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Abstract
Introduction: Digital technologies have the potential to transform home-based neu-
rorehabilitation by improving access to care and enabling intensive therapy. How-
ever, the noticeable decrease in adherence to technologies when comparing clinical 
to home settings suggests critical usability challenges in terms of effectiveness, ef-
ficiency, and satisfaction that are not yet fully understood.
Objective: Understand how, why, and under what circumstances are digital tech-
nologies usable for home-based neurorehabilitation.
Methods: Following Pawson et al. (2005) methodology and RAMESES I standards, a 
five stage realist review was conducted: (1) developing an initial theory from existing 
theoretical frameworks; (2) systematically searching the literature from 2015 to 2023; 
(3) selecting the studies; (4) extracting Context-Mechanism-Outcome (CMO) con-
figurations; and (5) conducting theory-driven analysis to revise, validate, or eliminate 
elements from the initial theory leading to a refined middle-range theory.
Results: Of 4,708 records, 134 articles were retained. A total of 379 extracted CMOs 
were analyzed to refine the initial theory into 9 key mechanisms that can be acti-
vated or inhibited by 33 contextual factors, influencing home usability for people 
with neurological conditions, their caregivers, and health professionals.
Conclusion: The proposed middle-range theory enhances our understanding of digi-
tal technology usability and translates theory into practice to guide home neurore-
habilitation solutions.
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Introduction
With the rapid rise of digital health, the use of 
digital technologies has become a key appli-
cation, offering a wide range of evolving solu-
tions to support the needs of healthcare systems 
(World Health Organization, 2019). Digital re-
habilitation refers to “the use of digital technolo-
gies (by rehabilitation professionals or self-driv-
en clients) as part of the rehabilitation process in 
its different phases (diagnostic/assessment, goal 
setting, intervention, monitoring, and evalua-
tion)” (Arntz et al., 2023). 

More than 3 billion people worldwide are af-
fected by neurological conditions that are now 
considered the leading cause of overall disability 
worldwide, accounting for 443 million Disabili-
ty-Adjusted Life Years in 2021 (DALYs; quantify-
ing years of life lost due to premature death and 
years lived with disability) (GBD 2021 Nervous 
System Disorders Collaborators, 2024). This high 

prevalence highlights the importance of neu-
rorehabilitation, which is increasingly supported 
by evidence-based interventions grounded in 
neuroplasticity and functional recovery prin-
ciples (Khan et al., 2017). Neuorehabilitation 
plays a vital role in enhancing the quality of 
life and autonomy of individuals across differ-
ent age groups, especially older adults who may 
face various challenges such as mobility issues, 
comorbidities, and the need for long-term care 
(Dumurgier & Tzourio, 2020; McClure & Leah, 
2021). Neurorehabilitation typically involves re-
peated in-person sessions offered in healthcare 
facilities, which can be burdensome for patients 
and their caregivers (Bartolo et al., 2010; Lam-
bercy et al., 2021). Advances in digital technolo-
gies are transforming the rehabilitation field by 
enlarging the scope of rehabilitation contexts 
through remote, personalized, and continuous 
care options, including from patients’ homes 
(Martinez-Martin & Cazorla, 2019). The effec-
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tiveness of neurorehabilitation is significantly 
enhanced by ensuring a high intensity of inter-
ventions (Daly et al., 2019; Königs et al., 2018), 
to which digital technologies may contribute by 
potentially enabling more frequent therapy ses-
sions and delivering engaging home‑based in-
terventions (Chen et al., 2019; Chen et al., 2020). 
Thus, digital technologies can play an essential 
role in maximizing the benefits of neurorehabili-
tation for adults and older adults.

Despite the potential of digital technologies for 
neurorehabilitation, understanding their usabil-
ity within home environments remains a com-
plex issue. In fact, the home setting often poses 
practical challenges, including user technical 
proficiency, mainly when patients must operate 
the system, as well as space constraints and the 
need for family involvement (Chen et al., 2019). 
In addition, the COVID‑19 pandemic revealed 
the fragility of hospital‑centric neurorehabilita-
tion; a viable shift to home‑based care therefore 
depends on technologies that are safe and us-
er‑friendly, portable, robust, and scalable, with 
usability emerging as a decisive determinant 
of adoption (Lambercy et al., 2021). Based on 
the ISO9241-11:2018 definition (ISO, 2018), us-
ability encompasses various dimensions such as 
effectiveness (results demonstrated), efficiency 
(resources required), and user satisfaction (needs 
and expectations fulfilled), which are influenced 
by numerous contextual factors and individual 
characteristics. Although understanding these 
influences is crucial for developing technolo-
gies that are effective, efficient and satisfying 
for users, determining whether a technology is 
usable remains challenging given the complex-
ity of bringing digital neurorehabilitation to the 
home setting. 

When it comes to facilitating autonomy in one’s 
home and preventing institutionalization, studies 
often focus on what works. Still, they fall short 
of explaining the mechanisms of action underly-
ing the interventions’ effectiveness (Gaugler et al., 
2023). This underscores the need for research that 
delves into 'how' and 'why' complex interventions 
such as home-based digital neurorehabilitation 
work in particular contexts. The research question 
guiding this review is: How, why, and under what 
circumstances/contexts are digital technologies 
usable for home-based neurorehabilitation?

Methods 
We conducted a realist review, guided by the 
five steps outlined by Pawson et al. (2005)  and 
following the RAMESES publication standards 
(Wong et al., 2013). The project received ethi-
cal approval (MP-50-2024-2020) in March 2024 
to recruit an expert advisory group from the 

Research Ethics Board in Rehabilitation and 
Physical Disability (CER-RDP), CIUSSS du Cen-
tre-Sud-de-l'Île-de-Montréal (CCSMTL), Cana-
da. The review was registered with PROSPERO 
(CRD42024533432) in April 2024. As the review 
progressed, we refined our data synthesis meth-
od to accommodate the large number of extract-
ed materials as described below.

A realist review is particularly suitable for this 
research question because it emphasizes under-
standing the specific contextual factors and un-
derlying mechanisms that influence intervention 
effectiveness (Pawson et al., 2005). By using the 
context-mechanism-outcome (CMO) configura-
tion [context (C) + mechanism (M) = outcome 
(O)] (De Weger et al., 2020), this approach ena-
bles us to explain how the characteristics of the 
home context (C) activate specific mechanisms 
(M) to generate certain outcomes regarding the 
usability of technologies (O). Aggregating CMO 
configurations across cases reveals recurrent 
outcome patterns linked to specific contexts 
and mechanisms; these recurrent patterns, de-
fined here as demi-regularities, provide the 
basis for refining middle-range program theory 
(Lawson, 1997; Pawson, 2006). Given the multi-
dimensional character of usability concepts, the 
diversity of digital technologies, and the intricate 
nature of neurological conditions, a realist meth-
odology is uniquely positioned to capture these 
dynamic relationships effectively.

Expert advisory group involvement
In this realist review, an advisory group of reha-
bilitation researchers (occupational and physical 
therapy) was established within the network of 
the principal investigators (CA, DK) based on their 
expertise in rehabilitation technologies or realist 
methodologies. Recognising that involving advi-
sory groups in realist reviews is an established and 
recommended practice (Power et al., 2024), their 
primary role was to provide ongoing validation 
and feedback throughout the review process.

Step 1: Overview of the literature 
We started by defining the scope of the review 
through creating an initial program theory, a 
basic understanding of how home-based digital 
neurorehabilitation functions that forms the foun-
dation for all later analyses. To build this theory, 
we used four complementary strategies: concept 
definition, iterative searching, model integration, 
and expert advisory group input (Booth et al., 
2020; Shearn et al., 2017). We described tech-
nology outcomes (O) using the usability defini-
tions of the International Organization for Stand-
ardization ISO 9241-11: 2018 guidelines (ISO, 
2018) (see Table 1). For descriptive purposes, we 
applied the classification of digital rehabilitation 
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technologies proposed by  Arntz et al. (2023), 
with definitions established through a Delphi 
consensus process (Kidritsch et al., 2023).

To inform the initial program theory on the us-
ability of technologies at home, the first author 
conducted a Google Scholar scoping search, 
consistent with evidence that broad web search-
ing can be more efficient than using academic 
databases at this stage of program theory de-
velopment (Coleman et al., 2020). This explora-
tory search involved terms such as “framework,” 

“theories,” “models,” “concepts,” “systems,” “ap-
proaches,” “usability,” or “technology.”  This list 
of potential frameworks and models related to 
our research question was then supplemented 
by the expert advisory group recommenda-
tions. Subsequently, we conducted a purposive 
search in Google Scholar, targeting each identi-
fied framework or model to determine its po-
tential contribution to our initial program theory. 
Since no single framework or model could fully 
explain the complexity of digital technology us-
ability, multiple theoretical foundations were ex-
amined before narrowing down to the Human 
Activity Assistive Technology (HAAT) model 
(Cook et al., 2020), the Technology Accept-
ance Model (TAM3) (Venkatesh & Bala, 2008), 
and Roger’s theory of diffusion (Rogers, 2003). 
Based on these frameworks, the initial program 
theory was developed (Supplementary file 1: 
Initial program theory).

Step 2: Searching for evidence 
As research on digital technologies in home set-
tings peaked in 2015–2016 (Giraldo et al., 2025), 
we limited inclusion to studies published from 
2015 to 2023. We searched MEDLINE, Embase, 
CINAHL, and Web of Science, consistent with 
recommended database coverage for optimal 
retrieval (Bramer et al., 2017). The search strat-
egy was adapted for each database with the 
support of a university librarian (see Supple-
mentary file 2: Search strategy). Additional steps 
ensured the identification of relevant evidence 
from a wide range of sources, including back-
ward and forward citation searches of included 
papers, consulting specific websites of the tech-
nologies when available, and seeking input from 
the expert advisory group. For instance, articles 
that described a technology in more detail on 
the developer’s website were checked to under-
stand how the device worked. By also examin-
ing related resources and article protocols that 
described methods or technologies in more de-
tail, we ensured a thorough understanding of the 
neurorehabilitation technological intervention. 
 
Table 2 presents our inclusion and exclusion 
criteria, which were intentionally kept broad to 
align with the principles of realist reviews that 
embrace a wide range of primary data to contrib-
ute to theory building (Pawson et al., 2005). We 
limited our selection to motor rehabilitation to 
ensure actionability, applicability and specificity 
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Table 1. Definitions supporting the scoping of the literature 
Terms Definitions 
Realist Review   

(Pawson et al., 2005) 
“A theory-driven strategy for synthesizing research. It seeks to unpack the mechanism of how 

complex programs work (or why they fail) in particular contexts and settings.” 
| Context 
(Duddy & Wong, 2023) 

“Any condition that triggers and/or modifies the behaviour of a mechanism. Context refers to the 
important feature(s) of the circumstances in which an intervention ‘works’ (or a phenomenon 

happens) which ‘trigger’ the mechanisms that generate outcomes. Changes in context over time 
or in different settings will affect whether and which mechanisms are in operation.” 

| Mechanism 
(Duddy & Wong, 2023) 

“The underlying process by which outcomes are caused. Mechanisms are usually descriptions of 
the tendencies, reasoning and behaviour of agents involved in a process or users in an 

intervention and their response to the important context(s) in which they exist. Mechanisms are 
not the same as ‘variables or correlates’ that are associated with particular outcomes; instead, 

they offer an explanation for why and how observed outcomes happen.” 
| Outcome 
(Duddy & Wong, 2023) 

Any result of the intervention, influenced by the interaction of context and mechanism, including 
both proximal (process) and distal (ultimate) outcomes. Intended and unintended effects are 

considered to provide a comprehensive understanding of an intervention's impact. 
Demi-regularities 
(Lawson, 1997) 

“A partial event regularity which prima facie indicates the occasional, but less than universal, 
actualization of a mechanism or tendency, over a definite region of time-space.” 

Usability 
(ISO, 2018) 

“The degree to which a system, product, or service can be used by specified users to achieve 
defined goals with effectiveness, efficiency, and satisfaction in a specified context of use.” 

| Effectiveness (ISO, 2018) “The precision and degree of completion with which the user achieves specified goals.” 
| Efficiency (ISO, 2018) “The ratio between the resources used and the results obtained.” 

| Satisfaction (ISO, 2018) “The degree to which the physical, cognitive, and emotional reactions of the user resulting from 
the use of a system, product, or service meet the user's needs and expectations.” 

Digital rehabilitation 
(Arntz et al., 2023; Kidritsch et al., 
2023) 

“Digital Rehabilitation (DR) is the use of digital technologies (by rehabilitation professionals or 
self-driven clients) as part of the rehabilitation process in its different phases 

(diagnostic/assessment, goal setting, intervention, monitoring, evaluation). Digital Rehabilitation 
aims to optimize functioning and reduce disability of individuals in interaction with their 
environment. Therefore, Digital Rehabilitation has a strong link with the empowerment of 

individuals and communities. This can include, but is not limited to, the use of tele- and remote 
rehabilitation applications and services, automatic services, robot-assisted technologies, 
wearable physical activity trackers, emails, video, speech, and text messaging solutions.” 
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of our final theory, without restricting neurologi-
cal conditions or technology types.

Step 3: Selecting studies 
EndNote 21 software was used to manage the bib-
liographic search, and article selection was then 
carried out using the Covidence online software. 
Two independent reviewers with graduate training 
in the rehabilitation field (NEH, with two research 
assistants, ELM or KVSM) independently screened 
the articles based on the title and abstract, fol-
lowed by a full-text review. In the event of disagree-
ment after discussion among the reviewers, a third 
reviewer (CA or DK) helped reach consensus. Each 
selected article could be complemented with addi-
tional resources identified in the article, such as the 
technology's website or a protocol article. When 
applicable, these resources were added as com-
plementary materials rather than as independent 
sources of information, since their main goal was 
to support our understanding of the main article. 

In line with the RAMESES standards (Wong et al., 
2013), articles were assessed for relevance and rig-
our. Relevance was determined by an article’s con-
tribution to theory building or testing through its 
discussion of context, mechanisms, or outcomes 
related to the usability of home-based technolo-
gies for neurological conditions. Rigour was as-
sessed by evaluating the trustworthiness of the data 
and the strength of the theoretical explanations in 
developing a plausible middle-range theory. Trust-
worthiness required clearly reported methods and 
corroboration from multiple documentaries and/or 
non-documentary sources, such as experts’ insight 
(Wong, 2018). A sample (10%) of sources was re-
viewed with the expert advisory group for consist-
ency. For the remainder, relevance and rigour were 
discussed between the two independent reviewers, 
with CA or DK consulted to reach consensus.

Step 4: Extracting data 
The study descriptions were independently ex-
tracted by two reviewers (NEH, with FZ or two 
research assistants JN or KR) using Covidence, 

including the following elements: study title, year 
of publication, country of conduct, study objec-
tives, technologies addressed, settings (e.g., home 
exclusively, home and clinic), methods, target 
populations, key findings, and usability dimen-
sions (effectiveness, efficiency, satisfaction). CMO 
configurations were extracted using NVivo 14. 
The annotation function was used to rephrase 
CMO configurations based on an initial under-
standing of the causal mechanisms explaining 
each article's results, and to add reflections while 
reading the articles. This process maintained the 
logic and coherence described in the article and 
helped synthesize the extracted data to test the 
initial program theory (Peters, 2024). Each CMO 
included in the synthesis resulted from a double 
independent extraction (NEH, with FZ or two 
research assistants, JN or KR). The paired extrac-
tions were compared, discordant elements were 
removed, complementary elements merged, and 
the resulting CMOs were retained for each article. 

Step 5: Synthesising the evidence 
A realist-analytical approach (Pawson & Tilley, 
1997) was used to explain CMO patterns and to 
refine the initial program theory (Figure 1). We 
first identified key mechanisms: CMOs sharing 
similar underlying processes were mapped de-
ductively to a component of the initial program 
theory. As the analysis progressed, well-tested 
components were kept, unsupported compo-
nents were dismissed, overlapping components 
were merged, and new mechanisms were added 
using abductive inference when CMOs did not fit.

Once key mechanisms were defined, we exam-
ined the CMOs regrouped under each mecha-
nism to identify recurrent contextual factors that 
could activate or inhibit them. Tracing recurring 
patterns of associated mechanisms and contex-
tual factors revealed demi-regularities, provid-
ing a more comprehensive understanding of 
observed outcomes and informing refinement 
of the initial program theory into a middle-range 
program theory. The synthesis was iterative and 
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Table 2. Inclusion and exclusion criteria 
Article selection 

Inclusion criteria 
P – Population Neurological conditions primarily affecting the motor component 
I – Intervention Digital technologies for neurorehabilitation in home setting  
C – Comparator N/A  
O – Outcome Effectiveness, efficiency, satisfaction based on ISO9241-11 norm (ISO, 2018) 
Characteristics of studies 

- Published between 2015 and 2023 
- No restriction on types of primary studies included 

Exclusion criteria   
- Documents in languages other than French or English  
- Neurological conditions not primarily affecting the motor component  
- Non-residential context (hospitals, community centers, clinics, etc.) 
- Non-digital technologies, not targeting the motor component, involving invasive procedures, or just describing prototypes 
- No assessment of the usability of the technology, no description of results, or insufficient description to detect CMO elements 

(context-mechanism-outcome) 
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involved the expert advisory group for assessing 
empirical support, adjudicating between com-
peting explanations, applying the same theory in 
different situations, and comparing the findings 
with practical experiences (Pawson et al., 2005).

Results
A total of 6791 records were identified, and 134 
articles were retained for analysis (Figure 2). 

Study characteristics
Nine out of the 134 articles were multi-country 
studies, for a total of 145 countries in which stud-
ies were conducted, mostly in Europe (n=60; 
41.4%) and North America (n=59; 40.7%), fol-
lowed by Asia (n=19; 13.1%), Oceania (n=5; 
3.4%), South America (n=1; 0.7%), and Africa 
(n=1; 0.7%). Although the review spanned 8 
years, most studies were published during 
the last three years (2020-2023, n=84; 62.7%). 
Based on Arntz et al. (2023) classification, the 
most common digital technologies studied were 
digital and mobile apps (n=70; 52.2%) and sen-
sors (n=66; 49.3%), as they were frequently inte-
grated or combined with other devices for data 

collection and interfaces, followed by gamifica-
tion (n=45; 33.6%), virtual and augmented reality 
(n=28; 20.9%), robotics and brain-computer in-
terfaces (n=27; 20.1%), AI and machine learning 
(n=3; 2.2%), and Internet of Things (n=1; 0.7%). 
Additional details and the reference list of the 
retained articles are provided in Supplementary 
file 3: Description of included articles.

Main findings
The initial program theory comprised 23 ele-
ments across four domains: person, technology, 
activity, and context (see Supplementary file 3: 
Description of included articles for details). It 
posited that, in a home context during rehabilita-
tion activities, usability arises from the interaction 
between people and technology and may be se-
lectively favourable relative to competing options. 
After data extraction and synthesis, a total of 379 
extracted CMO configurations were retained and 
classified under pattern-matching 9 key mecha-
nisms, each with 33 associated contextual factors 
that reoriented the theory (see Table 3). The de-
tailed list of CMO configurations and additional 
explanations can be found in Supplementary file 
4: List of Context-Mechanism-Outcome configu-
rations regrouped under each mechanism. 

Our middle-range theory is composed of a set 
of demi-regularities (recurring patterns) repre-
sented by 9 key mechanisms and 18 associated 
contextual factors. Each demi-regularity links a 
mechanism with its associated contextual fac-
tors and specifies how this interaction influenc-
es usability. The nine mechanisms are (1) likabil-
ity, (2) perceived ease of use, (3) oservability, (4) 
adaptability, (5) cultural fit, (6) sense of control, 
(7) quality of output, (8) resources, and (9) rela-
tive advantage. Our middle-range theory sup-
ports that usability outcomes can be positively 
influenced when a digital technology is (1) en-
joyable, (2) easy to use, (3) provides observable 
outcomes, (4) adapts to user needs, (5) is aligned 
with the users’ culture, (6) provides a sense of 
control, (7) produces reliable output, and (8) is 
accessible with available resources. Ultimately, 
the preceding mechanisms will influence the 
overall (9) perceived advantage or disadvantage 
over other rehabilitation approaches depending 
on the balance between the three usability pil-
lars (effectiveness, efficiency, satisfaction). These 
mechanisms could also have negative impacts 
based on identified contextual factors, which 
serve as practical insights into the circumstanc-
es that lead to undesired outcomes. In the next 
paragraphs, the key mechanisms are defined, as 
well as how they operate through their associ-
ated contextual factors, with "users" referring to 
participants, caregivers, or therapists.

Figure 1. From CMO Configurations to Demi-
Regularities: Realist Synthesis Workflow for 
Theory Refinement. CX/Y/W: Contexts – M0/1/2/3: 
Mechanisms – O+/-: Outcomes – CMO: Context-
Mechanism-Outcome

Figure 2. Flow diagram of the realist review on 
home-based digital rehabilitation
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Observability
Observability is the degree to which a technol-
ogy makes its results visible and tangible to users 
and observers. We identified five contexts that 
trigger this mechanism. 

Provide real-time feedback cues: the capacity 
to issue immediate visual, auditory, or soma-
tosensory responses to user actions can increase 
performance awareness and enable direct move-
ment adjustment. For example, live electromyo-
graphy (EMG) visualization in a stroke‑rehabilita-
tion home program deepened engagement and 
accelerated motor recovery (Marin-Pardo et al., 
2022). Yet, poorly tuned or ambiguous feedback 
led to frustration and lowered satisfaction. 

Display quantified progress metrics: translating 
user performance into concrete, visually pre-
sented data makes even small gains visible, fos-
tering confidence, and making goal setting more 

precise. Excessive complexity, on the other hand, 
can create cognitive load and undermine usabili-
ty. For example, clinicians experienced cognitive 
burden when intricate graphs became difficult to 
interpret (Tyagi et al., 2018). 

Track activity continuously: capturing behaviour 
in real time or across extended time periods and 
reflecting it to users can strengthen self‑aware-
ness, accountability, and engagement, thereby 
improving outcomes. However, when status 
cues such as battery life or sensor status indi-
cators were hidden, it raised uncertainty about 
whether data were being captured, leading users 
to seek unnecessary technical support  (Demers 
et al., 2023; van den Bergh et al., 2023). 

Model through action observation: presenting 
movement demonstrations, either performed by 
someone else or recorded from the user, makes 
desired actions explicit, facilitates imitation and 
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Table 3. Key mechanisms and associated contextual factors impacting usability outcomes in home-based digital neurorehabilitation 
C.: Context – CMO: Context-Mechanism-Outcome 
+: At least one CMO has a positive, none has a negative influence on outcomes. 
±: CMOs show both positive and negative influences on outcomes. 
–: All CMOs have a negative influence on outcomes. 

Outcome 
Efficiency Effectiveness Satisfaction 

Mechanism: Observability    

C
on

te
xt

 Provide real-time feedback cues  ± ± 
Track activity continuously -  + ± 
Demonstrate visible transfer to activity and participation  ± + 
Display quantified progress metrics  + ± 
Model through action observation  + + 

Mechanism: Cultural fit    

C
. Match with users’ technological familiarity + + + 

Align intervention to culture and language  ± + 
Design devices for comfort and discretion  ± ± 
Address professional and user preconceptions - - - 

Mechanism: Quality of output    

C
. Ensure reliable technology performance - ± ± 

Deliver accurate automated measurement and data transfer + ±  
Provide human touch and realistic support - ± + 

Mechanism: Adaptability    

C
. Tailor challenge and content  ± ± 

Provide multi-channel support + + ± 
Enable flexible scheduling and reminders - ± ± 
Accommodate device-related constraints - ± ± 
Align practice with daily activities  ± + 

Mechanism: Perceived ease of use   

C
. Design intuitive, minimal interfaces ± ± ± 

Simplify setup and device handling ± ± ± 
Support learning with training and guidance + ± ± 

Mechanism: Sense of control    

C
. Prioritize user safety + ± + 

Provide privacy controls  - ± 
Offer adequate supervision ± ±  

Mechanism: Likability    

C
. Foster social interaction  + ± 

Deliver fun gamified experiences  ± ± 
Promote immersion in practice  + + 
Minimize user burden and discomfort + ± ± 

Mechanism: Resources    

C
.  Reduce on-site requirements ±  + 

Streamline troubleshooting ± + + 
Minimize device footprint ± ± - 
Maximize functional uptime ±  - 

Mechanism 9: Relative advantage   

C
. Emphasize standout benefits + ± + 

Avoid potential turn-offs  + ± ± 
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reflection on personal performance. For exam-
ple, users who viewed short self‑modelled gait 
videos became acutely aware of their move-
ment patterns. The brief embarrassment or 
shock this provoked motivated them to improve 
and fueled a strong interest in continuing the 
training (Goh et al., 2021). 

Demonstrate visible transfer to activity and par-
ticipation: ensuring that motor gains become evi-
dent in everyday tasks empowers users to repeat 
and extend those gains beyond formal sessions, 
thereby enhancing effectiveness and satisfaction. 
Yet overly specific or isolated practice may fail to 
generalise, leaving users unsure of the interven-
tion’s practical value. For example, participants 
who completed narrowly focused virtual reality 
drills achieved improvements only in the prac-
tised motions, with no observable transfer to 
daily activities (Kamm et al., 2023).

Cultural fit
By cultural fit, we mean the extent to which a 
technology aligns with a user’s cultural values, 
norms, experiences, and daily practices. We iden-
tified four contexts that activate this mechanism. 

Match with users’ technological familiarity: 
When intervention delivery mirrors established 
digital habits of its intended users, allowing mini-
mal cognitive effort to navigate, it allows a better 
integration of therapeutic tasks into routine life, 
thus achieving greater effectiveness, satisfaction, 
and efficiency. For example, smartphone‑own-
ing participants strongly accepted an app‑based 
home exercise program due to their familiarity 
with the device (Kim & Kim, 2022). 

Align the intervention to culture and language: 
Consider the cultural context that shapes how 
users communicate, learn, and assign roles at 
home, and make instructions clear and intui-
tive, so users feel the service is meant for them, 
boosting effectiveness, satisfaction, and efficien-
cy. Low alignment can make the tool seem irrel-
evant or hard to follow, diminishing motivation 
and weakening effectiveness. For example, in a 
context where the cultural norm for the partici-
pant is to adopt the “sick role” and depend on 
caregivers, they judged telerehabilitation unnec-
essary, and they disengaged (Tyagi et al., 2018).
Design devices for comfort and discretion: 
Designing modalities to be non‑irritating, and 
socially inconspicuous promotes continuous 
use across settings, securing richer data and 
sustained engagement. However, devices that 
are hard to socially fade into the background 
can trigger self‑consciousness and discomfort, 
prompt removal and may interrupt monitoring. 
For example, some individuals preferred home 

telerehabilitation because it reduced attention to 
visible disability (van den Bergh et al., 2023). 

Address preconceptions and expectations: Users’ 
prior representation of how rehabilitation should 
be delivered might misalign with digital solu-
tions, which can trigger disappointment, erode 
trust, and even prompt withdrawal. For exam-
ple, a participant in a structured therapist‑guided 
videoconference withdrew when the fixed guid-
ance did not match her expectations for a self‑di-
rected approach (Zhang et al., 2022).

Quality of output
Quality of output refers to the degree to which 
a technology performs its intended functions 
smoothly and consistently, without errors or 
interruptions. We identified three contexts that 
trigger this mechanism.  

Ensure reliable technology performance: The 
capacity to maintain steady performance un-
der normal operating variations with accessible 
support preserves continuity and confidence. 
However, recurring glitches and weak con-
nectivity interrupt sessions and prolong trou-
bleshooting, creating reliance on others. For 
example, when a telerehabilitation platform ran 
smoothly, people used it longer and felt assured, 
whereas bugs provoked frustration and lower 
satisfaction (Donnelly et al., 2023).

Deliver accurate automated measurement: Cap-
turing metrics effortlessly can provide records 
that are trustworthy and timely but also help in 
rapidly identifying and resolving system errors. 
However, home environments can complicate 
capture, even weaken measurement quality and 
reliability. For example, home environment ex-
posed users to real-life obstacles, slopes, and 
turnings which reduced concordance between 
sensor estimates and clinical benchmarks, pro-
ducing less accurate readings (Atrsaei et al., 2021). 

Provide human touch and realistic support: Com-
bining human judgment with data-driven tools 
grounds interpretation and keeps goals credible, 
supporting effectiveness, satisfaction, and effi-
ciency. However, securing such oversight can be 
resource-intensive and slow. For example, careful 
clinician review of home video produced a pre-
cise estimate of exercise time, yet the analysis took 
hours per participant, lowering efficiency and 
making this approach not viable despite greater 
confidence in results (Levy et al., 2021).

Adaptability
By adaptability, we mean the degree to which a 
user perceives that a technology is compatible 
with their needs and offers tailored support for 
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their individual situation. We identified five con-
texts that trigger this mechanism.

Tailor challenge and content: Continuous alignment 
of goals, calibration, and feedback with users’ abili-
ties, which are constantly changing in neurologi-
cal conditions, keeps demands proportionate and 
training effective. However, when adaptation lags 
or personalization is missing, tasks misfit capac-
ity, the ‘just-right challenge’ is missing, leading to 
inconsistent practice. For example, commercially 
available exergames with no therapeutic personali-
zation limited movement variety and were linked 
to limited improvement in occupational perfor-
mance over time (Adie et al., 2017). 

Provide multi-channel support: Diverse avenues 
of assistance let each user access guidance that 
suits their circumstances, resolving issues quick-
ly and keeping operations steady. However, reli-
ance on a single uniform source of support might 
be perceived as insufficient by users. For exam-
ple, combining education, caregiver involvement, 
and flexible contact with therapists provided tai-
lored support that maintained correct usage and 
preserved gains (Epalte et al., 2023). 

Accommodate device-related constraints: The 
ability to work within a device's physical, me-
chanical, and interface limits helps maintain con-
sistent usage across varied user needs. For ex-
ample, offering glove sizes that accommodated 
tight or atypical hands allowed for a better fit 
and more effective task execution (Maddahi et 
al., 2021). However, when the adjustable range 
is reached and the mismatch cannot be resolved 
through adjustment, involving assistance or con-
sidering a different solution becomes necessary, 
particularly in cases of more severe impairment. 
Enable flexible scheduling and reminders: The 
ability to let users engage with technology at 
times that are personally convenient supports 
integration into daily routines and encourages 
home use. However, without some structure or 
shared expectations, competing obligations, es-
pecially for those with complex schedules, can 
interfere with and reduce overall engagement. 
For example, fully flexible home training without 
set times led many to prioritize other tasks, pro-
ducing lower use than planned over six weeks 
(Rozevink et al., 2021).

Align practice with daily activities: Embedding 
practice within meaningful, real-world tasks 
encourages regular engagement and reinforces 
continuity between training and daily function. 
For instance, using the motor-assisted glove dur-
ing daily activities rather than isolated exercises 
made integration easier and improved adher-
ence and satisfaction at home (Osuagwu et al., 

2020). Furthermore, when activities remain ab-
stract or disconnected from everyday routines, 
they may feel less useful, reducing motivation 
and limiting carryover. 

Perceived ease of use
Perceived ease of use is the extent to which a user 
perceives that a technology minimizes unnecessary 
complexity and effort, fosters confidence in their 
ability to perform intended tasks, and perceives 
that it enables mastery of its function. We identi-
fied three contexts that trigger this mechanism. 

Design intuitive, minimal interfaces: While un-
necessary elements increase decision burden 
and reduce engagement, structured interaction 
pathways that limit cognitive branching reduce 
mental strain and boost confidence. For instance, 
when the interface offered a clear layout and 
straightforward progress feedback, users appre-
ciated ease of operation. However, adding fea-
tures increased complexity, overwhelming those 
with limited digital skills and lowering their satis-
faction (van den Bergh et al., 2023). 

Simplify setup and device handling: By reducing 
the work required to prepare or operate a sys-
tem, users can devote their time and energy to 
more meaningful activities rather than logistical 
tasks, providing a welcoming, easy experience. 
For example, when preparation and assessment 
time were minimal, users spent most of each ses-
sion on active training, thus increasing therapy 
intensity and efficiency (Wittmann et al., 2016). 
If setup becomes a source of friction rather than 
supporting recovery, it interrupts the engage-
ment flow, creates challenges for users and re-
duces the perceived value using the technology. 
Support learning with training and guidance: 
Ongoing exposure and instructional support al-
low users to build the understanding and confi-
dence needed for effective engagement. In con-
trast, limited guidance can leave critical knowl-
edge gaps. For example, therapists receiving 
only brief early exposure to a system struggled to 
gain confidence in effectively matching activities 
to participant needs (Valdes et al., 2018).

Sense of control
Having a sense of control refers to how much a 
user perceives that using a technology is volun-
tary and that they have the power to maintain 
their personal boundaries and reduce potential 
harm. We identified three contexts that activate 
this mechanism. 

Prioritize user safety: When potential hazards are 
anticipated and mitigated, users feel empowered 
to engage without fearing harm that could worsen 
outcomes. Without comprehensive safeguards, 
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unseen risks can cause injury or anxiety, affecting 
trust in neurorehabilitation. For example, failure 
to instruct safe neck movement in an augmented 
reality program led to a serious adverse event, 
turning an innocuous-like movement into serious 
harmful risk (Lee et al., 2023). 

Provide privacy controls: Empowering users 
to decide what data is captured and shared 
strengthens their sense of agency and protects 
personal boundaries. The absence of these con-
trols exposes users to vulnerability and worries 
about unwanted disclosure, leading to self‑con-
sciousness and reduced willingness to partici-
pate. For example, when participants feared that 
the camera might record confidential details or 
unconsenting bystanders’ faces, they experi-
enced worries and were hesitant to use the sys-
tem (Bandini et al., 2021). 

Offer adequate supervision: When oversight mis-
aligns with users’ needs, unnecessary monitor-
ing inefficiently consumes time and effort, while 
lack of support – when needed –may bring wor-
ry about harm risk and deteriorate trust. Provid-
ing support calibrated to individual risk ensures 
safety while preserving autonomy. For example, 
caregivers’ involvement during videoconference 
sessions considering participant’s impairment se-
verity offset motor and cognitive limitations, and 
ensured safety (O'Neil et al., 2023).

Likability
Likability is defined as the extent to which a user 
perceives their interactions with technology as 
fun and enjoyable, while feeling little apprehen-
sion. We identified four contexts that activate 
this mechanism. 

Foster social interaction: Designing practice ses-
sions around interacting with others makes par-
ticipation feel friendly and fun, supporting enjoy-
ment and smoother performance. For example, 
therapist videoconferences and family encour-
agement helped reduce isolation and strengthen 
connections, maintaining emotional well being 
and motivation to keep going (Alagumoorthi et al., 
2022; Standen et al., 2015). However, when these 
social opportunities are scarce or absent, external 
encouragement and support needed to stay moti-
vated decrease, leading to shorter practice times 
and less satisfaction and overall improvement. 

Deliver fun gamified experiences: Designing 
tasks as game‑like challenges with built‑in pro-
gression and rewards helps turn neurorehabili-
tation into a playful activity, encouraging users 
to practice more and with enjoyment. However, 
when games are repetitive, too easy, and mis-
takes have no consequences, users may become 

bored, and focus shifts to quick completion over 
quality, lowering satisfaction and limiting gains. 
For example, when exergames lacked strict ac-
curacy demands and penalties, effort shifted 
toward speed, leading to faster movement but 
poorer precision (Allen et al., 2017). 

Promote immersion in practice: Creating activi-
ties that fully capture attention and sustain focus 
makes practice feel absorbing and easy, encour-
aging playful engagement and steady perfor-
mance. For example, an immersive virtual reality 
environment reduced distractions and helped 
users concentrate on learning movement strate-
gies, which improved their capacity to engage ef-
fectively with the intervention (Goh et al., 2021). 
Minimize user burden and discomfort: When 
something feels heavy, awkward, or causes 
strain or irritation, it can gradually create uneasi-
ness that makes the experience harder to tolerate, 
reducing satisfaction and even leading to inten-
tional avoidance. Even when the experience isn’t 
especially enjoyable, the absence of discomfort 
remains a basic condition for it to feel accept-
able or likable. For example, a sensor sewn into 
regular clothing was described as comfortable 
and unobtrusive, and users wore it for two days 
without hesitation (Taylor-Piliae et al., 2016).

Resources
Resources refer to the degree to which a technol-
ogy requires time, human effort, funds, and materi-
als that are consumed and not reusable. We identi-
fied four contexts that trigger this mechanism.  

Reduce on-site requirements: When physical 
presence is no longer a condition for participa-
tion, logistical demands are reduced and limited 
resources are conserved or reallocated more ef-
ficiently. For instance, replacing home visits with 
scheduled teleconsultations shifted staff travel 
to IT support and device amortization, keeping 
care costs virtually identical (Durufle et al., 2023). 
If effort continues to rely on repeated travel, then 
time and funds are consumed in ways that are 
hard to recover or repurpose. 

Streamline troubleshooting: When resolution is 
timely and predictable, effort is conserved and 
users experience fewer interruptions, increasing 
satisfaction while reducing reliance on repeated 
inefficient interventions. In the absence of ad-
equate troubleshooting, users might postpone 
or refrain from requesting assistance, which 
can result in minor problems consuming more 
time and resources than necessary. For instance, 
when a clear introduction to the assigned sup-
port resource was lacking, users experienced 
uncertainty regarding whom to approach, which 
caused reluctance in seeking help and subse-
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quently delayed the resolution of technical is-
sues (Valdes et al., 2018). 

Minimize device footprint: When physical de-
mands are low and space does not need to be 
actively reconfigured, integration into daily life be-
comes easier, allowing effort to be preserved and 
the experience to be more acceptable. As an exam-
ple, a compact and portable system was easily ac-
commodated at home and transported for replace-
ment when needed, facilitating participation and an 
efficient use of space (Nam et al., 2021). However, if 
setups displace normal routines or limit movement, 
users might have to do compromises just to main-
tain access, which they may not be willingly up to.

Maximize functional uptime: System interrup-
tions in unpredictable home settings can force 
users to spend time and effort during downtime, 
affecting efficiency and satisfaction. In certain 
instances, a short battery life limited the time 
a user could use the technology, thereby de-
creasing overall efficiency (Bandini et al., 2021; 
Bernocchi et al., 2018). Reducing these system-
imposed gaps guarantees that time and focus are 
directed toward worthwhile goals, protecting 
both satisfaction and resource investment.

Relative advantage
Relative advantage refers to the degree to which 
a user perceives that the benefit of a technology 
outweighs the compromises it requires, making it 
preferable to other available options. We identi-
fied two contexts that trigger this mechanism. 

Emphasize standout benefits: Providing distinct, 
observable advantages in key areas enables users 
to tolerate certain compromises, as the additional 
value is apparent. For example, the reduction of 
travel distance through tele-rehabilitation was 
perceived as more beneficial than attending clinic 
appointments, resulting in similar satisfaction lev-
els without the accompanying stress (Chen et al., 
2017). When technologies lack such clear benefits, 
the minor gains fail to justify trade‑offs, and users 
might lean toward more familiar methods. 

Avoid potential turn-offs: Sometimes it only takes 
a single but critical flaw to overshadow all other 
benefits and act as a deal-breaker. For example, 
limited hands-on correction by instructors in vir-
tual classes led users to cite the loss of physical 
cueing as the only drawback of remote delivery 
(Bennett et al., 2023). Proactively reducing ob-
stacles ensures that strong advantages remain 
perceivable and flaws can be overcome.

Discussion
This realist review identified how home-based 
digital neurorehabilitation achieves usability 
through 9 interlocking mechanisms shaped by 

33 contextual factors, which led us to propose a 
middle-range theory. Our findings indicate that 
usability does not arise from isolated factors, but 
from complex pattern interactions that position 
a digital solution as more or less advantageous 
compared to other neurorehabilitation options 
for all potential users, such as participants, car-
egivers, and rehabilitation professionals. 

Our realist review offers mechanism-based ex-
planations that connect contextual factors to 
how digital rehabilitation technologies operate 
at home, providing actionable guidance for mul-
tiple audiences, such as researchers, clinicians, 
and technology developers. For research, the 
middle-range theory provides testable, context-
sensitive explanations that guide study design. 
Unlike broader models and frameworks that 
often only list “what matters”, a middle-range 
theory explicitly specifies why and how those 
elements produce outcomes in particular con-
texts, which means it generates propositions that 
can be tested and refined in subsequent studies 
(McConnell et al., 2025). Clinicians can draw 
on our findings to align technology choice and 
implementation with users’ goals and specific 
home settings while anticipating barriers and 
facilitators. Technology developers would gain 
from translating the mechanisms and contextual 
factors into high-level design requirements and 
integrating them into evaluation criteria that test 
whether these properties operate as intended.

Previous research supports many mechanisms 
identified in our findings. In the scoping review 
by Gooch et al. (2024) on digital technologies 
for stroke rehabilitation, the most common 
behavior-change strategies included feedback-
monitoring, rewards, goals-planning, and shap-
ing knowledge. Our mechanisms such as ob-
servability, adaptability, and likability align with 
these patterns. However, our review provides 
complementary explanatory detail on how such 
contextual factors influence usability at home. 
For instance, Gooch et al. (2024) also reported 
that feedback and monitoring were often com-
bined with rewards, reinforcing our findings that 
mechanisms often work together.

Chen et al. (2019) report several design factors of 
home-based rehabilitation technologies, includ-
ing the importance of internal and external mo-
tivation, ease of learning, adaptability of features, 
and the influence of social and physical home 
environments. Their findings align with some of 
our mechanisms, notably likability, perceived 
ease of use, and adaptability.

Chen et al. (2019) also highlight practical chal-
lenges such as space constraints, technical issues, 
and the need for caregiver involvement, which 
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are also particularly coherent with resources 
and sense of control mechanisms. While their 
synthesis focuses on identifying and categoriz-
ing these factors, our review builds on this by 
exploring how these elements may interact to 
influence usability at home.

Our results are also aligned with those of Olsen 
et al. (2025)  who reported factors influencing 
the initial adoption and the sustained use of re-
habilitation technologies, such as ease of learn-
ing and set-up, features that support engagement, 
user guidance and troubleshooting, device size 
and portability, fragility and maintenance, and 
suitability for home and community contexts. 
However, they introduced “healthcare ecosys-
tem”, encompassing operational, strategic, and 
regulatory-funding conditions, as an additional 
theme to consider about sustained use, which is 
largely absent from our findings. This is likely due 
to our exclusive focus on home context where 
studies rarely describe the health care system, 
highlighting that long-term usability outcomes at 
home are still insufficiently studied.

As mentioned above, the proposed middle-
range theory helps guide strategies to support 
home-based digital rehabilitation in terms of us-
ability. However, usability alone is not enough 
to predict real-world adoption. For example, in 
Chung et al. (2025), participants found an AI 
conversational interface easy to use, an indica-
tor of usability, yet this did not translate into in-
tent to adopt, highlighting the importance of fac-
tors beyond usability such as seamless integra-
tion into routine clinical systems and workflows. 
When the focus shifts from usability to uptake 
in practice, it intersects with the broader, mul-
tifactorial challenge of digital implementation 
and its many existing models, some of which 
are criticized for listing actions without clarify-
ing the how or why (Greenhalgh & Abimbola, 
2019; Lau & Kuziemsky, 2016) (Nilsen, 2015; 
Wang et al., 2023; Westerlund et al., 2019). In 
this context, developing a middle-range theo-
ry would provide an explanatory structure to 
guide the operationalization of strategies, while 
recognizing that translating theory into action 
requires iterative adaptation to the context (Mc-
Connell et al., 2025). 

A key strength of our review is its methodologi-
cal rigour. Two independent reviewers handled 
study selection and data extraction, reducing 
bias and increasing the reliability of the syn-
thesis. Ongoing input from an expert advisory 
group further anchored interpretations in the 
realities of home‑based neurorehabilitation, 
enhancing relevance and applicability. Also, 
adopting multiple frameworks and models at 

the initial stage as a theoretical foundation pro-
vided a broader perspective and facilitated the 
identification of factors influencing the usability 
of digital rehabilitation. 

However, there are limitations to consider. Since 
most included studies did not track participants 
over extended periods, our capacity to make 
strong claims about long-term usability remains 
limited. Many included studies excluded people 
with cognitive impairments, limiting transferabil-
ity to neurological groups in which such impair-
ments are common. Also, efficiency outcomes 
were rarely examined compared to other usabil-
ity dimensions, echoing a field‑wide emphasis 
on “what works” over “how it can work sustain-
ably”. Emerging technologies such as artificial 
intelligence and the Internet of Things were un-
der‑represented (respectively 2.2% and 0.7% of 
our study sample), likely reflecting their more re-
cent emergence compared to other devices. As 
the literature on these topics grows, our middle-
range theory might need refinement. In addition, 
the Arntz et al. (2023) classification we used is 
device‑oriented (what) and does not fully cap-
ture goal-oriented aspects (why) of digital neu-
rorehabilitation which may be better covered 
by a generic functional classification of digital 
health such as the WHO classification (World 
Health, 2018).

Future research should include participants 
with cognitive deficits, evaluate usability com-
prehensively across the three pillars, and con-
sider technological advancements and services. 
Doing so will support refining the presented 
usability models to be even more empirically 
grounded yet broadly applicable and thus 
well placed to inform the design and deploy-
ment of more usable solutions that overcome 
home‑based barriers to adoption and improve 
usability outcomes.

The review refined a middle-range theory, 
shaped by 9 key mechanisms and 33 corre-
sponding contextual factors, to be considered 
when developing or making decisions about the 
usability of digital solutions for the home setting, 
based on 134 references. These technologies 
are evolving rapidly and growing in popularity; 
however, additional research is needed to keep 
pace with advances and ensure that our findings, 
based on the past eight years of literature, re-
main applicable as the field evolves. According-
ly, future studies should prioritize field-testing 
this middle-range theory to refine the findings 
and align them with implementation outcomes 
in real-world home contexts.
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