for older adults [41].

In addition, the system may significantly alleviate caregiver burden. The availability of an immersive and
motivating home-based rehabilitation program reduces the need for frequent travel to clinical centers, often a
source of logistical and emotional strain for both patients and their families. Importantly, this aspect could be
particularly beneficial for people living in rural or underserved areas, where access to specialized rehabilitation
services is limited and transportation may represent a considerable barrier. By decentralizing rehabilitation and
making it accessible at home, RecoveryFun addresses an important equity gap in healthcare provision [42].

A further innovative element of RecoveryFun is its calibration phase, which not only ensures that exergames are
tailored to the patient’s functional abilities but could also serve as a valuable tool for remote follow-up. Through
periodic recalibration sessions performed at home, clinicians could obtain updated and objective data on motor
performance, enabling them to identify with precision which patients require additional follow-up or intensified
rehabilitation. This feature could transform calibration into a dual-purpose component: personalization of therapy
and remote monitoring of clinical progress.



Importantly, improvements in upper limb function and quality of life as well as reductions in caregiver stress,
mirror the outcomes observed in similar investigations and meta-analyses. For example, exergames and VR
protocols, especially when home-based and supported by remote feedback, are linked to functional improvements,
increased autonomy, and high patient satisfaction [43]. Remarkably, the reduction in caregiver perceived stress,
together with the observation that the intervention did not increase caregiver burden, is a significant relief for
caregivers and is echoed in other studies focusing on digital and home-based rehabilitation programs [42].

Another relevant aspect to consider is the potential impact of a system like RecoveryFun on healthcare costs and
caregiver workload. From the current state of the art, it is clear that telerehabilitation represents an important
opportunity to reduce healthcare costs while maintaining, or even improving, the quality of care. Moreover, it
contributes to lowering the workload of healthcare professionals and caregivers, particularly for patients living in
rural or underserved areas who often face logistical and financial barriers to accessing rehabilitation services [44].
However, a reliable cost—benefit or workload analysis would require larger-scale studies and more detailed
economic data, some important reflections can be drawn. Conventional rehabilitation pathways are often
constrained by the availability of therapists, limited treatment slots, and the economic sustainability of national
healthcare systems. RecoveryFun, by contrast, offers patients the possibility to continue an engaging rehabilitation
program without temporal restrictions and with minimal need for in-person supervision. This flexibility not only
enhances continuity of care but may also optimize resource allocation by reducing the frequency of outpatient
visits and hospital-based sessions.

Taken together, these considerations suggest that RecoveryFun could represent a cost-efficient and sustainable
addition to existing rehabilitation services, particularly when integrated into hybrid care pathways that combine
in-clinic sessions with home-based use. With further validation and economic analysis, such a system could
become a valuable tool not only for improving patient outcomes and autonomy, but also for relieving pressure on
healthcare professionals and reducing indirect costs associated with long-term disability management.

Overall, these results indicate that the RecoveryFun prototype system is a promising and generally well-accepted
solution that facilitates home rehabilitation.

4.2.Strengths and limitations

The article provides a user-centred approach, involving patients, informal caregivers and healthcare professionals
as active participants. Each group contributed valuable insights into the usability, acceptability and perceived
impact of the system. A further strength of the study is that the RecoveryFun system was tested in a naturalistic
home environment in three different European countries (Italy, Belgium and Switzerland). This ecological validity
increases the applicability of the results to real-life and different healthcare contexts. Moreover, the use of both
qualitative and quantitative methods maximized information gathering and understanding regarding user
experience and system impact. In particular, the use of validated instruments such as SUS, QUEST, UEQ and
WHOQOL-BREF strengthened the reliability of the results, while the inclusion of caregivers and health
professionals provided insight into the broader care ecosystem. Furthermore, the inclusion of caregivers and the
measurement of the system's impact on caregiver stress, routine and load is aligned with the latest telerchabilitation
literature [42]. The literature demonstrates the excellent acceptability and usability of immersive VR systems in
neurologic patients, as well as their effectiveness [14, 25, 27, 21]. However, despite the wide availability of trials
on immersive VR technology in the literature, very few trials exclusively use home-based rehabilitation. For this
reason, one of the strengths of the system is its innovative aspect [27, 21, 28, 29]. The results show that
RecoveryFun did not increase caregiver burden and, in some cases, was perceived as helpful. This is an important
aspect for the sustainability of home-based rehabilitation. The RecoveryFun prototype system represents an
innovation in asynchronous telerehabilitation for the upper limb of patients with neurological conditions (e.g.
stroke or brain injury). The literature reports widespread home use of semi-immersive and non-immersive VR
systems like RecoveryFun. The RecoveryFun system has demonstrated good usability, and in some cases, patients
were able to use it independently, requiring only minimal assistance to wear the device. This opens the opportunity
to provide long-term continuous rehabilitation without increasing healthcare costs for national systems or
caregivers. RecoveryFun represents a new system, and a future efficacy study are needed. In designing an RCT,



should the control group undergo the same number of sessions or follow the standard home rehabilitation program
for stroke patients. The true potential of the RecoveryFun System lies in the absence of temporal, logistical, and
personal limitations—while maintaining therapist supervision and treatment personalization. Finally, the proposed
solution represents an integrated, multi-component system, combining VR exergames, wearable sensors for
physiological monitoring, a dashboard for the health professionals and an application for the caregiver. The project
reflects an interoperable ecosystem aimed at improving personalisation of therapy, motivation and remote
monitoring, key attributes of modern telemedicine solutions.

Despite these strengths, key limitations of this study are the absence of a control group and the small sample size,
particularly when disaggregated by outcome. Only 14 participants contributed to qualitative outcomes, and merely
9 patients were evaluable for functional parameters (FMA-UL) and among them one case was affected by an
intercurrent illness. Moreover, several participants achieved very high baseline scores at T0, resulting in a ceiling
effect in the data analysis. Under these conditions, any statistical testing would be prone to multiple potential
biases, making the results difficult to interpret. This substantially limits the robustness of statistical analyses and
the generalizability of the findings. Moreover, the short intervention period (4 weeks) does not allow conclusions
about long-term adherence, functional recovery, or sustained impact on quality of life. In addition, the inclusion
criteria selected patients with relatively preserved motor and cognitive function, which may reduce applicability
to the wider population of stroke survivors with more severe impairments. In addition to the limitations already
discussed, further aspects should be acknowledged. First, the sample was unbalanced in terms of gender
distribution, with only three males compared to eleven females among the 14 participants. Second, the
geographical representation, although spanning three countries, remains limited. To avoid this being a constraint,
future studies should involve a broader range of European countries in order to provide a more accurate
representation of the European context. Nevertheless, the observed positive trend supports the hypothesis that
consistent engagement with immersive VR exergames may foster recovery, in line with the neuroplasticity
principles described in the study protocol.

4.3. Future directions

Based on the limitations and the insights gathered from this field trial, several directions for future research and
system development emerge. First, while this study focused on usability and acceptability, future studies should
also evaluate the clinical effectiveness of the RecoveryFun system in improving motor function, cognitive function
and long-term adherence to rehabilitation protocols. Randomized controlled trials with larger sample sizes and
longer follow-up durations are needed to determine whether observed positive trends, such as improvements in
Fugl-Meyer and quality of life scores, result in statistically and clinically significant outcomes. In addition, future
research could explore the use of the system for people with mild cognitive impairment, greater motor limitations
or orthopedic comorbidities, limited familiarity with the technology, or no or limited caregiver support. Regarding
future development, feedback from healthcare professionals and participants revealed a need for a greater variety
of games, difficulty levels and feedback mechanisms, as well as improved integration of the clinical platform with
sensor and caregiver app data. It would also be desirable to reduce the number of components needed at home and
the need for in-person installation. One aspect that has not been considered—but should be addressed in a future
efficacy study—is the issue of healthcare costs. The discussion around this topic is complex and multifaceted.
Comparing rehabilitation costs is challenging because many variables influence whether a home-based system is
more or less cost-effective than in-person rehabilitation. To determine whether a telerehabilitation system is cost-
effective, it is essential to stratify the population not only by clinical characteristics but also by place of residence
(rural or urban areas) and living arrangements.

5. Conclusion

This study demonstrates that the RecoveryFun prototype system is a promising, user-centered solution for home-
based telerehabilitation targeting upper limb recovery in older adults with neurological conditions. By integrating
immersive virtual reality, biosensors, a video communication channel, a caregiver application, and a clinician
dashboard, the system enables individualized, asynchronous rehabilitation while addressing the needs of patients,
caregivers, and healthcare professionals.



Another relevant aspect to consider is the potential impact of a system like RecoveryFun on both healthcare costs
and caregiver workload. However, a reliable and accurate cost—benefit or workload analysis would be difficult to
perform. What can be highlighted is that RecoveryFun enables patients to continue a stimulating rehabilitation
program without temporal restrictions, unlike conventional rehabilitation pathways usually limited by the
resources of national healthcare services. For this reason, RecoveryFun can be regarded as a highly innovative
solution in the field of asynchronous telerehabilitation with immersive virtual reality.

RecoveryFun combines several innovative features that strengthen its potential impact: the calibration phase as
both a personalization and remote follow-up tool, the possibility of continuous and flexible home use, the
reduction of caregiver workload, and improved accessibility for patients in rural or underserved areas. These
elements position RecoveryFun as a scalable and sustainable solution that can complement conventional
rehabilitation while promoting autonomy and equity of care.

High levels of usability, acceptability, and patient engagement were observed across diverse home settings.
Preliminary findings suggest a positive association between system use and functional improvement, along with
reduced caregiver stress and strong patient motivation. These results highlight the system’s potential to extend
rehabilitation beyond clinical settings while maintaining care quality and alleviating caregiver burden.

Nevertheless, limitations such as the small sample size, short intervention duration, and restricted inclusion criteria
emphasize the need for further research. Future studies should focus on clinical efficacy, long-term adherence,
and cost-effectiveness in larger and more diverse populations.

In summary, RecoveryFun prototype solution offers a scalable and innovative approach to home-based
telerehabilitation. With continued technical refinement and rigorous clinical validation, it has the potential to
become a valuable tool for promoting functional recovery and autonomy among older adults.
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Figures

Figure 1

Selected components of the RecoveryFun telerehabilitation prototype system: VR Headset (Pico 4) and a
wearable sensor (Shimmer very pulse)
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Figure 2

Exergames VR application
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