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Abstract

People on the autism spectrum and other neurodivergent people may experience sensory-
rich environments as distressing, while teachers and care professionals must often identify 
and respond to environmental discomfort with limited objective information. This study 
reports the human-centered requirement elicitation, prototype development, and quan-
titative pilot evaluation of an environmental-monitoring system that relies on rule-based 
thresholds. Across three case-study settings, 125 stakeholder participations informed the 
development and design of a smart sensor system measuring sound, light, temperature, 
and air quality. The subsequent pre–post pilot study was conducted at four Austrian and 
Italian centers from February to June 2026. In total, 42 clients or pupils and 26 teachers or 
care professionals participated in the evaluation measures of the pilot study. Post-study 
acceptance was positive: overall meCUE user experience scores ranged from 4.88 to 4.94 on 
a seven-point scale, and AttrakDiff overall attractiveness averaged 1.21 (SD = 1.06) on a 
scale from −3 to +3. The results support the usability and perceived value of the prototype 
to maintain supportive environmental conditions.

Keywords: autism spectrum; requirement analysis; smart sensor system; environment; 
human-centered design; acceptance

1.  Introduction
Neurodiversity describes natural variation in human neurological functioning [1], 

with autism representing one form of neurodivergence [2,3]. Autism is characterized by dif-
ferences in social interaction and by restricted or repetitive patterns of behavior or interests; 
hyper- or hyporeactivity to sensory input is included among the diagnostic features [4]. 
Sensory-processing differences may involve altered neural connectivity, sensory gating, or 
modulation of responses to sensory information [5,6]. Consequently, environmental charac-
teristics such as light, sound, air quality and temperature can become salient stressors [7–9].

Sensory overload can adversely affect wellbeing [10] and participation in everyday 
activities [11,12]. These effects are particularly relevant in educational settings, where 
multiple sensory needs and stimuli coincide [13,14]. Classroom noise, for example, has 
been associated with repetitive behavior among children on the autism spectrum [15]. 
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Healthcare environments may likewise restrict participation when they are unpredictable 
or sensorily demanding [16]. Teachers, relatives, and care professionals therefore use 
environmental and behavioral strategies to prevent or mitigate distress [12,17,18]. Given 
an estimated global autism prevalence of approximately 1% [19] and frequent co-occurring 
conditions, including attention-deficit/hyperactivity disorder (ADHD), anxiety, and mood 
disorders [20,21], accessible environmental support is relevant across settings.

Assistive technologies may help occupants and staff recognize unfavorable room con-
ditions; however, reviews have identified limited real-world evidence, insufficient participa-
tory development, and weak alignment between available technologies and the priorities of 
users on the autism spectrum [22–24].

A cross-border project addresses this gap by developing a smart home sensor and 
feedback system for schools, day-care services, and supported-living contexts. The proposed 
system records sound, light, temperature, and air-quality indicators and presents them 
to teachers or care professionals. Configurable rules can provide immediate threshold 
alerts. Exploratory machine-learning components are considered for detecting room- and 
activity-specific temporal patterns across several inputs but are not presented here as a 
validated model.

Development followed a Human-Centered Design (HCD) process [25] involving 
people on the autism spectrum, teachers, care professionals, and subject-matter experts. 
Interdisciplinary project partners contributed expertise in architecture, engineering, psy-
chosocial care, and research. This participatory approach was intended to make requirement 
analysis and design decisions understandable, context-sensitive, and feasible rather than to 
demonstrate clinical effectiveness.

Reviews of assistive technology for people on the autism spectrum describe appli-
cations for communication, daily living, safety, and stress reduction, but also emphasize 
limited evaluation in naturalistic environments and insufficient involvement of intended 
users [22–24,26]. Environmental studies have examined associations between indoor con-
ditions and autistic experience [7–9,15,16,27,28], while classroom systems have shown that 
simple visual feedback can influence noise levels [29]. These approaches provide important 
evidence for environmental adaptation but do not establish a transferable workflow that links 
stakeholder priorities across school and care settings to a concrete multisensor interface.

The novelty of the present work is therefore methodological and design-oriented: it 
documents a cross-setting HCD process, makes the route from stakeholder input to system 
requirements explicit, and conducts a multicenter pilot evaluation to assess the feasibility 
and acceptance of the system in different settings.

The study had three objectives: (1) to identify relevant contexts, users, and environmental-
support needs; (2) to translate these findings into traceable requirements and a smart sensor 
system; and (3) to test acceptance of the system in a four-center pilot evaluation.

2.  Materials and Methods
In the following sections the participatory development process according to the HCD 

process as well as the pilot study are described.

2.1.  Human-Centered Design Process
The development process followed the four interrelated and iterative activities of 

HCD, as shown in Figure 1: understanding and specifying the context of use, speci-
fying user requirements, producing design solutions, and evaluating designs against 
requirements [25,30]. Stakeholders included people on the autism spectrum, teachers, 
care professionals, experts, and project partners. Their involvement was intended to elicit 
needs, define requirements and co-create the smart sensor system for different settings.
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Figure 1. Process of conducting the Human-Centered Design Approach [25].

Six stakeholder-involvement activities (SI1–SI6) were conducted across the design 
cycle as well as the pilot evaluation described separately in Section 2.2. The activities covered 
context exploration, context selection, user and requirement analysis, validation of personas 
and user days, selection of the system structure, and think-aloud evaluation of an interface 
mock-up. Iteration allowed outputs from one activity to be revised in later activities.

Between April 2024 and April 2025, 125 stakeholder participations were recorded 
across the activities shown in Table 1. This table represents participations rather than 
confirmed unique individuals because some stakeholders contributed to more than one 
activity. Activities were organized in three case studies: an elementary school in Austria 
(CS1); a day-care center in Italy (CS2); and a after-school care center in Italy (CS3).

Table 1. Overview of Stakeholder Involvement (SI) during the requirement and co-creation phase.

Subject Target Group (n) Aim

Context Analysis (SI1)
Experts, Caregiver, People on the 
Autism Spectrum
(CS1: 8, CS2: 33, CS3: 12)

Identification of relevant contexts;
Extraction of technology preferences and 
challenges of extracurricular settings

Context Definition (SI2) Project Partners Joint Decision on Project’s Context of Use

User Definition and Requirement 
Analysis (SI3)

Caregivers, Teacher, People on the 
Autism Spectrum, Experts
(CS1: 5; CS2: 33, CS3: 10)

Identification and understanding of target 
group (Personas, User Days);
Extraction of general requirements and 
system structure;
Identification of challenging situations

User Interaction with System (SI4)

Experts, People on the Autism Spectrum, 
Caregiver, Teachers, Principal of 
Primary School
(CS1: 13; CS2: 0; CS3: 7)

Validation of Personas and User Days;
Draft of initial system structure

Decision on System Structure (SI5) Project Partners Determination of universal system design 
based on Requirements and Feasibility

User Interface (SI6) Formal Caregivers and Teachers
(CS1: 2; CS2: 0; CS3: 2) Feedback on mockup of User Interface

Focus groups, collaborative workshops, co-design exercises, structured discussions, 
personas, user days, and mock-ups were used to elicit and refine requirements. Sessions 
were offered on site or online; online sessions used Microsoft Teams and MURAL [31]. 
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Facilitators consolidated the documented outputs by setting and HCD phase. The require-
ments were retained, modified, or excluded during consortium discussions according to 
four criteria: expected user benefit, ethical acceptability, organizational and regulatory 
feasibility, and technical feasibility.

SI1 generated usage contexts and application scenarios, including supported living, 
education, employment, leisure, and public spaces. In SI2, project partners compared these 
scenarios using the predefined criteria and reached consensus on the settings to be carried 
forward. Table 1 summarizes the target groups and purpose of each activity.

SI3 specified the intended users and their goals, tasks, interaction constraints, and 
potentially challenging situations. These findings were translated into a preliminary set of 
functional and design requirements. Examples included room changes accompanied by 
loss of predictability and elevated sound levels.

In SI4, setting-specific personas and user days were reviewed with stakeholders. Per-
sonas represented teachers, care professionals, neurodivergent and neurotypical pupils, and 
neurodivergent clients [32]. User days mapped typical routines, potential stressors, and 
possible intervention points [33]. The consortium then selected the final system architecture 
in SI5 by comparing requirements with feasibility and stakeholder priorities.

A clickable interface mock-up was developed from the requirements generated in 
SI1–SI5. It represented navigation, data entry, real-time environmental information, and 
alert states before implementation of the full technical system.

In SI6, four formal users (two from CS1 and two from CS3) completed predefined 
mock-up tasks while verbalizing their thoughts using the think-aloud method [34]. Their 
comments were used for formative interface refinement.

2.2.  Multicenter Pilot Study
2.2.1.  Design, Settings, and Period

A multicenter pilot study with pre- and post-assessments to evaluate acceptance was 
conducted from February to June 2026. Four centers participated: an elementary school in 
Austria; a day-care center in Austria; a day-care center in Italy; and an afternoon-care center 
for pupils in Italy. For country-level reporting, the elementary school and day-care center in 
Austria were combined as the Austrian group, while the day-care center and afternoon-care 
center were combined as the Italian group.

2.2.2.  System Use and Participant Roles
During the field phase, teachers and care professionals used the developed prototype 

to review environmental data and provide contextual labels for system development. Neu-
rodivergent pupils and clients did not directly operate the interface and were considered 
passive occupants of the monitored environments. The system did not automatically regu-
late lighting, temperature, ventilation, or sound but reported current environmental factors 
and deviations to the teachers and caregivers via the system UI on a tablet.

2.2.3.  Participants and Baseline Data
Baseline questionnaires covered 58 clients or pupils and 27 teachers or care profes-

sionals. Demographic information included age and gender. Parents or care professionals 
additionally reported background characteristics of the neurodivergent participants, in-
cluding sensory hyper- and hyposensitivity and everyday challenges. Teachers and care 
professionals rated how frequently situations associated with sound, light, air quality, tem-
perature, and other environmental factors negatively affected wellbeing on a five-point 
scale from 1 (never) to 5 (very frequently). They also rated the difficulty of maintaining 
comfortable conditions for each factor from 1 (very easy) to 5 (very difficult).
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2.2.4.  Acceptance and User Experience
At post-assessment, teachers and care professionals who had interacted with the system 

completed selected meCUE 2.0 and AttrakDiff items [35,36]. The meCUE assessment 
comprised usefulness, usability, and visual-aesthetics dimensions, each calculated as the 
mean of three items rated from 1 (strong disagreement) to 7 (strong agreement). AttrakDiff 
was administered as a ten-item semantic differential ranging from −3 to +3. Pragmatic 
quality (PQ) was calculated from complicated–simple, impractical–practical, unpredictable–
predictable, and confusing–well organized. Hedonic quality–identity (HQ-I) comprised 
styleless–stylish and inferior–valuable; hedonic quality–stimulation (HQ-S) comprised 
unimaginative–creative and dull–captivating; and attractiveness (ATT) comprised ugly–
beautiful and bad–good. Higher scores represented more favorable evaluations.

2.2.5.  Statistical Analysis
The pilot analysis was descriptive. Means, standard deviations, medians, and 

ranges were calculated from available responses; missing or nonnumeric entries were 
excluded from the respective calculation. Environmental-frequency and maintenance-
difficulty ratings were pooled across the Austrian and Italian centers as requested for 
this analysis and are reported with factor-specific valid sample sizes. Acceptance out-
comes were summarized for the overall sample and separately for Austria and Italy. Be-
cause of the small, unequal country samples, no inferential country comparison was per-
formed. Of 27 baseline staff respondents, 25 contributed valid environmental-factor ratings, 
16 provided valid meCUE data (Austria n = 4; Italy n = 12), and 19 provided valid AttrakD-
iff data (Austria n = 6; Italy n = 13). The lower post-assessment sample sizes reflect attrition 
and incomplete post-questionnaires.

2.2.6.  Ethics and Consent
The pilot study from February to June 2026 was approved by the Ethics Committee 

of Carinthia (protocol M2025-11; 11 June 2025) and by the Department of Education of 
Carinthia (protocol A/0312-Allg-B/2025; 25 February 2025). Written informed consent was 
obtained from all adult participants. For pupils and clients with a legal guardian, written 
consent was provided by a parent or legal guardian; pupils and clients received appropriate 
oral information and could decline participation, and their refusal was respected.

2.3.  Use of Large Language Models in Manuscript Preparation
During the preparation of this manuscript, the authors used ChatGPT 5.6 and 6.1 (Ope-

nAI) and Academic AI GPT-5 to support language editing, improve clarity of expression, 
and proofread the text. All AI-assisted revisions were critically reviewed and approved by 
the authors, who take full responsibility for the final content of the manuscript.

3.  Results
The HCD process produced four successive outputs: selection of application contexts, 

definition of user groups and routines, specification of functional and interface requirements, 
and a smart home system concept with a graphical user interface that was tested in a multi-
center pilot study.

3.1.  Context Definition
Different contexts of use that potentially profit from a smart sensor system were 

discussed: living environments, workplaces, public spaces, and education. Living and 
educational settings were selected for further development because stakeholders judged 
them to offer the clearest combination of expected benefit and implementation feasibility.
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Living contexts included supported-care facilities and independent or shared hous-
ing. Stakeholders emphasized sound-related disturbance, unpredictable social proxim-
ity, unsuitable lighting or temperature, and lack of daily structure. Suggested responses 
included environmental feedback, reminders, step-by-step guidance, and pre-warnings. 
The strongest perceived use case was a shared environment in which staff could act on 
room-level information.

In workplaces, open or busy offices and unfavorable room conditions were described as 
possible sources of overload. Participants proposed discreet notifications, advance warnings, 
color-coded information, and access to quiet areas. Views were mixed, however, and the 
workplace was not selected for initial implementation.

In public spaces, participants highlighted crowding, unpredictability, navigation diffi-
culties, and environmental stimuli. Proposed functions included orientation, information 
about current conditions, access to decompression spaces, and emergency support. These 
use cases would require infrastructure and sensing beyond the scope of the transportable 
room-based prototype.

Education was prioritized because classrooms combine diverse sensory needs, shared 
environmental exposure, and limited opportunities for withdrawal. Requirements included 
predictability, quiet-space access, non-stigmatizing feedback, and a separation between staff 
information and any pupil-facing display. A generic room-level display was preferred over 
person-identifiable feedback.

On the basis of the decision criteria described in Section 2.1, living and primary-school 
settings were selected. The subsequent activities focused on the people who occupy these 
environments and on the teachers and care professionals expected to operate the system.

3.2.  Analysis of Target Group
Personas, as illustrated in Figure 2, and user days were developed for the distinct 

settings and roles. The resulting profiles represented the potential target groups and were 
used for the development of the system showing variation in communication, sensory 
preferences, autonomy, routines, support needs, staff time, and technical confidence.

The design set included neurodivergent children in primary school, neurodivergent 
adolescents and adults attending day or care services, and neurotypical pupils sharing 
the classroom environment. Although neurotypical pupils were initially considered a 
separate interface-user group, the concept was revised so that teachers and care professionals 
remained the direct system operators.

Additional personas represented primary-school teachers and care professionals. Their 
differentiating characteristics included available time, technical confidence, group or class 
size, and responsibility for responding to alerts.

Care professionals were generally described as motivated but constrained by workload. 
This finding supported requirements for brief data entry, retrospective event reporting, and 
a dashboard that could be interpreted quickly.

User days mapped typical routines of the different settings (school and care facilities) 
and showed potential system touchpoints [37,38]. Their purpose was to locate periods 
in which changing rooms, activities, staffing, or environmental conditions could affect 
system use.

3.3.  Requirements of System Functionalities
Stakeholders consistently prioritized sensory conditions in shared institutional envi-

ronments with limited opportunities for withdrawal. The requirements therefore focused 
on environmental awareness and staff decision support.
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Figure 2. Selection of Personas of each User Group: (a) pupil on the autism spectrum; (b) formal 
caregiver of a living facility. Created by the authors using Canva (web-based application; no version 
number available).

The core functional requirement was continuous monitoring of sound, light, tem-
perature, and air-quality indicators, accompanied by clear feedback to teachers and care 
professionals. Contextual information about the room and activity was required to make 
alerts interpretable. Requirements that depended on cameras or direct behavioral surveil-
lance were excluded because of privacy and ethical concerns.

Because preferences vary across people, rooms, and activities, the concept allows 
for configurable threshold profiles. Fixed rules remain the transparent baseline for alerts. 
Exploratory machine learning was intended to be included in the system for multivariable, 
time-dependent pattern detection but is not presented here as a validated outcome.

The preferred hardware concept comprised portable multisensor boxes that could 
follow room schedules and be placed near relevant activity areas. The boxes were required 
to be robust, unobtrusive, and visually reassuring.

3.4.  Requirements of User Interface
The interface separates staff input from system output. During the development 

phase, teachers and care professionals can record the time, severity, and suspected context 
of an observed discomfort event. Retrospective entry is supported because immediate 
documentation may be inappropriate during an acute event. These entries are explicitly 
treated as proxy labels to train the AI algorithm.

The output area of the interface presents current environmental parameters on a 
configurable dashboard.

Stakeholders proposed concise visualizations such as traffic-light indicators, pic-
tograms, equalizers, or simple color coding. The design goal was rapid interpretation 
during demanding work routines rather than continuous attention to the screen.

Alerts may be visual or acoustic, with less intrusive cues used for early warnings. 
Wearable vibration alerts were discussed as an alternative for teachers and caregivers but 
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were not selected as a core feature. In schools, a staff-only dashboard can be separated 
from any classroom display. In care settings, no dedicated visualization for neurodivergent 
occupants was included in the initial concept. Table 2 shows the pathway from stakeholder 
input to design decisions.

Table 2. Traceability from stakeholder input to selected system requirements.

Stakeholder Input or Constraint Derived Requirement Design Decision

Sensory discomfort in shared rooms; 
limited withdrawal options Monitor actionable indoor conditions Sound, light, temperature, and 

air-quality sensing
Different routines and room uses Context-sensitive interpretation Room- and activity-specific profiles

Limited staff time during 
critical events Low-effort interaction Concise dashboard and retrospective 

event entry
Variation between people 

and settings
Configurable rather than 

universal thresholds
Transparent rule baseline; 

exploratory pattern learning only

Privacy and risk of surveillance Avoid identifiable visual data No cameras or image-based 
crowd detection

Need for rapid awareness Timely, multimodal feedback Visual alerts; optional low-volume 
audio pre-warnings

Risk of distraction or stigmatization Role-specific and 
discreet presentation

Staff-only view; optional, 
configurable classroom display

No direct 
building-control integration Maintain human oversight

Decision-support dashboard; 
no autonomous

environmental regulation

3.5.  Final System Concept
The selected concept is a sensor and dashboard system for four environmental domains: 

sound, light, temperature, and air quality. It presents real-time information to teachers 
and care professionals on a computer, smartphone, or tablet. Cameras and image-based 
crowd monitoring were excluded. The system serves as an informational aid by notifying 
caregivers and teachers when environmental conditions fall outside predefined comfort 
ranges. It does not automatically regulate the environment; any environmental adjustments 
remain the responsibility of people in the setting.

Configurable rule-based thresholds provide the interpretable baseline. Context la-
bels entered by staff can support later exploration of room- and activity-specific patterns. 
Machine-learning approaches offer the potential to identify complex patterns in environmen-
tal sensor data and, over time, support the adaptation of indoor conditions to individual or 
context-specific comfort needs. As staff reports represent proxy labels and relevant contex-
tual triggers may remain unmeasured, identified associations should initially be interpreted 
as predictive patterns rather than causal relationships or validated person-specific comfort 
thresholds. For accurate proxy labels, additional data would be needed (e.g., pulse, stress 
ratings from wearable devices).

Accordingly, the current output is a set of requirements and a prototype concept, 
not evidence that the system improves wellbeing, autonomy, safety, or workload. These 
outcomes were designated for the subsequent pilot evaluation described in Section 2.2. 
Figure 3 shows the user interface of the proposed system.

https://doi.org/10.3390/technologies14110728
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Figure 3. Dashboard on tablet with room parameters and notification about user issue.

3.6.  Pilot Study Results
The following sections show the baseline characteristics of the study participants as 

well as the feasibility and acceptance analysis of the proposed system gathered in the 
pilot study.

3.6.1.  Sample
Baseline questionnaires described 58 clients or pupils (43 male and 15 female) and 

27 teachers or care professionals (6 male and 21 female). Table 3 presents the sample by 
center—elementary school, day-care center Austria, day-care center Italy and afternoon-care 
center. Age is shown as mean +/− standard deviation.

Table 3. Pilot-study sample at baseline.

Center Clients/Pupils, n Age, Years Gender Teachers/
Caregivers, n Age, Years Gender

Elementary 
school (Austria) 14 7.8 +/− 2.1 9 male, 5 female 2 61.0 +/− 2.0 2 female

Day-care 
center (Austria) 11 28.2 +/− 11.6 8 male, 3 female 4 45.3 +/− 13.0 2 male, 2 female

Day-care 
center (Italy) 15 23.1 +/− 13.6 13 male, 2 female 13 32.8 +/− 9.3 3 male, 10 female

Afternoon-care 
center (Italy) 18 13.6 +/− 5.3 13 male, 5 female 8 35.8 +/− 6.5 1 male, 7 female

Total 58 17.3 +/− 9.7 43 male, 15 female 27 37.8 +/− 12.0 6 male, 21 female

3.6.2.  Challenging Environmental Situations and Maintenance of Comfort
Across the pooled Austrian and Italian sample, shown in Table 4, sound-related chal-

lenging situations were reported most frequently, on a scale from 1 = never to 5 = very 
often (M = 4.37, SD = 0.67), followed by air quality (M = 3.81, SD = 0.68), temperature 
(M = 3.63, SD = 0.82), and light (M = 3.46, SD = 1.01). On the scale from 1 (never) to 
5 (very frequently), all four means were above the midpoint.
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Table 4. Frequency of challenging situations and difficulty maintaining environmental comfort, 
pooled across Austria and Italy.

Environmental 
Factor Frequency, n Frequency M 

+/− SD
Median 
(Range) Difficulty, n Difficulty M 

+/− SD
Median 
(Range)

Sound 27 4.37 +/− 0.67 4.0 (3–5) 27 4.41 +/− 0.78 5.0 (3–5)

Light 26 3.46 +/− 1.01 3.0 (2–5) 26 2.77 +/− 0.85 3.0 (1–4)

Air quality 26 3.81 +/− 0.68 4.0 (3–5) 27 3.04 +/− 0.84 3.0 (1–4)

Temperature 26 3.63 +/− 0.82 4.0 (2–5) 27 3.07 +/− 1.18 3.0 (1–5)

Maintaining comfortable sound conditions was rated most difficult (M = 4.41, 
SD = 0.78). Mean ratings were lower for temperature (M = 3.07, SD = 1.18), air qual-
ity (M = 3.04, SD = 0.84), and light (M = 2.77, SD = 0.85). Thus, sound was both the most 
frequent source of challenging situations and the environmental domain perceived as most 
difficult to manage.

3.6.3.  meCUE Acceptance
Valid meCUE 2.0 data were available for 16 respondents. Overall ratings were above 

the neutral midpoint of the seven-point scale: visual aesthetics received the highest mean 
(M = 4.94, SD = 1.09), followed by usability (M = 4.92, SD = 1.25) and usefulness (M = 4.88, 
SD = 1.14) as seen in Figure 4.

Figure 4. Distribution of overall meCUE dimension scores (n = 16).

3.6.4.  AttrakDiff Acceptance
Mean AttrakDiff ratings were located on the positive side of the scale for all adjective 

pairs except inferior–valuable, for which the mean score fell slightly below the neutral 
midpoint in the overall sample. The highest mean ratings were observed for ugly–beautiful 
and bad–good. The system was also rated positively in terms of creativity, organization, 
practicality, simplicity, predictability, and appeal. By contrast, the mean rating for styleless–
stylish was only marginally positive, suggesting a largely neutral evaluation of the system’s 
stylistic qualities.
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Comparatively large standard deviations were observed for several adjective pairs, 
particularly inferior–valuable, complicated–simple, impractical–practical, and confusing–
well organized. These findings indicate considerable between-participant variability in the 
evaluation of these system attributes. Thus, although the item-level profile was predom-
inantly positive overall, the mean ratings should be interpreted in light of the observed 
heterogeneity among participants (Figure 5).

Figure 5. Item-level AttrakDiff profile with error bars (n = 19).

4.  Discussion
The present study shows a HCD process with the development and quantitative field 

evaluation of the prototype. The development phase comprised three case-study settings, 
six stakeholder-involvement activities, and 125 recorded stakeholder participations. These 
activities informed the selection of four environmental domains—sound, light, temperature, 
and air quality—and the development of an interface for teachers and care profession-
als. The subsequent pilot study included baseline information on 58 clients or pupils and 
27 teachers or care professionals across four centers in Austria and Italy. Thus, the contribu-
tion extends beyond requirement elicitation by examining the resulting prototype under 
naturalistic conditions.

The findings underline that assistive technologies should be developed in accordance 
with the experiences, priorities, and routines of their intended users. Personas and user 
days supported a differentiated understanding of the target groups and helped identify 
relevant needs, barriers, and potential intervention points [37,38]. The iterative involvement 
of stakeholders enabled requirements to be assessed in terms of expected benefit, contextual 
appropriateness, ethical acceptability, and technical and organizational feasibility. This is 
important because usability and sustained use depend not only on technical functionality 
but also on how well a system fits its everyday implementation context [39,40].

The pilot results support the practical relevance of the environmental domains iden-
tified during the HCD process. Sound-related situations were reported most frequently 
(M = 4.37, SD = 0.67 on a five-point scale), and maintaining comfortable sound conditions 
was rated as the most difficult task (M = 4.41, SD = 0.78). Temperature and air quality were 
also identified as recurrent concerns. These findings are consistent with previous evidence 
that acoustic, thermal, and visual conditions may affect comfort and everyday functioning 
among people on the autism spectrum [7–9,15,27,28].
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However, these ratings were provided by teachers or care professionals and represent 
proxy assessments. They do not establish that a measured environmental factor caused 
discomfort in an individual participant. Distress may also be related to unmeasured factors, 
such as transitions, fatigue, pain, social conflict, task demands, changes in routine, or 
crowding. Associations between sensor values and observed events must therefore be 
interpreted cautiously.

The meCUE results indicated a generally favorable evaluation of the prototype. Visual 
aesthetics received the highest overall mean rating (M = 4.94, SD = 1.09), followed by 
usability (M = 4.92, SD = 1.25) and usefulness (M = 4.88, SD = 1.14). All three dimensions 
were above the neutral midpoint of the seven-point scale. Nevertheless, these findings are 
based on only 16 valid post-assessment questionnaires and should be interpreted as initial 
evidence of perceived acceptance rather than as a conclusive usability evaluation.

The AttrakDiff findings were similarly positive. Overall attractiveness received the 
highest rating, followed by hedonic quality–stimulation and pragmatic quality. Hedonic 
quality–identity was close to neutral and showed substantial variability. At the item level, the 
system was evaluated particularly positively for ugly–beautiful and bad–good. The adjective 
pair inferior–valuable was the only item with a mean slightly below the neutral midpoint.

The acceptance results describe participants’ perceptions of the prototype but do not 
demonstrate improvements in wellbeing, autonomy, safety, or staff workload. Because 
teachers and care professionals must enter contextual information and respond to notifica-
tions, the system could increase workload if alerts are frequent, insufficiently actionable, or 
occur during demanding situations. Future studies should therefore assess alert frequency, 
response burden, ignored notifications, and the extent to which staff can realistically modify 
environmental conditions.

Compared with previous assistive-technology research, the main contribution of this 
study lies in its participatory, cross-setting development process and its implementation in 
naturalistic educational and care environments. Existing reviews have identified limited 
real-world evidence and insufficient alignment between technical functions and the prior-
ities of users on the autism spectrum [22–24,26]. Direct numerical claims of superiority 
cannot be made because previous studies differ substantially in their technologies, popula-
tions, settings, and outcome measures and generally do not report comparable meCUE or 
AttrakDiff results.

The pilot findings also help clarify the potential role of artificial intelligence. Simple 
threshold exceedances can be managed through transparent and configurable rules and do 
not require AI. Machine learning would be justified if it predicted a clearly defined outcome 
more accurately or earlier than a rule-based baseline. To train and validate an AI model 
for predicting stress-related situations, additional data—such as physiological measures 
obtained from wearable devices and validated stress assessments—may be required.

Moreover, using staff observations as training labels entails the risk of biased asso-
ciations if relevant contextual or social triggers and individual factors are not measured. 
Future model development should therefore account for label uncertainty, incorporate 
relevant contextual, social and individual variables where feasible, and compare machine-
learning models with transparent rule-based approaches. Claims concerning personalized 
prediction should only be made after validation across different participants, settings, and 
time periods.

The final system architecture reflects the compromises involved in developing a solution 
for heterogeneous educational and care settings. Not all identified requirements could be 
implemented. For example, automatically assessing room activity could require cameras and 
raise substantial privacy concerns. Differences also emerged regarding activity categories 
and direct system interaction. Although pupils may be able to contribute actively in school 
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settings, direct interaction was considered less feasible for clients with extensive support 
needs. Teachers and care professionals were therefore the direct system users during 
the pilot.

Teachers also expressed concerns about distraction, excessive system use, and possible 
stigmatization. Discreet design and inclusive communication are therefore essential. Envi-
ronmental modifications should, where possible, be presented as measures benefiting all 
occupants rather than as adjustments for an identifiable individual. The optimal balance 
between transparency, ease of use, and discretion may differ between settings, making a 
universal “one-size-fits-all” configuration unlikely.

More broadly, the project reflects a shift from expecting neurodivergent people to 
adapt to predominantly neurotypical environments toward modifying environments to 
improve person–environment fit [41,42]. HCD supports this perspective by recognizing 
stakeholders as relevant knowledge holders [25]. Nevertheless, direct feedback from neuro-
divergent participants should be incorporated whenever their communication preferences 
and support needs permit, as professional proxy assessments cannot fully replace their 
subjective experiences.

Strengths, Limitations, and Future Research
The strengths of this study include its interdisciplinary and transnational development 

process, implementation across naturalistic educational and care settings, and explicit 
traceability between stakeholder input and design decisions. The pilot extended the original 
requirement analysis by providing quantitative data on environmental challenges and 
standardized measures of acceptance and user experience.

Several limitations must be considered. Recruitment was nonrandom, and the partici-
pating settings and age groups were heterogeneous. The post-assessment samples were 
small: of 27 baseline staff respondents, 16 provided valid meCUE data and 19 provided valid 
AttrakDiff data. Country samples were small and unequal, and the pooled environmental 
results do not allow for site-specific conclusions.

The attrition from baseline to the post-assessment meCUE evaluation may have intro-
duced attrition bias. Participants who perceived the system as cumbersome or less useful 
may have been less likely to complete the post-assessment, potentially resulting in an overly 
positive evaluation. As the characteristics and experiences of non-completers were not 
examined, the acceptance findings should be interpreted with caution.

In addition, the study relied on proxy reports and captured only a subset of the factors 
potentially contributing to discomfort. Contextual, social, and individual factors, such as 
transitions, fatigue, pain, social conflict, task demands, routine changes, and crowding, were 
not systematically assessed. Moreover, neurodivergent clients and pupils were primarily 
indirect beneficiaries rather than direct system users, which limited the inclusion of their 
subjective experiences. The study did not evaluate clinical outcomes, changes in wellbe-
ing, staff workload, sensor or alert accuracy, false alarms, ignored alerts, actual response 
burden, automated environmental regulation, or AI performance. The findings therefore in-
dicate perceived acceptance and environmental relevance but do not demonstrate technical 
reliability or system effectiveness.

Future studies should include larger and more balanced samples, clearly defined out-
comes, systematic documentation of system exposure, and strategies to reduce attrition. Lon-
gitudinal evaluations should determine whether acceptance is sustained and whether noti-
fications result in feasible environmental adjustments without creating excessive workload.

Direct feedback from neurodivergent participants was not included in the present 
quantitative evaluation. Standardized self-report was difficult to implement across the 
heterogeneous sample, particularly among clients with extensive cognitive and communi-
cation support needs and/or those who were non-speaking. Consequently, the evaluation 
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relied primarily on proxy reports, which may not fully reflect participants’ subjective expe-
riences. Future studies should enable direct feedback through accessible and individually 
appropriate mechanisms whenever possible.

Future technical development should initially establish transparent, configurable rules 
as a reference approach. Any machine-learning model should subsequently be compared 
with this baseline using independent validation data and practically relevant measures.

Overall, the findings support the continued development of the prototype as a config-
urable environmental-monitoring and decision-support system. The selected environmental 
domains were relevant to participating staff, and the prototype was generally evaluated 
positively. However, the pilot study did not assess changes in wellbeing, autonomy, safety, 
environmental comfort, or staff workload. Further research is therefore required before 
conclusions can be drawn regarding clinical or environmental effectiveness, individual 
threshold prediction, workload reduction, or the added value of artificial intelligence.

5.  Conclusions
The HCD process yielded an environmental-monitoring concept covering sound, light, 

temperature, and air quality and a role-specific dashboard for teachers and care profession-
als. In the four-center pilot, sound was the most frequent and most difficult environmental 
challenge to manage. meCUE and AttrakDiff results indicated generally positive useful-
ness, usability, aesthetics, pragmatic quality, stimulation, and attractiveness, although 
country estimates differed descriptively and were based on small unequal samples. The 
findings support continued prototype development but do not demonstrate clinical benefit 
or validate an AI model. Transparent rule-based alerts, careful treatment of proxy-label 
uncertainty, improved post-assessment retention, and direct comparison of rules with any 
future machine-learning model remain necessary.
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