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Abstract

The rapid increase in the global population of older adults presents a significant challenge,
but also a unique opportunity to leverage technological advancements for promoting in-
dependent living and well-being. This study introduces the CIREI framework, which is
a comprehensive model designed to enhance the integration of smart home and assistive
technologies specifically for pre-frail older adults. Developed through a systematic litera-
ture review and innovative and comprehensive co-design activities, the CIREI framework
captures the nuanced needs, preferences, and challenges faced by older adults, caregivers,
and experts. Key findings from the co-design workshop highlight critical factors such as
usability, privacy, and personalised learning preferences, which directly influence technol-
ogy adoption. These insights informed the creation of an intelligent middleware prototype
named WISE-WARE, which seamlessly integrates commercial off-the-shelf (COTS) devices
to support health management and improve the quality of life for older adults. The CIREI
framework’s adaptability ensures it can be extended and refined to meet the ever-changing
needs of the ageing population, providing a robust foundation for future research and
development in user-centred technology design. All workshop materials, including tools
and methodologies, are made available to encourage the further exploration and adap-
tation of the CIREI framework, ensuring its relevance and effectiveness in the dynamic
landscape of ageing and technology. This research contributes significantly to the discourse
on ageing in place, digital inclusion, and the role of technology in empowering older adults
to maintain independence.

Keywords: gerontology; smart homes; geriatrics; assistive technologies; middleware; inno-
vation management; user-centred design; digital transformation; technology-enabled care

1. Introduction

The proportion of the older adult population is experiencing a marked increase, a trend
underscored by comprehensive data from the United Nations World Population Prospects
(UNWPP) [1]. As demographics shift towards an ageing population, understanding and
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addressing the challenges associated with ageing becomes paramount for ensuring the
well-being and independence of older adults. One significant aspect of ageing is the
phenomenon of frailty, where various faculties tend to deteriorate, impacting overall health
and resilience [2,3].

Frailty is a multifaceted and dynamic condition marked by declines in reserve and
function across various physiological systems, making it difficult to cope with both every
day and acute stressors [4]. Frailty significantly impacts daily life by increasing vulnerability
to various health issues such as hospitalisation, infections, disability, and falls, leading to
a reduced quality of life due to physical and cognitive decline. It also results in higher
healthcare costs and can cause loneliness, further exacerbating the condition by contributing
to issues such as a more sedentary lifestyle [5] and persistent loneliness [6,7]. Overall, frailty
diminishes functional capacity and independence, making everyday tasks more challenging
for those affected [8].

Pre-frailty refers to a state where individuals show one or two signs of physical decline,
such as unintentional weight loss or reduced muscle strength, but are not yet fully classified
as frail due to the absence of additional deficits [9]. Unlike frailty, which is characterised by
multiple accumulated losses in physical function and often leads to significant disability
or even death, pre-frailty represents an earlier stage where interventions may be more
effective at slowing down or reversing further deterioration. While pre-frail individuals
are still generally able to perform daily activities independently, they face a higher risk of
becoming frail if no preventative measures are taken. This makes it crucial for public health
campaigns and early intervention strategies to target this phase, as it offers an opportunity
to improve outcomes before the condition progresses further [10].

The prevalence of pre-frailty is substantial within the older adult population, generally
ranging from 35% to 50% among community-dwelling individuals aged 65 or older [10].
In Germany, a systematic review found the pooled prevalence of pre-frailty to be 40.2%
(95% CI: 28.3% to 52.1%), a prevalence that increased with age [11]. Notably, among
older caregivers of older adults, the prevalence of pre-frailty was found to be as high
as 58.8% [12]. Working with individuals living with pre-frailty is critical because it of-
fers a significant opportunity for timely interventions that can improve health outcomes,
reduce hospitalisations, and potentially delay or even reverse progression to full frailty
and disability.

Frailty not only poses challenges to individual health but also places stress on care
systems, conflicting with the prevailing desire of older adults to live independently for as
long as possible [13]. Recognising the implications of frailty on independent living, this
paper explores the intersection of frailty mitigation and the potential of smart and assistive
living environments in supporting well-being. By leveraging smart home and assistive
technologies, a unified framework can be established to align resident needs with connected,
intelligent systems within the home, as both a physical and lived environment [14], thereby
supporting greater independence and enhancing overall well-being [15].

The accessibility of technology plays a significant role in enhancing the quality of life
for older adults. This is evident through the application of various technologies, including
humanoid robots, mental stimulation robots, virtual reality, wearable bladder scanners,
and smart health video consultations. These advancements can demonstrably improve the
well-being of older adults residing in independent living environments, nursing homes,
daycare centres, and public hospitals, while also offering considerable benefits to their
caregivers [16].

For instance, during the COVID-19 pandemic, digital technology played a crucial role
in mitigating the negative consequences of social isolation and limited access to routine
health and social care services for older adults [17]. Bridging the digital divide through
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digital inclusion initiatives directly impacts the quality of life for older adults. These
initiatives promote social integration and contribute to an overall improvement in their
well-being [18]. However, the progress of assistive technology, particularly smart home
tech, is impeded by cost pressure, lack of interoperability, vendor lock-in, accessibility
challenges, complexity in usage and maintenance, and limited functionalities [19].

Several factors shape how readily older adults embrace new technologies, including
sociodemographic characteristics (age, education, income), cognitive abilities (memory,
processing speed), attitudinal aspects (beliefs about technology’s usefulness), emotional
responses (comfort level, anxiety), and environmental considerations (accessibility features,
home layout, and technology adoption by landlords who own and rent independent
environments) [20-22]. Overcoming these limitations requires a comprehensive approach
that also addresses the fragmented nature of existing commercial off-the-shelf (COTS)
devices [23]. Furthermore, the data generated by these devices hold immense potential
for monitoring and supporting individuals that are vulnerable to frailty [24]. However,
while middleware solutions exist in larger-scale contexts, their applicability to home users
remains limited [25].

This paper draws on demographic trends, frailty research, and technological chal-
lenges to propose a comprehensive framework for leveraging smart home technologies.
This framework aims to mitigate frailty and enhance independent living among older
adults. By exploring the integration of smart and assistive technologies, we contribute to
the discussion on optimising living environments for the well-being and independence of
the ageing population.

Building on a review of existing literature on assistive technology adoption by older
adults, the study utilises co-design activities to understand their needs and concerns. These
activities engage older adults in articulating their preferences and apprehensions regarding
the use of assistive and robotic devices in their homes. Insights from these sessions are to
inform the development of a more comprehensive model that addresses the key themes
and concerns identified by participants.

The presented systematic literature review provides a foundational theoretical un-
derstanding by identifying existing factors influencing technology acceptance, while the
co-design activities gather rich, nuanced and user-oriented data to fill the gaps left by
generic models. Ultimately, this research strives to create a middleware solution that seam-
lessly integrates COTS devices, enhancing health management capabilities and facilitating
the prediction and prevention of health issues.

The following research questions delve into the perceptions of older adults, caregivers,
and technicians regarding the challenges of integrating smart home assistive technology, ad-
dressing design and implementation decisions, and understanding the learning preferences
of older adults for technology adoption.

R1la: How do older adults, along with caregivers and technicians in independent living
communities, perceive the challenges associated with integrating COTS smart home assistive
technology and robotics into their homes to enhance quality of life and mitigate frailty?

R1b: Considering the challenges identified in R1a, how can we design and implement
assistive technology that can be easily retrofitted into existing homes to better suit the needs
of older adults, caregivers, and technicians who work in independent living communities?

R2a: What are the learning preferences of older adults in independent living com-
munities for becoming comfortable with new (smart) technology, especially smart home
assistive technology and robotics?

R2b: How do these preferences impact the design and implementation of assistive
technologies, including educational mechanisms like chatbots, to enhance technology
adoption and ultimately improve quality of life?
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To answer these research questions, we designed several qualitative and quantitative
instruments, followed by thematic analysis to identify recurring themes in their perceptions,
allowing us to understand the key barriers to adoption and how their preferences would
impact the design and implementation of assistive technologies.

To ensure the robustness of our findings, we conducted this research using a diverse
sample primarily consisting of individuals aged 55 years or older who have been identified
by their caregivers as “managing well” on the Rockwood Frailty Scale and as requiring
assistive technology support due to age-related health conditions. The participants were
recruited from Johnnie Johnson (J]) schemes in the South Yorkshire area over six months.

This paper presents a multi-phased investigation into the design of assistive technolo-
gies for older adults living independently. Section 2 details a systematic review conducted
using the widely recognised Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines, which informs the thematic analysis of its results, which
are presented in Section 3. Building on this foundation, Section 4 describes the research
instruments and methods employed in a co-design workshop. Section 5 then shares the
workshop results alongside a thorough analysis. Finally, Section 6 engages in a critical
discussion of how these findings can influence design decisions for assistive technologies
and robotics aimed at supporting older adult independence within their homes.

2. Systematic Review Methodology

To comprehensively identify and analyse relevant literature on the barriers to ac-
ceptance and adoption of assistive technologies among older adults, a systematic review
methodology guided by the PRISMA framework was employed [26]. The search strategy
utilised a combination of carefully selected keywords and their synonyms to capture the
key aspects of our research question. Inclusion and exclusion criteria were meticulously
defined to ensure the selection of pertinent studies. Extracted data underwent a rigorous
coding process using a predefined coding structure to categorise factors influencing tech-
nology acceptance in this population. Following a thematic analysis, these factors were
then systematically reviewed and consolidated into a final framework.

2.1. Literature Review Search Process

To gain a comprehensive understanding of factors influencing the acceptance of
robotics and assistive technologies among people living with frailty (PwF), a systematic
literature review was meticulously conducted. This review employed a comprehensive
search strategy utilising leading academic databases, including Scopus, PubMed, and Web
of Science. The search strategy focused on peer-reviewed scholarly articles published
within the five years preceding the review, including all literature available up to October
2023. This cut-off point was intentionally selected to allow sufficient time for the thorough
analysis and synthesis of relevant findings prior to the co-design workshop and associated
activities, which took place on 20 November 2023. Establishing this timeline ensured that
the most current and influential research could inform the development of workshop mate-
rials and design decisions, while maintaining a practical window for evidence integration
and preparatory planning.

To ensure a comprehensive search and capture of relevant literature, a strategic ap-
proach was employed for keyword selection. Logical operators were meticulously applied
across a combination of pertinent keywords and their synonyms (detailed in Table 1).
This approach aimed to maximise the identification of relevant studies. Figure 1 visually
presents the bibliographic landscape of the included articles at this stage, providing a
comprehensive overview of the scholarly field under investigation.
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Table 1. Search terms and synonyms used in systematic literature review.

Keyword Synonyms and Related Words

Older People Old [er], Elder [ly], Senior, Age [ing], Geriatric
Assistive, Care, Nursing, Digital, Automation, Home
Management, Smart Home, Aid, Inclusive, Support
Challenge, Limit, Barrier, Access, Concern, Obstacle, Issue,
Acceptance Inhibit, Constraint, Restriction, Adopt, Embrace, Impede,

Integrate, Accept, Infuse
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Figure 1. Bibliometric network visualisation of included literature.

Transparency and reproducibility are ensured by sharing the exact search strings
used for each database in Appendix E. Searches were conducted within the title field,
with syntax customised for each platform using appropriate operators, wildcards, and
field-specific selectors, in accordance with the established protocol. Where necessary,
additional metadata filters were either embedded within the queries or applied through
the database’s interface.

To analyse the thematic structure of the literature systematically, we performed a
co-word analysis using VOSviewer v1.6.20, utilising the co-word analysis bibliometric
method that examines term co-occurrence patterns. Titles and abstracts from the included
studies formed the text corpus, with the visualisation optimised for legibility by displaying
the top 25 most frequent terms and enlarging node labels. The analysis revealed three key
clusters: Cluster 1 (challenge, opportunity, digital age) reflected contextual and structural in-
fluences on technology adoption; Cluster 2 (intervention, outcome, patient, caregiver) mapped
to practical healthcare applications; and Cluster 3 (acceptance, intention, usefulness, technology
acceptance model) aligned with user perception and theoretical frameworks. These clusters
quantitatively validated and extended our narrative synthesis, highlighting underrepre-
sented connections, such as the co-occurrence of caregiver and digital age, that merited
deeper exploration.
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The findings directly informed our co-design workshop by shaping discussion themes
around the literature’s dominant patterns. For instance, Cluster 1’s focus on external
influences prompted dialogue around systemic barriers, while Cluster 3’s emphasis on
behavioural drivers guided activities targeting user acceptance. By explicitly linking
clusters to review themes (e.g., Cluster 2 to healthcare implementation), this method
provided a data-driven perspective that complemented traditional synthesis.

Following the initial search, a rigorous three-stage screening process was implemented
to refine the 1126 identified articles. Three researchers independently assessed the articles
against predefined inclusion criteria (detailed in Table 2). These criteria ensured the
selection of relevant studies by focusing on (1) peer-reviewed articles addressing technology
acceptance among older adults, (2) empirical or theoretical studies conducted within
domestic settings, and (3) studies with participants classified as pre-frail (scoring less than
four on the Rockwood Frailty Scale [27]).

Table 2. Inclusion and exclusion criteria applied in systematic literature review.

Description of the Inclusion Criterion

Must be peer-reviewed articles published in journals or edited collections
with a rigorous editorial process.
Empirical studies must involve human participants, where participants are
2 either older adults themselves or individuals directly involved in their care
(e.g., family caregivers, medical professionals, gerontechnology developers).
Theoretical studies must focus on improving the well-being or
independence of older adults.
Must focus on the influential factors in older adults’ acceptance and usage
4 of technology, with a specific emphasis on either technologies that support
ageing in place or technologies that assist caregivers of older adults.
Must focus on a specific technology domain relevant to older adults,
5 including but not limited to assistive technology and/or robotics, the
Internet of Things (IoT), or eHealth services.
Must focus on technology adoption and usage within the context of older
6 adults” homes, excluding studies conducted in rehabilitation centres,
hospitals, nursing homes, etc.
Must involve participants classified as frail, with a majority (or all

7 participants in studies with homogenous samples) scoring less than or
equal to 4 on the Rockwood Frailty Scale.
8 Must be published in English or a translated version in English.

Notably, the inclusion criteria stipulated that the studies be composed in English to
ensure linguistic coherence and accessibility within the review process. Figure 2 delineates
the entire flow of the systematic literature review process, meticulously adhering to PRISMA
guidelines and provides a clear and structured overview of the sequential steps involved
in the review.

Following the initial deduplication process using DOI (Digital Object Identifiers), the
number of articles was reduced from 1126 to 920 articles. Next, a two-stage screening
process was implemented. Titles and abstracts were independently screened by three
researchers against the predefined inclusion criteria. Disagreements were resolved through
discussion to reach a consensus on inclusion. This process yielded 138 articles for full-
text review. Finally, a full-text review using the same criteria resulted in the selection of
63 articles for final inclusion in this review.
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Identification of studies via databases and registers
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Figure 2. PRISMA flow diagram of systematic literature review process. (*) Records identified
from each database are individually reported within the diagram, in addition to the total of all
three. (**) As no automation tools were used in the screening process, all records were screened by
human reviewers.

2.2. Coding Structure

In our systematic review, we adopted a nuanced coding structure for a meticulous
dissection of the extracted data, targeting both quantitative and qualitative insights from
the studies under review. This approach is centred on identifying barriers and facilitators
to the adoption of assistive technologies by older adults, with a keen focus on enhancing
the precision and granularity of our analysis.

The coding framework encompasses numerical features such as the Year of Publi-
cation, to monitor trends over time; Total Sample Size, to gauge the scope and potential
influence of the study’s findings; Gender Distribution, to assess demographic diversity
and inclusiveness; and Mean Age of Sample, to ensure the study’s relevance to the target
population of older adults.

On the categorical front, the structure differentiates between theoretical studies, which
are subdivided into reviews or conceptual analyses, and empirical research, categorised by
methodology as quantitative, qualitative, or mixed methods. It also identifies the specific
domain of assistive technology being studied, such as robotics, smart home technologies,
or eHealth services, and lists the specific acceptance factors measured, including usability,
accessibility, affordability, and perceived utility. These factors are then organised into
broader categories like psychological, social, economic, and technical for thematic analysis.

This meticulously refined coding strategy not only enhances the specificity and detail
of our data extraction process but also aligns with our thematic analysis objectives. By
systematically categorising the extracted data, we aim to construct a comprehensive frame-
work that vividly captures the multifaceted barriers and facilitators affecting older adults’
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adoption of assistive technologies. This groundwork is pivotal for our systematic review
and meta-analysis, providing a richer understanding of the current research landscape and
spotlighting gaps for future investigation.

2.3. Distribution of Papers Across Codes

Our comprehensive analysis of the distribution of papers across different themes
reveals significant trends that are summarised below. We reviewed a total of 64 primary
sources, among which 46 were empirical studies that involved the collection and analysis
of data. Additionally, 48 of these sources explicitly identified and listed their acceptance
factors, providing clear insights into the criteria considered important in their respective
studies. This breakdown highlights the emphasis we placed on empirical evidence and
the clear articulation of acceptance factors within the literature. From the pool of primary
sources examined:

2.3.1. Sample Size Disclosure

An impressive 93% (43 out of 46) of the empirical studies explicitly disclosed their
sample size or provided sufficient data to deduce it. This high level of transparency
facilitates a deeper understanding of the study’s scope and applicability.

2.3.2. Gender Ratio

Approximately 83% (38 out of 46) of the empirical studies offered insights into the
gender distribution of their samples, either by directly presenting the gender ratio or by
providing enough information to calculate it. This detail is crucial for assessing the diversity
and inclusiveness of the research.

2.3.3. Mean Age Reporting

More than half (59%, 27 out of 46) of the empirical studies reported the mean age of
their samples or presented enough data to estimate it, enriching the demographic profiling
of their research subjects.

2.3.4. Technology Domains

The studies predominantly focused on five key technology domains: Ambient As-
sisted Living (AAL), Internet of Things (IoT), Smart Cities, Smart Homes, and Assis-
tive Technology, representing 42% (27 out of 64) of the total studies analysed. This con-
centration underscores the growing interest and relevance of these domains in current
technological research.

2.3.5. Acceptance Factors Assessment

A notable 75% (48 out of 64) of the studies explicitly addressed or considered various
technology acceptance factors. It is important to note that this is not necessarily an indi-
cator of the study’s quality, as some research may prioritise implementation details over
technology acceptance analysis.

2.3.6. Prevalent Acceptance Factors

The analysis identified the five most common acceptance factors cited in the studies:
Perceived Ease of Use (56%, 27 out of 48), Perceived Usefulness (48%, 23 out of 48), Attitude
Towards Technology (31%, 15 out of 48), Facilitating Conditions (31%, 15 out of 48), and
Affordability (25%, 12 out of 48). These factors highlight key considerations influencing the
adoption and acceptance of new technologies.
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2.4. Extracted and Consolidated Acceptance Factors

Building on our initial preliminary analysis, we streamlined the identified acceptance
factors from the primary studies, reducing the original 223 factors down to 50 consolidated
and refined factors. This was achieved by thoroughly examining the factors for semantic
similarities beyond their titles, allowing us to merge those with overlapping meanings.
This step streamlined our analysis, focusing on the core themes influencing technology
acceptance among older adults and enhancing the clarity of our findings.

2.5. Acceptance Factor Typings

In the structuring of acceptance factor typings, each identified factor was evaluated for
similarities and categorised into dual groupings for analytical clarity. The first grouping de-
lineated the context of the acceptance factor—whether it pertains to individual, technology,
social, or environmental considerations.

The second grouping captured the nature of the factor’s impact, classifying it into
knowledge-material, belief-feeling, relevance-specificity, or limitation-assistance categories.
This bifurcated classification system was instrumental in coding the data, leading to the
inclusion of a categorical feature for each study. This feature documents the unique combi-
nations explored by the studies, such as “Individual: Knowledge-material” or “Technology:
Relevance-specificity,” streamlining the analysis of acceptance factors within our systematic
review. studies, such as “Individual: Knowledge-material” or “Technology: Relevance-
specificity,” streamlining the analysis of acceptance factors within our systematic review.

3. Systematic Review Results

This literature review serves to identify and synthesise the key factors influencing
technology adoption among older adults, with the specific aim of informing the co-design
activities and guiding the development of the proposed framework. While traditional
technology acceptance models offer a foundational understanding, they often fall short
in addressing the distinct needs and challenges experienced by older adults, such as
frailty, cognitive decline, and socio-emotional barriers [19-21]. To effectively support this
demographic, a deeper exploration of user-centred design principles, inclusive learning
environments, and adaptive technologies is essential.

The review is organised around four critical themes that shaped both our participatory
co-design process and the structure of our framework. First, we explore how conventional
technology adoption models must be adapted to reflect the lived experiences of older
adults, particularly the importance of perceived ease of use, emotional reassurance, and
social value in determining engagement. Second, we emphasise the diversity in needs
within this population, noting that effective technological solutions must address a wide
range of needs, from chronic disease management to assistive tools for physical limitations,
which is an insight that directly influenced the breadth of user personas used in our
co-design sessions.

Third, recognising the growing prevalence of frailty, we discuss the need for technolo-
gies that are not only accessible and reliable but also tailored to cognitive and physical
changes. Finally, we highlight the critical role of user-centred and inclusive design ap-
proaches, focusing on how social context, clarity of design, and perceived usefulness can
enhance technology adoption. These principles underpinned the structure of our co-design
workshops and informed the iterative development of our framework.

This review ensures that our co-design and framework development are both evidence-
based and attuned to the real-world needs of older adults. It sets the stage for a practical
and inclusive approach to designing technologies that foster digital participation, social
inclusion, and independent living.
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3.1. Acceptance Models

Acceptance models are pivotal frameworks that are widely debated, expanded, and
applied in research. These models offer structured insights into the intricate dynamics influ-
encing individuals’ acceptance and adoption of technology across various demographics,
including older adults. By leveraging these models, researchers gained valuable tools to
explore nuanced factors shaping technology adoption behaviours, thereby enhancing our
understanding of how to design and implement technologies tailored to the unique needs
and preferences of older populations. The most prominent models are the Technology
Acceptance Model (TAM) [28], the Unified Theory of Acceptance and Use of Technology
(UTAUT) [29] and the Senior Technology Acceptance Model (STAM) [30].

TAM posits that two main factors drive the acceptance and use of technology: Per-
ceived Usefulness (PU), the belief that a system will improve job performance, and Per-
ceived Ease of Use (PEOU), the belief that a system will be effortless to use. These compo-
nents are crucial in understanding how individuals adopt and integrate new technologies
into their routines [28].

For example, TAM was used both directly as a framework [31] for data collection
and as a base for extensions [32]. Extensions introduce new variables with the goal of
specialising the basic model for a defined context. However, the generality of the TAM and
its own lack of capacity to derive actionable design insights have been criticised [33].

Addressing the limitations of TAM, the authors in [34] proposed recommendations
for Ambient Assisted Living (AAL) adoption by older adults through an extension of the
model. Similarly, the authors in [35] proposed an extension of TAM focused on smart
home technology adoption by older adults. While their technology domains are close,
the former includes new constructs primarily based on perceived traits of the technol-
ogy (e.g., perceived availability, perceived ubiquity) while the latter also uses constructs
that describe an individual’s emotional response (e.g., social connectedness, anxiety, life
quality expectancy).

Venkatesh et al. [29] highlighted the significance of understanding user acceptance
of IT in organisations and the need for a unified model that integrates the determinants
of acceptance from different existing models. The authors reviewed and discussed eight
prominent models, including the theory of reasoned action, the technology acceptance
model, the motivational model, the theory of planned behaviour, and others. The analysis
revealed that the models explain between 17% and 53% of the variance in user intentions to
use information technology. The authors formulated a unified model called the Unified The-
ory of Acceptance and Use of Technology (UTAUT). The authors also highlighted the need
for future research to deepen the understanding of dynamic influences, refine measurement
constructs, and explore organisational outcomes associated with new technology use.

Chen and Chan [30] explored gerontechnology acceptance among elderly Hong Kong
Chinese by developing the Senior Technology Acceptance Model (STAM). This novel
model builds on established factors like perceived ease of use and usefulness while in-
corporating social influence specific to this cultural context. Their mixed-method study
with surveys and interviews used a 38-item instrument to assess the 11 constructs within
STAM, providing a deeper understanding of technology adoption among older adults in
Hong Kong.

Chen and Lou [36] later addressed the length of the initial STAM questionnaire,
arguing it burdened participants. They used data from the 2014 study to condense the
questionnaire to a more manageable 14 items.

The research presented in [37] explored the acceptance of technology among older
people and identified four phases in the process: pre-acceptance/rejection. The first phase
is objectification, where individuals assess the usefulness and ease of use of the technology.
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The second phase is incorporation, involving further exploration and experimentation
with the technology. The third phase is conversion, where individuals decide to accept
or reject the technology based on real-life experience. Finally, the fourth phase is the
intention to learn, which includes factors like self-efficacy and motivation to acquire new
technological skills. These phases play a crucial role in determining the acceptance or
rejection of technology by older individuals.

The authors in [38] presented an integrated acceptance framework (IAF) for older users’
acceptance of eHealth based on a systematic review of 43 studies. The framework consists
of five dimensions: personal, user-technology relational, technological, service-related, and
environmental, comprising a total of 23 factors. The study analysed the differences in these
factors based on participants” health conditions, verification time, and year. The proposed
framework aims to guide research on eHealth acceptance and emphasises the need for
specific measures to facilitate acceptance among older adults.

Acceptance models provide a foundational framework for researchers to explore
the complex factors influencing technology adoption among older adults. These models,
like TAM and UTAUT, offer a structured approach to understanding the motivations
and challenges faced by this demographic. Examining extensions of these models, like
STAM, reveals the importance of tailoring the models to specific contexts and incorporating
culturally relevant factors like social influence. However, limitations exist, with criticisms
highlighting the need for models to move beyond basic acceptance to inform actionable
design principles. However, while models like TAM and UTAUT provide theoretical
insights, their generality often limits the derivation of actionable design insights specific to
the nuanced needs and preferences of specific demographics, such as pre-frail older adults
in home settings. This gap directly informed the necessity of our co-design activities to
gather more context-specific data.

The concept of user experience goes beyond just perceived ease of use and usefulness.
Studies exploring the four phases of technology acceptance (objectification, incorporation,
conversion, and intention to learn) emphasise the importance of understanding how older
adults interact with technology over time. Frameworks like the IAF delve even deeper,
identifying 23 factors across five dimensions that influence technology adoption in older
populations. These insights are crucial for designing technologies that cater to the unique
needs and preferences of older adults, ultimately empowering them to embrace the benefits
technology offers.

In summary, acceptance models such as TAM, UTAUT, and STAM provide essential
theoretical foundations for understanding technology adoption among older adults. How-
ever, their limitations, particularly the lack of actionable design insights, underscore the
need for participatory approaches like co-design workshops and activities. The reviewed
extensions of these models introduce critical contextual, emotional, and social factors,
demonstrating the importance of tailoring acceptance frameworks to specific populations.

3.2. Digital Divide

The digital divide, the unequal access to information and communication technology
(ICT) among different age groups, presents a growing challenge for social inclusion. Fortu-
nately, solutions lie at the intersection of psychology and technology design, as technology
skills become increasingly crucial for full social participation [39].

The digital divide manifests in various forms beyond just access to ICT. Studies reveal
discrepancies in technology usage behaviours [40]. For example, some individuals may
rely on non-electrical assistive devices while neglecting potentially beneficial electronic al-
ternatives. Additionally, generational preferences can come into play, with some favouring
familiar, established technologies over newer computerised options [41]. Even within smart
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home advancements, recent research suggests a preference for simpler innovations over
highly automated systems [42]. These nuances highlight the importance of understand-
ing not just access, but also individual needs, comfort levels, and potential apprehension
towards newer technologies.

Digital inclusion for older adults faces challenges beyond just physical limitations.
In [43], the authors identified internalised ageism, negative self-perceptions about technol-
ogy use due to age, as a significant barrier. This psychological factor lowers motivation
and hinders technology adoption.

Beyond internalised ageism, external factors also play a role. The authors of [44]
highlighted the emotional impact of assistive technologies (ATs). While ATs, such as mobile
phones, can offer benefits like safety and independence, it can also evoke negative emo-
tions like anxiety or feelings of stigma. Current AT design often prioritises usability over
emotional and psychological needs. Chen advocated for a holistic design approach that con-
siders aesthetics, usability, and user well-being to improve acceptance and user experience.

The authors in [45] proposed the Smart Wearables Acceptance Model (SWAM) to
understand factors influencing wearable health technology adoption among older adults.
Their model incorporates established technology acceptance factors alongside age-related
health characteristics. Their findings confirm that perceived ease of use, usefulness, social
influence, and positive attitudes significantly impact technology acceptance. Additionally,
age, education, computer experience, and health literacy were found to moderate these
relationships. The study suggested that interventions promoting ease of use, highlight-
ing usefulness, leveraging social influence, and fostering positive attitudes can increase
wearable technology acceptance in older populations.

Further research by [46] delved into the multifaceted nature of the digital divide
among older adults. Their work identified challenges that extend beyond mere access to
technology, including a lack of familiarity, fear of mistakes, and anxieties surrounding
social implications. The authors emphasised the need for collaborative efforts, including
digital literacy programmes, to bridge this gap. Their research aligns with the concept
of a multi-layered digital divide, encompassing access, usage proficiency, and the skills
required for effective technology use. By acknowledging these complexities, solutions like
targeted education and training initiatives can be implemented to empower older adults
and ensure their inclusion in our increasingly digital world.

Chen [44] added another layer of complexity to the digital divide, exploring the
psychological factors that influence adoption. The study highlighted how anticipation
of external prejudice and internalised stereotypes can lead older adults to downplay
their need for assistive technologies. This resistance may stem from a desire to maintain
dignity or a sense of aesthetics, even when acknowledging the potential benefits of the
technology. Iancu and Iancu [47] further explored this tension, documenting cases where
individuals grapple with balancing the usefulness of familiar devices with concerns about
their complexity or security. These insights emphasise the need for technologies that are not
only accessible and user-friendly but also address the social and emotional considerations
that can influence adoption among older adults.

Kottl et al. [43] delved deeper into the psychological barriers associated with the digital
divide. Their research identified internalised ageism as a significant factor contributing to
technology non-use. They further categorised this phenomenon into four distinct subcate-
gories, highlighting the complex ways social cues and technology design can discourage
older adults. Internalised ageism erodes confidence in one’s ability to learn and benefit
from technology, ultimately leading to low engagement. This emphasises the critical need
for design that not only addresses physical limitations but also combats negative societal
messages about ageing and technology use.
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Unfortunately, even when design guidelines exist, their implementation remains incon-
sistent. Alamo and Golpayegani’s [48] study analysed 43 design recommendations across
22 mobile applications, revealing a concerning reality. Only 23% of the apps were deemed
truly accessible to older adults. Even worse, some apps offered accessibility features that
were themselves difficult to access. These findings underscore the importance of moving
beyond the creation of design principles to ensure their consistent and effective application.

Several studies propose solutions to bridge the digital divide among older adults.
Kottl at al. [43] advocated for inclusive learning environments that cater to diverse learning
styles and comfort levels. Saibene et al. [49] envisioned adaptive Al-powered solutions
that can personalise the user experience based on individual digital literacy levels. Pena
Barros et al. [41] highlighted the importance of transparent and easily maintainable tech-
nologies to address concerns about complexity and security.

Research consistently challenges the stereotype of a homogenous older adult popula-
tion with uniform needs. Tam et al. [50] and Ma et al. [51] emphasised the need for targeted
interventions and product segmentation to accommodate diverse demographics and health
conditions. Moody et al. [52] illustrated this point by demonstrating how reasons for
non-adoption of eHealth solutions differ even among older adults with chronic conditions.
Paul and Spiru [53] introduced the influence of physical and mental health on technology
adoption. Their research suggested that individuals with psychological challenges may not
only adopt technologies later in life but also have different perceptions of their usefulness.

Ma et al.’s [51] meta-analysis shed light on the complex interplay between demo-
graphics and technology acceptance factors. Their findings revealed that factors like social
influence and perceived usefulness may have varying impacts depending on age, gender,
and even regional cultural contexts. For example, social influence appears to be more
significant for older adults in Asian cultures compared to their European counterparts,
where perceived ease of use takes greater precedence. Yu-Huei et al. [54] supported this
notion by suggesting that collectivist cultures, where social pressure plays a stronger role,
can influence adoption decisions more than individualist cultures.

As presented in this subsection, the digital divide goes beyond just access to technol-
ogy for older adults. It encompasses comfort levels, apprehension towards new technology,
and internalised ageism. Usability is crucial, but design must also address psychologi-
cal factors and combat negative stereotypes. While design principles exist, inconsistent
implementation remains a challenge. Solutions like inclusive learning environments and
adaptable Al offer promise. However, a one-size-fits-all approach will not work. Research
highlights the diverse needs of older adults, influenced by demographics, health, and
cultural contexts. The pervasive nature of the digital divide underscores the importance of
engaging directly with older adults, such as through co-design activities, to understand
these challenges in their lived experiences and convert them to design decisions. By ac-
knowledging these complexities and embracing human-centred design, we can bridge the
digital divide and empower older adults in our increasingly digital world.

3.3. Frailty

Frailty in older adults presents a complex challenge for technology developers and
caregivers alike. Studies by Chen [44] and Orellano-Colén et al. [40] highlight the physical
limitations associated with frailty and the potential of assistive technologies to address
them. However, the concept of frailty extends beyond the purely physical. Research by
Arthanat et al. [42] and Biermann et al. [55] suggests a strong correlation between perceived
health and technology adoption, with individuals more likely to embrace technology when
they perceive a direct benefit to their well-being. Interestingly, Bolafios et al. [56] found
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that even those in good health are receptive to technologies like digital home assistants,
indicating that adoption is driven by factors beyond just physical limitations.

Technology can play a vital role in monitoring health and detecting changes in func-
tional abilities. Studies by Hedman et al. [23] and Pires et al. [57] showcase the potential of
monitoring systems to not only support caregivers but also to identify early signs of cogni-
tive decline. These advancements hold promise for proactive interventions and improved
patient outcomes.

While improving patient outcomes remains a primary focus, research also highlights
the importance of influencing adoption behaviours. The concept of “pre-frailty” is particu-
larly relevant, as studies by [47] suggest that targeting this group offers distinct advantages.
By focusing on pragmatic functions, user-friendliness, and addressing concerns about
privacy and accuracy, developers can create technologies that are not only appealing but
also encourage adoption before the onset of frailty.

Furthermore, research by [58] underscores the need for tailored interventions based
on frailty status. Frail individuals may be influenced by fewer factors when considering
technology adoption, suggesting a proactive approach is crucial. Understanding these
distinctions is essential for developers and researchers alike, paving the way for more
inclusive and effective technology solutions for older adults across the frailty spectrum.

The multifaceted nature of frailty, encompassing physical, cognitive, and perceptual
dimensions, demands a nuanced approach to technology design and implementation.
These insights demonstrate that adoption is not solely driven by physical need but also
by perceived benefits, health status, and the usability of technological solutions. This
highlights the value of engaging older adults, particularly those in pre-frailty stages, in
the co-design of technologies that are intuitive, respectful of privacy, and responsive to
individual contexts. Tailoring interventions based on frailty status enables more precise
alignment with users’ capabilities and expectations, ultimately enhancing adoption.

3.4. Barriers and Facilitators to Adoption

Technology adoption among older adults is a balancing act. It hinges on three key
factors—the individual’s characteristics, the features of the technology itself, and the social
context surrounding its use. This subsection will explore these factors and how they can
influence whether older adults embrace or resist new technologies.

Crucially, technological experience shapes how older adults view and approach new
technologies. Research by [59] reveals a clear distinction between novices and tech-savvy
older adults. Those with lower experience exhibit less enthusiasm and encounter more
learning difficulties. Interestingly, the challenges differ. New users struggle with the initial
learning stages and prefer task-oriented approaches. Experienced users, on the other hand,
grapple with finding the right learning methods and applying their knowledge to new
technologies. These findings highlight the need for diverse learning strategies tailored to
individual experience levels.

Several studies, including [60,61], identify key motivators for technology adoption.
They point to perceived value, the belief that technology will improve quality of life, and
confidence in using it. These factors align with established models like UTAUT, which
emphasises the importance of both perceived usefulness and ease of use. Optimism about
technology’s potential further strengthens adoption intentions. Positive user experiences
are crucial for building this confidence and fostering long-term adoption.

Social networks play a crucial role in shaping attitudes and behaviours towards tech-
nology use. Studies by [61,62] highlight the influence of social networks, both through
direct use and by observing the experiences of others. Social networks can provide en-
couragement and even gentle restrictions on technology use. However, they can also be a
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source of barriers. Privacy concerns, financial limitations, and technological complexities
are common hurdles identified in these studies. To bridge this gap, user-friendly designs
that consider social dynamics and address these concerns are essential, especially for those
with cognitive impairments.

For individuals with cognitive challenges, the social network emerges as a crucial
factor influencing their ability to embrace technology. Research by [62] reveals that ICTs
can address social and emotional needs when supported by a social network. This network
can provide assistance, encouragement, and even restrictions on technology use. This
study emphasises the importance of individualised approaches and the positive influ-
ence of a supportive social environment on technology experiences for older adults with
cognitive challenges.

One of the key roadblocks to wider technology use by older adults is a lack of aware-
ness about what these tools can do and how they can benefit their lives. Research by [61,63]
underscores the importance of clear communication strategies. By effectively commu-
nicating the benefits and functionalities of technology, we can empower older adults to
overcome these barriers and utilise technology to its full potential. This is particularly
important for functionalities related to cognitive functions and memory improvement.

From data security to control over personal information, a range of privacy consider-
ations warrant careful attention for successful technology adoption in older adults. The
study in [64] advocates for user studies that move beyond generic solutions and delve
into the real-world contexts of older adults. Inclusive research involving all stakehold-
ers, including older users, caregivers, and family members, is crucial for gaining holistic
insights into privacy and security dynamics within households. Human-centred design
approaches that actively involve older adults in the design process are recommended to
enhance technology acceptance.

The playful approach adopted in [65] sheds light on the evolving decision criteria for
Ambient Assisted Living (AAL) technologies. Privacy concerns remain a significant factor,
but participants also weigh them against the need for support in scenarios like fall detection.
This study underscores the importance of considering individual support requirements
and the persistent desire for independent living among older adults.

The study by [65] highlights the impact of cultural and generational factors on wear-
able device adoption in Taiwan. The gifting of wearables by younger generations and
the influence of their internet expertise are noteworthy findings. This research empha-
sises the importance of human interaction, user-friendly design, and a focus on healthcare
functionalities to promote wearable device adoption among older adults.

Technology adoption among older adults is a dynamic interplay of personal expe-
rience, design features, and social influences. Understanding this complexity is vital for
designing technologies that are both inclusive and empowering. Differences in technologi-
cal proficiency call for differentiated learning strategies, while motivators like perceived
usefulness, ease of use, and optimism about technology’s potential must be embedded in
design choices. Equally important is the social context, support networks, cultural norms,
and privacy concerns all shape technology perceptions and behaviours.

The surveyed literature reveals several critical shortcomings in current understand-
ing of technology acceptance amongst older adults. Whilst foundational models such as
the Technology Acceptance Model (TAM) provide essential theoretical frameworks, they
suffer from excessive generality and a fundamental inability to generate actionable design
insights, explaining a small percentage of variance in user intentions to adopt informa-
tion technology. A concerning disconnect exists between theoretical design guidelines
and practical implementation, evidenced a fraction of the analysed mobile applications
were genuinely accessible to older adults despite existing recommendations. Furthermore,
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traditional acceptance models inadequately address psychological and social factors, par-
ticularly internalised ageism, stigma, and emotional responses to assistive technologies,
which constitute significant barriers to adoption.

The literature consistently challenges assumptions of a homogeneous older adult pop-
ulation, showing that factors like social influence and perceived usefulness differ widely
depending on personal and contextual characteristics—a diversity that existing frame-
works struggle to capture effectively. Additionally, current research provides an insufficient
understanding of the dynamic nature of technology acceptance over time, particularly
in relation to how attitudes and behaviours evolve throughout the adoption process for
older adults experiencing cognitive or physical changes. Finally, many studies superficially
address the multifaceted nature of barriers beyond basic access issues, overlooking the
complex interplay of usage proficiency, emotional comfort, social support, and cultural con-
siderations that comprise the digital divide, thereby necessitating more nuanced, culturally
sensitive, and psychologically informed approaches that effectively translate theoretical
insights into practical design solutions.

For those experiencing frailty or cognitive decline, early-stage interventions and
pragmatic, easy-to-use technologies tailored to specific functional needs are particularly
impactful. In designing our co-design workshop, we were influenced by this understanding
and deliberately incorporated commercial off-the-shelf products (COTS) as assistive devices,
recognising their familiarity, accessibility, and potential for rapid adoption. Furthermore,
addressing privacy concerns, combating ageist design assumptions, and raising awareness
about technology’s real-life benefits are essential to foster trust and long-term engagement.

4. Research and Workshop Methodology

Our systematic survey results guided us in the design and implementation of our
co-creation workshop aimed at engaging 20-30 participants through a series of structured
activities, including brainstorming, affinity mapping, dot voting, quantitative question-
naires, and semi-structured interviews. The selection and adaptation of these instruments
were informed by our systematic review, ensuring that each activity was not only contextu-
ally relevant but also scientifically grounded, as illustrated in Figure 3. All 30 identified
core constructs informed the design of the brainstorming sessions, affinity mapping, and
semi-structured interviews. The 10 most frequently cited constructs in the literature served
as the basis for the questionnaire, while the top five categories of assistive and robotic
technologies identified were used to structure the dot voting activity.

The co-creation workshop was designed to foster engagement, creativity, and data
collection through a thoughtfully curated set of activities. These activities were strategi-
cally scheduled throughout the event, interspersed with breaks to maintain participant
engagement and cognitive freshness. All workshop documents and materials are publicly
shared as a part of this contribution, please see Supplementary Materials section for a direct
link to our shared GitHub repo (https://github.com/). This initial phase of the workshop
relied on an engaging brainstorming activity aimed at generating a wealth of ideas from
participants, which were then organised through affinity mapping. This technique helped
in clustering similar ideas and themes that emerged during the brainstorming session,
facilitating a structured synthesis of participant input and highlighting prevalent trends
and perspectives within the groups.

Following the idea generation and organisation stages, dot voting was employed as a
democratic tool to gauge the focus of our group members on the most relevant assistive and
robotic technologies in their daily lives. Each participant was given a limited number of
votes or ‘dots’ to vote on the assistive and robotic technologies they found most compelling
or vital for their activities of daily living (ADL).
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Figure 3. Overview of co-creation workshop and patient and public involvement (PPI) activities.

To supplement the qualitative insights garnered from the brainstorming and voting
activities, a quantitative questionnaire was distributed. This instrument was carefully de-
veloped from existing validated tools identified during the systematic review and adapted
to ensure relevance and context-specific applicability. The questionnaire aimed to quantita-
tively measure participants” attitudes, perceptions, and other relevant metrics that could be
statistically analysed.

In the latter part of the workshop, semi-structured interviews were conducted to delve
deeper into specific themes or issues that had emerged. These interviews were guided
by a set of predefined questions inspired by the systematic review’s findings, but they
also allowed for open-ended responses, providing flexibility to explore new or unexpected
topics raised by the participants. Each of these activities utilised content and instruments
that were closely adapted from a diverse collection of research instruments gathered
during the systematic review. In the next subsection, we explore in detail the methodology
we followed in adapting the instruments to ensure their relevance and effectiveness in
achieving our research objectives.

4.1. Instrument Adaptation

During the systematic review, we categorised the types of instruments used and
assessed whether they were adapted from other sources. These instruments were then
linked to the specific variables they were designed to measure and target. Given that most
sources detailed their models, dimensions, and constructs, many instruments could be
consolidated by their semantics and desired insights rather than superficial differences in
the terms used by their sources. For example, an instrument intended to examine “social
influence” has an almost identical purpose in context as an instrument from another source
targeting “subjective norm”.

After consolidation, 37 variables were identified and the collected instruments were
labelled using them, most not changing from their original labels. This collection was
reviewed, and variables were excluded and further consolidated to produce a new set of
30 variables relevant to this study.

An excerpt of these adaptations is outlined in Table 3, containing:

e Adapted variable names
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e  User-facing topics representing the truncated form of the variable names, presented as
a broad topic to participants

e Adapted instruments from literature sources

e Truncated form of the instruments, presented as prompts or questions to participants

e  References cited by the instruments that were adapted

Table 3. Excerpt from the systematic analysis process and adaptation of literature-based instruments
for participation perspectives.

Variable User—szcmg Adapted Truncated References
Topic Instrument Instrument
o How interested are you in How interested are you in
Nonspecific A . . h . h hi 30,66
Acceptance cceptance incorporating smart home using smart home tech in [30,66]
technology into your daily life? your daily life?
How much help could you get How much help could you
élclces(s):;) éflcesz:;) with technology difficulties, if get with tech problems if [29,30,67,68]
PP PP you needed it? you needed it?
To what extent do you feel that
Aesthetic . smart home technology looks =~ How fashionable is smart
sensibilities Aesthetics fashionable or aesthetically home tech to you? [67,68]
pleasing?
How affordable do you feel
Affordability Affordability smart home technology is to HOW affordable to buy and [38,69-71]
o maintain smart home tech?
buy and maintain?
Aceism and To what extent do you feel To what extent do you feel
Ageism/prejudice I§re'u dice excluded from things because excluded from things [72]
) of your age? because of your age?

4.2. Icebreaker Activity

The workshop began with an engaging icebreaker activity designed to put participants
at ease and to start them thinking about how assistive technology can be relevant to their
daily lives. Participants, a mix of PwF and professional experts and caregivers working
with PwF, were all novices with the specific assistive technology and robotic devices being
introduced. The activity involved exploring different combinations of SmartBot sensors
and bots, Alexa devices, Philips Hue bulbs, and Xiaomi sensors. This hands-on experience
not only helped break the ice but also served a valuable purpose. It demonstrated to
participants that there is a variety of affordable, commercially available COTS assistive
technologies that can potentially assist them in their daily activities.

This realisation was key, as it addressed a concern about cost that some participants
might have had. Furthermore, learning about these COTS devices as opposed to research
prototypes made participants feel more invested in the workshop’s outcome. They saw the
potential for real-world application in their homes and felt their input could directly influ-
ence solutions closer to deployment. Overall, the icebreaker activity successfully fostered a
sense of excitement about the research project and created a comfortable atmosphere for
participants to share their preferences and concerns.

4.3. Brainstorming Activity

The next activity, and the first used to formally collect data, was a structured brain-
storming session, with twofold objectives. First, elucidate the diverse perceptions and
interactions that participants have with technology. Second, identify their needs, chal-
lenges, and current approaches to resolving these challenges through the utilisation of
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existing technologies. The open nature of this brainstorming activity offered participants
the opportunity to spontaneously generate responses that addressed these objectives and
laid the foundation for addressing the research question Rla.

To achieve the above, workshop session goals were established in icebreaking and
brainstorming activities. These goals aimed to encourage participants to express them-
selves freely, effectively use prompts to inspire and cultivate thoughts and perspectives
about assistive technology, represent their viewpoints and priorities as clearly and com-
prehensively as possible, and maintain a focused discussion on understanding their needs
and challenges. Specific details, nuances, and in-depth discussions were reserved for the
subsequent activity, affinity mapping.

To facilitate discussions around each of the 30 consolidated instruments identified
from the systematic literature review, a set of 30 prompt cards was meticulously designed
(see Figure 4 for an example). These print-ready prompt cards featured abbreviated forms
of the terms and topics and were generated using nanDECK v.1.7.3 [73,74]. The prompt
cards were divided into six pools, each containing five prompts. The six brainstorming
groups, each facilitated by a designated facilitator, were assigned two pools of prompts for
discussion. Specifically, groups 1 through 6 were allocated pools AB, BC, CD, DE, EF, and
FA, respectively. Consequently, each group examined ten of the prompt cards, and each
prompt was discussed by two groups. This division was a necessary measure to conserve
time and mitigate potential participant fatigue.

Topic: truncated form of the variable name in the
main pool. Inverted relative to the main prompt so
participants that are not at the right orientation to
see the prompt are still able to read something

art home tech

2 Pool indicator. Facilitates manual sorting of cards
into their respective pools. Not directly used during
the activity.

make you feel observed?
make you feel observed?
o

ssaudAISNIIUY
Would smart home tech

SSJUﬁ.\!SnJ]UI

Would s

Prompt: truncated form of an adapted instrument
in the main pool. Read aloud to the group.

Icon: image included to make the main prompt
L clearer. Chosen by searching on flaticon.com with
keywords from the topic and prompt

Figure 4. Design and anatomy of prompt cards used in co-creation workshop. Example unannotated
prompt card (left) and prompt card anatomy guide (right).

The facilitators drew one prompt card at a time, and the group engaged in a discussion
based on that prompt. For each card, the facilitators provided follow-up prompts and
encouraged participants to express their thoughts and perspectives on the topic. If a prompt
did not generate substantial conversation or appeared to be misunderstood, the facilitators
referred to alternative questions provided in their corresponding notes for each prompt
card, as shown in Figure 5. The facilitators actively encouraged participants to share
anecdotes and personal stories to foster a deeper understanding of perspectives across
group members.

Additionally, they promoted the recognition of shared experiences and the building
upon one another’s ideas within the groups. Participants’ responses were transcribed onto
sticky notes, with a focus on capturing a diverse range of expressions and ideas, rather
than critiquing, assessing feasibility, or refining them.

The brainstorming session had an approximate duration of 35 min, during which the
facilitators aimed to cover all the topics represented by the assigned prompt cards. General
guidelines were established, suggesting a time allocation of approximately one minute per
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topic. However, it was acknowledged that more complex discussions would likely span
across multiple topics, potentially requiring a longer duration to address comprehensively.

Would smart home tech make you feel observed?

Can you imagine a situation How do you balance the How much does the feeling of
where smart home tech might convenience of technology with being observed influence your
make you feel uncomfortable due | concerns about privacy and willingness to use new tech?
to its intrusiveness? intrusion into your personal space?

Figure 5. Excerpt from the Facilitator Brainstorming Guide with Prompt Card Instructions
(Appendix A). The lower-left prompt (marked with a filled corner) offers an alternative to the main
prompt, while the centre and right prompts are suggested follow-up questions.

4.4. Affinity Mapping Activity

The affinity mapping activity used the unstructured responses from the prior brain-
storming session, with threefold objectives: (1) identify the existing problems more precisely,
(2) explore potential solutions, and (3) determine the barriers hindering their resolution.
This focused activity provided participants the opportunity to clarify and refine ideas and
articulate their views on key challenges in integrating assistive technology within the home
environment. Consequently, this activity directly addressed research question Rla.

To accomplish the above, the workshop session goals for the affinity mapping activity
were carefully designed. These goals included enabling participants to reflect on the
comprehensive output from the brainstorming activity, facilitating the development and
refinement of participants’ understandings of potential solutions to overcome barriers to
technology use, and defining and visually representing a holistic mental model for the key
issues raised. In contrast to the previous session, which involved collaborative elements
but was ultimately driven by individual viewpoints, this session was explicitly developed
with the goal of fostering consensus among participants.

Following a brief comfort break after the brainstorming session, participants recon-
vened with their respective groups and the same facilitators. To familiarise participants
with the task at hand and refocus their attention on the items generated, particularly those
from the beginning of the brainstorming session, the facilitators instructed the groups to
review the items and identify any areas requiring clarification. As preparatory work for
the task, the facilitators requested participants to individually consider the distinctions
between the ideas represented by the items and contemplate how these items could be
better organised into groupings.

The facilitators initiated the task for the groups by selecting two items and asking
participants to distinguish between them, explain the differences, and identify separate
clusters to which they might belong. The facilitators repeated this process until the par-
ticipants began to take the lead. This process of bringing together similar terms or topics,
known as clustering, marked the first of the three key phases of the affinity mapping activity.

As clusters began to form, the facilitators initiated the second key phase (Labelling) and
asked participants to identify names for each cluster. In the process of naming the clusters,
participants established criteria for inclusion and had the opportunity to provide further
elaborations on their decision-making process. During this phase, items could be moved
from one cluster to another, although they typically remained in their original cluster.

Once the clusters were named and established, the facilitators prompted the third
key phase (Explaining) by asking participants to explain the relationships between the
clusters, for example, by identifying causal connections or dependencies. Participants
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were further requested to reflect on the groupings and draw out any observable patterns
across these connections, identifying larger structures and properties of the system as a
whole. The resulting structure aimed to represent the participants” internal conceptual
models, illustrating how ideas interrelate and how systems currently operate or should
ideally function.

Throughout this activity, particularly during the final phase, the facilitators encouraged
the participant groups to prioritise ideas for features and concepts using the MoSCoW
method [75]. Similarly, the groups were asked to identify functional and non-functional
requirements. Contextualising the structures and insights with these analytical tools helped
produce actionable artefacts and informed the subsequent development of the Software
Requirements Specification (SRS) [76]. The affinity mapping activity had an approximate
duration of 30 min.

4.5. Dot Voting Activity

In the dot voting activity, participants cast their votes by writing the number of the
corresponding assistive technology, following the instructions in the reference shown in
Figure 6, on a green card to indicate interest or approval, or on a yellow card to indicate
disinterest or disapproval. Participants had the option to use multiple green cards for a
single item/technology to indicate the strength of their positive impression. To promote
candid feedback, participants were instructed not to include any personal identifiers on
their voting cards. Once completed, participants sealed their cards in an envelope, ensuring
confidentiality. Envelopes were collected and handed over to the facilitator for further
qualitative data analysis.

Voting Reference

What shouldI have? Wearable device
3positive  1negative Aot rmeatone ﬂ r

vote cards vote card

How doI castmy votes?
Refer tothe presentation, orthe guide on the right,

to find the number corresponding to the

technology you would like to vote for: -
M Write that number on one of your voting cards
M Put that card in your envelope

‘ Medication management device

When you've cast all your votes, write your name
on the outside of the envelope ‘

Figure 6. Excerpt from dot voting activity instructions. Full details presented in Appendix B.

This voting activity played a crucial role in determining the preferences of people living
with frailty (PwF) regarding assistive technologies. By allowing participants to express their
positive or negative sentiments towards each item or technology, the researchers aimed to
gain insights into the specific preferences and concerns of this vulnerable population. The
use of green and red cards provided a simple yet effective method for participants to convey
their opinions, while the option to use multiple green cards allowed them to indicate the
strength of their positive impressions, offering valuable nuance to the data. Moreover, the
confidential nature of the voting process, achieved through the use of sealed envelopes and
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the absence of personal identifiers, encouraged participants to provide honest feedback
without fear of judgement or repercussions. This approach was particularly important
when working with PwWF, as it helped to create a safe and comfortable environment for
them to express their genuine thoughts and concerns regarding assistive technologies.

The research objectives of this activity included understanding user preferences and
the strengths of those preferences for each assistive device, identifying any concerns or
reservations users may have regarding specific technologies, and conducting a comparative
analysis of the popularity and endorsement strength for each assistive device. By analysing
the distribution of positive and negative votes, as well as the number of green cards used
for each item, researchers could gain valuable insights into the overall acceptance, concerns,
and relative popularity of different assistive technologies among PwF. The combination
of quantitative and qualitative data from this activity could potentially reveal underlying
patterns, motivations, and specific needs of PwE, informing the development and adoption
of assistive technologies tailored to their unique requirements.

This activity informs R2b by capturing the preferences and concerns of participants
regarding assistive technologies. The voting activity provides insights into what features or
aspects of assistive and robotic technologies are most valued by older adults and their care-
givers. This feedback can inform the design and implementation of assistive technologies,
including educational mechanisms like chatbots, to ensure they align with user preferences
and enhance adoption, thereby impacting quality of life improvements.

4.6. Questionnaire Activity

The activity involved administering a structured questionnaire, an excerpt shown in
Figure 7, consisting of 10 diverse instruments adapted from the larger pool of 30 instruments
used in the brainstorming activity. The selection of these instruments was guided by
two primary criteria: First, some instruments were chosen due to their widespread use
and acceptance in the relevant literature, such as effort expectancy [66,77-84]. Second,
other instruments were selected based on their specific relevance to the project, such as
compatibility and privacy concerns.

CIREI SMART HOME SURVEY

For each question, please(circle fhe option of your choice

C Resident or Specialist
f)

Youmay scribble something out if youmade a mistake, but
Pleasecircle theonethatapplies pleaseensure your correct choiceis clear

How interested areyouin incorporating smart home assistive technology or robotics into your daily life?

Not atall Slightly Moderately Very Extremely

To what extent do youbelieve smart home assistive technology or robotics could enhance your daily
activities?

Notatall Slightly Moderately Very Extremely

Figure 7. Excerpt from CIREI questionnaire form. Full details are presented in Appendix C.

Participants, identified as either PwF residents or specialists (i.e., healthcare profes-
sionals or caregivers), were asked to provide their responses on a 5-item unipolar Likert
scale, indicating their level of agreement or disagreement with statements related to each
construct. This workshop activity aimed to collect quantitative data on the preferences,
concerns, and factors influencing technology adoption among PwF and relevant specialists.
This would reveal specific preferences, expectations, and concerns regarding aspects like
ease of use, perceived usefulness, compatibility with routines, and privacy considerations.
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It would also shed light on potential barriers, such as perceived difficulty, lack of
compatibility, or privacy concerns, as well as facilitators such as perceived benefits or
social influence. By analysing the data, we could highlight areas requiring interventions or
support strategies, such as training for improved ease of use or transparent data manage-
ment practices to address privacy concerns. Additionally, comparative analysis between
the perspectives of PWF and specialists could reveal areas of alignment or divergence,
informing more inclusive and holistic technology design.

This activity, as discussed, seeks to quantify preferences, concerns, and factors influ-
encing technology adoption, providing valuable data on learning preferences and barriers
to comfort with new technologies, thus addressing both R2a and R2b. Its results can inform
the design of educational content and interfaces to enhance ease of use and perceived
usefulness, aligning with the learning preferences of older adults in independent living
communities and facilitating better technology adoption.

4.7. Group Semi-Structured Interviews

The final activity of the workshop featured open-ended semi-structured interviews.
This took place immediately after participants had completed the questionnaire, and
interviews were conducted with the group together. The aims of these interview sessions
were twofold: consolidating thoughts from the overall workshop and addressing specified
overarching issues in the potential acceptance and use of smart-home technologies. In
covering both aims, the semi-structured interviews address both research question R1a by
further establishing perspectives on the challenges of integrating smart-home technologies
and research question R2a by drawing out how PwF may approach these.

Facilitators were provided with a set of 8 topics relating to usability, self-confidence,
learning curves, trust, intrusiveness, peer influence, affordability, and use intention to cover
during the interviews. Topics were characterised by a specific but open prompt question
offered to the group—for example, to what extent do you feel that you could learn how to use
smart home assistive technology and robotics by yourself? If the prompt question generated
little response or uncertainty in how to address it, facilitators could offer clarification or
elaboration as needed. Facilitators also provided the opening question to start the activity:
How do you feel about using smart home assistive technology and robotics? Participants were
allowed to approach the initial question from any direction; the facilitators then found an
appropriate point to raise a specific topic or prompt a question based on the responses.
Topics could be broached by facilitators in any order, ideally based on maintaining a natural
flow of conversation and discussion.

The overall structure of tackling the questions posed follows a specified common
loop. This was set with the intention to raise each topic and to make the data more
standardised and interpretable across group responses. The standardised interview loop
progressed as shown in Figure 8. The developed standardised interview loop is a system-
atic process designed to capture participant responses and facilitate group discussions
effectively. It begins with presenting an interview question (prompt) to participants and
accurately recording their responses. This step ensures that initial reactions and thoughts
are documented comprehensively.

Following the individual responses, a group discussion is facilitated to engage partic-
ipants on the topic, encouraging a deeper exploration of the subject matter. During this
discussion, key phrases and ideas are identified and recorded as verbatim quotes, capturing
the essence of the participants’ contributions. To ensure accuracy and collective agreement,
the recorded quotes are read back to the group. Participants provide their opinions on
these quotes, and the level of consensus is assessed. This step is crucial for validating the
recorded information and ensuring it reflects the group’s views accurately. During the
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consensus check, individual stances on the quotes are collected using shorthand notation,
as shown in Figure 9, along with any further elaboration from participants. This ensures
that individual perspectives are captured and considered in the analysis.

< Move to the next prompt

A
Ask t PN « Read quotes back I the discussion
=i it o S to the group slows or diverges

« Clarify any ’ . . . S

— e - — « Obtain group opinions significantly
. .

— ambigious words = : on quotes - @ . )

— . A A > L2 J

— i) * H

Prompts Group Discussions | Consensus Check
A i A

« Record responses « Assess level of consensus
+ Facilitate discussions « Collect individual stances and
« |dentify key phrases/ideas elaborations

Figure 8. Implemented semi-structured interview process for each prompt. Prompts or questions are
read; opinions are obtained from discussion; key quotes or points are summarised to the group for
understanding; and the level of consensus before moving to the next prompt.

OPINION SHORTHAND GUIDE OPINION SHORTHAND EXAMPLES

2 members of the group are
outraged at the price of a
particular device, while the rest of
“£200 for that?” the group has more mixed
opinions. This might be because
the other members prefer to
delegate cost-benefit decisions
with technology to younger family
members for example

J- Mixed feelings within individuals “These devices are always [ |n this case, the whole group
/| HYBRID

listening, it's creepy strongly agrees; someone might
) DISTINCT-\
Differing opinions across the group

enthusiastically recite an anecdote
of something they talked about
ANY OTHER SYMBOLS, persuasion, introspection etc.

+ | AGREEMENT  Pair with statements and
OPINIONS—C quotes, can show emotive or
@| DISAGREEMENT iogical responses

1 | INTENSITY Modifies opinions, can apply
Focus—c (R o L D S
) | UNCERTAINTY  confused responses +1, 4057

ANY OTHER SYMBOLS, Only used if the whole group
CONSENSUS mmm= £\ CLOSED IN A CIRCLE  shares a given opinion

DIVERSITV{

later being advertised to them.

CHANGE mmmmmm ™ ) \NECTED BY »  could cause this One member of the group leads
“l can already do things with a strong opinion, to a more
just fine, | don't need a diverse group. The people that
robot to help me” disagree eventually convince the

whole group that even if they don't

need robots now they might find
+1, 42/@?, G m=dp ° them useful in the future. This also
leads to the original speaker

changing their mind.

Figure 9. Excerpt from opinion shorthand guide for facilitators (Left) and examples of annotation
(Right). Full details are presented in Appendix D.

The loop continues until the discussion slows or diverges significantly, marking the end
of the iteration. This structured approach ensures thorough and organised data collection
during interviews, providing a clear and accurate representation of participant responses.
A basic shorthand method for transcribing opinions and the extent of opinion diversity in
the group was developed for the activity. Facilitators could note (dis)agreement of views
between group members, intensity and certainty of viewpoints, group consensus, diversity
of feeling on topics and whether people changed views through discussion.

In the upcoming section, we present and analyse the results derived from these
activities. By examining the participants’ responses, verbatim quotes, and the consensus
achieved during the workshop, we validate the effectiveness of the adapted instruments in
capturing nuanced data and gaining insights into participant perspectives and experiences.

5. Workshop Results and Analysis

Participants in the co-design workshop came from two key groups: residents (i.e., those
with lived experience of frailty and receiving care) and specialists (healthcare professionals
or caregivers). Twenty residents took part in the workshop; of these, 6 (30%) were male
and 14 (70%) were female. Residents from the J] Housing scheme in the South Yorkshire
region were invited for participation in the workshop on the basis of their experience in
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requiring some assistive technology support due to age related concerns; participants were
predominantly white, aged between 55 and 75 years old, and were identified by their
caregivers as “managing well” on the Rockwood Frailty Scale. Ten specialists, of which
3 were male and 7 were female, participated in the co-design workshop, these participants
were recruited based on their experiences with care from Darnell Well Being, J] Housing,
and Sheffield Hallam University.

5.1. Qualitative Data Digitisation Process

Qualitative data from brainstorming/affinity mapping activities and interviews were
captured using photographs and facilitator notes. Each brainstorming note was assigned to
its corresponding affinity cluster. Interview data points were derived from transcribed quo-
tations or facilitator annotations, excluding opinion annotations due to their low volume.
An inductive thematic analysis approach was conducted separately on the brainstorming
and interview data to account for differences in participant expression and transcription
methods. The results were then consolidated using constructs from both analyses, aggre-
gating semantically similar content where necessary.

The intermediary constructs of the inductive thematic analysis approach for qualitative
data processing are illustrated by the following example. Consider the concept of “learning
difficulties” that emerged from interviews. Transcripts mentioning struggles with learning
new technology (e.g., “.. .needs explaining 2 or 3 times. ..”) were initially coded as “Able
to learn (-)” within the sub-theme “Learning curves.” This was then consolidated with
semantically similar items into the primary theme of “Learning,” incorporating elements
from other sub-themes like “Individual limitations.”

Other interview data points revealed positive connections to learning, such as pref-
erences for “. . .tutoring, not instructions,” which were coded as “Able to learn (+)” and
“Personalised support” within the larger “Learning” theme. These were also labelled with
the recurring concept of “Personalisation.” The final coding for qualitative data, once
consolidated, included their primary theme and, if applicable, the recurring concept they
expressed. The final set of broad “themes” and specific “concepts” is presented during the
discussion of the CIREI framework in Section 6.

5.2. Dot Voting Activity Results

The results of the dot voting activity, where participants allocated weighted votes
(single, double, triple, or negative) to express their preferences for various assistive tech-
nologies, are summarised in Figure 10.

Dot Voting Results by Technology

74 Once

. X / . Twice
Mobility Assistive Devices - - = Thrice
B Negative

(829 4]

Smart Communication Devices 4 ek ok ke

LRl

Medication Management Systems - .//////a
TH KN
Fall Detection Systems o re gk
pa st il
Smart Wearable Devices 4 .7////////.

7-6-5432-101234567891001121314151617181920
Number of Votes

Technologies

Figure 10. Summarised distribution of all positive votes, including single (green stripes), double
(green circles), and triple voting (blue Stars), as well as negative votes (red) for assistive technologies.
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The strong preference for Fall Detection Systems among pre-frail adults underscores
their prioritisation of safety and security. This choice reflects a deep awareness of the risks
associated with falls, which can lead to severe injuries and a loss of independence. The
appeal of these systems lies in their ability to provide immediate alerts to caregivers or
emergency services, offering a sense of reassurance and aligning with the increasing focus
on proactive measures to prevent fall-related incidents.

The significant adoption of Wearable Devices and Smart Communication technologies
highlights a growing comfort with and trust in technology among pre-frail adults. Their
preference for these tools suggests a desire for continuous health monitoring and enhanced
communication, driven by the potential to maintain a higher quality of life. Wearable De-
vices are favoured for their capacity to monitor vital signs, activity levels, and sleep patterns,
which offer pre-frail adults valuable health insights and a greater sense of control over
their well-being. Similarly, Smart Communication technologies are chosen for their ability
to facilitate social interaction, provide easy access to information, and allow for remote
monitoring, all of which contribute to a stronger sense of security and connectedness.

The moderate interest in Medication Management Systems indicates that while med-
ication adherence is a concern, it may be a lower priority compared to other health tech-
nologies. This choice suggests that while pre-frail adults recognise the potential benefits
of these systems, such as reminders and tracking for medication adherence, they may not
yet see them as essential, or they may be exploring simpler solutions. Their moderate
interest might also point to a need for more intuitive or customisable features that align
more closely with their daily routines and specific health needs.

The low preference for Mobility Assistants may suggest that pre-frail adults priori-
tise maintaining independence over the potential benefits of mobility aids. This choice
reflects a complex relationship with assistive technologies, where the desire to avoid be-
ing perceived as dependent or frail may outweigh the practical benefits of using such
devices. Concerns about stigma, cost, and the practicality of mobility aids may influ-
ence this decision, indicating a preference for solutions that support autonomy without
compromising self-perception.

Overall, these preferences reveal that pre-frail adults are carefully selecting technolo-
gies that align with their values and concerns, emphasising safety, autonomy, and proactive
health management. Their choices reflect a nuanced approach to technology adoption,
where the perceived benefits of maintaining independence and well-being are balanced
against potential drawbacks, such as stigma or complexity.

Table 4 presents the questionnaire data statistics, calculated to three decimal places.
The table compares the responses of pre-frail older residents (1 = 18) with those of specialists
(n =9). Notably, the standard deviation among residents is generally higher than that of
specialists, indicating greater variability in their responses. This suggests that the residents’
experiences and perceptions of technology are more heterogeneous, likely due to varying
levels of familiarity and comfort with technology among this demographic.

In particular, the residents reported lower scores on the subjective norm question and
moderate scores on the loss of independence question. These findings align with the agency
construct identified earlier in the qualitative analysis, where residents expressed concerns
about how technology might influence their independence and how they perceive societal
expectations around its use.

A noteworthy observation is that residents did not perceive compatibility as a sig-
nificant issue. When this is considered alongside their responses regarding performance
expectancy and loss of independence, it suggests a portrait of individuals who value
their independence and possess a strong sense of agency. Despite their pre-frail status,
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these residents appear to maintain a confident and self-directed approach to adopting
new technologies.

Table 4. Descriptive statistics for CIREI questionnaire responses.

Construct All Samples [n = 27] Residents [1 = 18] Specialists [1 = 9]

Mean Std Mean Std Mean Std
Nonspecific Acceptance 3.370 0.742 3.222 0.808 3.667 0.500
Performance 3.222 0.847 3.056 0.938 3.556 0.527

Expectancy

Effort Expectancy 3.519 1.087 3.278 1.127 4.000 0.866
Ageism /Prejudice 1.963 1.224 2.278 1.364 1.333 0.500
Loss of Independence 2.704 1.382 3.056 1.305 2.000 1.323
Technology Anxiety 2.481 1.252 2.778 1.353 1.889 0.782
Privacy Concerns 3.259 1.095 3.111 1.183 3.556 0.882
Compatibility 2.333 1.240 2.611 1.335 1.778 0.833
Access to Support 2.963 1.126 2.667 0.970 3.556 1.236
Subjective Norm 3.185 1.001 2.833 0.924 3.889 0.782

Additionally, residents reported higher levels of ageism/prejudice and technology
anxiety compared to specialists, indicating that they might face more psychological barriers
when engaging with new technologies. This could be due to societal stereotypes about
ageing, which may impact their comfort and willingness to embrace technological solutions.

Interestingly, while residents scored relatively high on privacy concerns, the current
questionnaire data, supported by qualitative feedback, suggested that privacy was not
their primary concern compared to other factors such as usability and support needs. This
suggests that while privacy is an important consideration, it may not be as critical a barrier
to technology acceptance for this group as it might be for other demographics.

Finally, the lower mean value for access to support among residents highlights a
potential area for intervention. Ensuring that adequate support systems are in place could
significantly enhance their overall acceptance and effective use of technology, helping to
mitigate some of the anxieties and challenges they face.

Figure 11 represents the distributions of the responses to our technology acceptance
questionnaire. The analysis of the questionnaire responses from both medical and care
specialists and residents reveals varying levels of interest and confidence in adopting smart
home assistive technology. Both groups generally show a moderate interest in incorporating
these technologies into daily life, with specialists being slightly more optimistic about the
potential benefits. Residents, while also recognising the potential for enhanced daily
activities, may have more reservations, reflecting a cautious approach to new technologies.

Confidence in operating smart home technology for simple tasks is relatively high
among both groups, indicating that usability is not a major barrier. However, residents
may require more support and training to feel fully comfortable with these technologies.
Specialists appear more confident, likely due to their professional experience with similar
technologies, which could make them important advocates and trainers for residents.

Ageism and feelings of exclusion are not prominent concerns for either group, suggest-
ing that age-related prejudice does not significantly affect their attitudes toward technology
adoption. However, concerns about losing independence as they age are more pronounced
among residents. This fear could either motivate the adoption of assistive technologies as a
means of maintaining independence or create resistance if the technology is perceived as
diminishing personal autonomy.
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Figure 11. Summarised distribution of questionnaire responses for all participants (left), residents
(centre), and experts (right) for each question.

Privacy concerns are a significant barrier, particularly among residents, who are wary
of disclosing personal information to technology providers. Both groups also recognise the
importance of social influence, with the likelihood of adopting technology increasing if it
becomes more mainstream. Compatibility with existing devices and access to support are
viewed positively, suggesting that with the right assurances and assistance, the adoption of
smart home technologies among pre-frail older adults could be successful.

6. Discussions of Workshop Results

In this section, we introduce our Conceptual framework for Integrating Robots with Em-
bodied Intelligence in the homes of older people living with frailty, or CIREI, which was
developed to organise and interpret the data and insights generated from our workshop.
The framework is the result of our inductive thematic analysis of the qualitative data,
capturing the key components and relationships that emerged during our discussions with
participants. The CIREI framework is designed to categorise these findings into Themes and
Concepts. Following the development of this model, we also conducted a comparative anal-
ysis with existing technology acceptance models to highlight overlaps, gaps, and unique
aspects of our findings.

6.1. CIREI Framework

The development of the CIREI framework was shaped by a dynamic integration of
systematic literature review and co-design workshops, each playing a distinct yet com-
plementary role. The literature review established a theoretical foundation by identifying
prevailing models, existing gaps, and critical factors within the field, which guided the
initial direction and focus of our framework. Building on this foundation, the co-design
workshops engaged key stakeholders, providing valuable practical insights and contex-
tual feedback. This iterative interplay ensured that the resulting CIREI framework is
both grounded in robust academic evidence and responsive to real-world needs, effec-
tively bridging theory and practice to deliver a solution that is comprehensive, relevant,
and user-informed.
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To organise the data and insights produced by the workshop, our framework was
developed following a thematic analysis of the qualitative data. This framework features
two main key components, or building blocks, as follows:

(1) “Themes”, which are broad, non-situational and fewer in number (Economic, Learning,
Privacy, Trust, Usability).

(2) “Concepts”, which are often based on recurring anecdotes or situations described
by participants (Aesthetic concerns, Agency, Current use of technology, Delegating tech
actions, Individual limitations, Intergenerational interaction, Logistics of use, Low-tech use
contexts, Online study/video tutorials, Personalisation, Rate of technological advancement,
Social connectedness, Technology anxiety).

Some concepts are largely bound to a single theme, while others are cross-cutting or
not clearly within the purview of a single identified theme.

The Learning and Usability themes are most closely connected to our research questions,
but the presence of other themes in the data justifies their inclusion in the framework. Social
factors were not prominent or distinct enough to form a separate Social theme. However,
many items coded under Agency reflected participants’ agency regarding social pressure,
such as their assertion that they would not be influenced by subjective norms.

Most connections between themes and concepts are one-to-one, as illustrated in
Figure 12. However, there is a notable three-way intersection between Intergenerational
Interaction, Agency, and Usability. Participants reported that usability issues led them to
rely on younger relatives for using technology, hindering their proficiency and confidence.
This intersection was significant in the data, with multiple data points across groups and
activities, warranting its inclusion. The other three-way intersections were not prominent
enough to be shown here.

Theme

Economic Privacy
Intergenerational
interaction
I

Usability Issues:
o i -0 - Younger family dependency
- Forced compromise

Technology anxiety Trust

Rate of
technological
advancement

Online study/video % o
; Logistics of use
tutorials

'
e

Individual Social Current use of
limitations connectedness Aesthetic concerns technology

Figure 12. Conceptual framework for integrating robots with embodied intelligence (the CIREI

framework). This brings together broad, situational themes (black boxes), linked through concepts
drawn from recurring contributions in the participant workshop (blue ovals). Solid lines indicate
direct links, and dashed lines indicate indirect links.

6.2. Comparisons Between Identified Constructs in CIREI and Classic TAMs

After developing our model with constructs and relationships based on the collected
data, we compared it to the most prominent previously established technology acceptance
models, shown in Figure 13, that were identified during the literature review: TAM?2 [28]
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and UTAUT?2 [29]. Additionally, we included STAM [30] in this comparison due to its
specialisation toward older adults, making it particularly relevant for certain aspects
of our analysis.
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Figure 13. A network graph of connections between constructs in our CIREI model (orange) and
constructs in pre-existing models: TAM2 (blue), UTAUT2 (green), and STAM (purple).

It is worth emphasising that our model is not intended to be a universal acceptance
predictor; instead, it specifically focuses on ambient assistive smart home technology
used by a vulnerable or frail older adult population living independently. TAM2 and
UTAUT?2 aim for broad applicability across demographics and technology domains. STAM
targets older adults using gerontechnology but maintains a wider scope of technology
domains. Our model’s inclusion of varying granularities—broad themes and specific
recurring concepts—is also not mirrored in established models.

Despite these differences, we found some significant overlaps and absences thereof
between our model and the established models. Our Agency construct had semantic
overlap with TAM2’s Voluntariness and Subjective norm, as well as STAM’s Gerontechnology
anxiety. TAM2 suggests social phenomena, the need to fulfil social obligations, as infringing
on one’s agency; STAM presents technology use itself as the cause for this concern.

There is a particularly strong connection between our Individual limitations concept
and the constructs within STAM: Physical functioning, Cognitive ability, Self-reported health
conditions, and Gerontechnology self-efficacy. This reflects the shared target demographic and
the difference in granularity, i.e., we have only a single construct, while STAM has 4 in this
case, which could be a product of noise artefacts and our limited data volume.

Other points of convergence are our Usability theme and the Current use of technology
concept, aligning with constructs across all three existing models: Gerontechnology self-
efficacy, Perceived ease of use, Effort expectancy, Use behaviour and [past] Experience. Our
Economic theme overlapped with UTAUT2’s Price value and STAM’s Economic status, while
Learning overlapped with UTAUT2’s Habit and STAM’s Cognitive ability. Logistics of use
found common ground with Facilitating conditions in both UTAUT2 and STAM, as well as
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Habit in UTAUT2. Technology anxiety and Trust in our model echoed Attitudes towards using
in TAM2 and STAM, along with Gerontechnology anxiety in STAM.

The only construct unique to our model was the Rate of technological advancement.
This could be due to its high specificity and the user focus of the compared models, i.e.,
compared to a focus on the technology. It is also possible that the earlier development of
TAM2 and UTAUT?2 coincided with a time of rapid advancement, where public awareness
of such change was lower. The proliferation of the internet, constant news cycles, and
ubiquitous technology may have contributed to a heightened awareness of how current
and prospective users relate to changing technologies.

Therefore, the absence of a construct related to the Rate of technological advancement
in these older models could be seen as a limitation due to their period of origin rather
than a difference in user-technology focus. While further research is needed, it seems
plausible that explicitly considering the relationship between older adult users and the
pace of technological change could improve the explanatory power of acceptance models.

One approach to incorporating this concept could involve framing and presentation
of technology as an acceptance factor, which is more controllable and measurable than an
abstract Rate of technological advancement. There is a precedent for framing’s importance, as
Dermody et al. [85] identified Framing as a major theme when interviewing older adults’
caregivers on the possibility of adopting smart home technology to assist with care. Another
notable difference is the absence of a Performance expectancy or Perceived usefulness construct
in our model. While workshop participants did not explicitly discuss output quality or
performance expectancy as a theme, they seemed to generally assume the effectiveness of
the devices.

This omission may be attributed to the context of our study, where participants
were introduced to COTS devices during the initial ice-breaking activity. During this
session, participants were shown examples of the practical benefits and usefulness of these
devices. This implicit understanding likely reduced the need for participants to focus
on performance-related factors, as the demonstrated usefulness during the ice-breaking
activity may have set a baseline expectation of effectiveness for these COTS devices. This
also emphasises the need to provide proper training for PwF to better explain the usefulness
of the devices and how they could fit into their environments and daily activities, rather
than relying solely on their basic understanding of the devices’ functionalities.

Usability was a limiting factor for some technologies, but the data suggests limited
participant doubt about the overall performance of the technology itself. It is possible
that this is a product of talking points presented by the researchers during the workshop,
and not indicative of a change in the general population’s beliefs about technology. The
CIREI framework provides a structured approach to understanding the factors influencing
technology acceptance among older adults, particularly those living with frailty. By cate-
gorising data into broad Themes and specific Concepts, the framework captures the complex
interactions between usability, learning, social factors, and individual limitations.

Our comparison with established models, such as TAM2, UTAUT2, and STAM re-
vealed significant overlaps, especially in areas related to usability and individual limitations.
However, our model introduces unique constructs, such as the Rate of Technological Advance-
ment, that are not present in older models. This highlights the importance of considering
contemporary factors, such as rapid technological change, when studying technology
acceptance in older populations. Additionally, the absence of Performance Expectancy in
our model underscores the need for effective training and education, particularly in how
these technologies can be integrated into the daily lives of frail older adults. The findings
suggest that while older adults may assume the effectiveness of technology, there is still a
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crucial need for tailored support to enhance their understanding and confidence in using
these devices.

Our presented model contributes to the field by introducing the Rate of Technological
Advancement construct, which fills a critical gap in existing models by capturing older
adults’ relationship with rapid technological change in today’s ubiquitous technology
landscape. Our model’s dual-granularity approach, incorporating both broad themes and
specific concepts, provides more nuanced insights than the uniform construct level of
TAM?2, UTAUT?2, and STAM. The absence of Performance Expectancy reveals that proper
technology demonstration can establish baseline effectiveness assumptions, shifting focus
from performance concerns to usability and integration challenges.

6.3. WISE-WARE: Intelligent Middleware

The proliferation of advanced robotic systems and Internet of Things (IoT) devices
presents unprecedented opportunities to enhance the quality of life for individuals living
with frailty. However, the full potential of these technologies in creating a truly ‘smart and
assistive” home environment remains largely unrealised. Based on our research findings,
we introduce WISE-WARE, an innovative intelligent middleware framework designed
to address the current fragmentation of COTS assistive devices. By creating such a mid-
dleware, we aim to (1) synthesise data from connected devices to automate and augment
residents” daily activities, and (2) facilitate the secure sharing of anonymised data to foster
the development of evidence-based solutions.

By seamlessly integrating diverse assistive technologies and leveraging previously
untapped data streams, WISE-WARE serves as a crucial catalyst for cutting-edge research
and applied robotics. This integrative approach enables precise identification of support
needs, facilitates targeted interventions, and provides profound insights to inform the
development of personalised, next-generation home support systems.

We applied the MoSCoW prioritisation method as a part of our semi-structured
interviews to ensure that our development efforts were tightly aligned with user needs
and project constraints, allowing us to create a minimum viable product that delivers
immediate value to People living with Frailty while maintaining a clear roadmap for future
enhancements. The application of the MoSCoW method in the development of WISE-
WARE proved invaluable for our co-design approach. By categorising features into Must
have, Should have, Could have, and Won't have, we established a clear hierarchy of priorities
that guided our development process.

As shown in Table 5, there is a strong emphasis on user-centred design, accessibility,
and adaptability. The Must-haves (M1 and M2) prioritise usability and independence,
ensuring that users can learn at their own pace and troubleshoot problems easily. The
Should-haves (S1, S2, and S3) focus on flexibility, user control, and adaptability, highlighting
the importance of accommodating individual needs and preferences.

The Could-haves (C1 and C2) introduce advanced features that could enhance the
user experience, such as personalised tutoring and integrated assistance from multiple
devices. Notably, the Won't-have (W1) requirement indicates that WISE-WARE design and
implementation should not focus on developing various control modalities as user faculties
deteriorate at this current stage, emphasising the need for a simple and intuitive interface.

Building on these recommendations, we designed our intelligent middleware based
on the open-source FIWARE v.8.6 architecture to enable standardised and interoperable
intelligent solutions, shown in Figure 14. This approach allowed us to integrate proprietary
3rd-party robotic and assistive technology services and expose their functionalities using
technologies similar to FIWARE next-generation service interfaces (NGSI) API. This ap-
proach not only enhances the flexibility and scalability of WISE-WARE but also fosters a
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collaborative ecosystem, where diverse stakeholders can contribute to the development of
innovative, user-centred solutions for individuals living with frailty.

Table 5. MoSCoW analysis results for WISE-WARE system requirements.

Category Features

(M1) Give users the ability to learn how to use it based on their own
Must pace and learning style
(M2) It is easy to troubleshoot problems to maintain independence
(S1) Allow the use of varied, affordable devices
Should (82) Allow users to control data privacy and avoid feeling observed
(83) Adapt to individual needs and preferences
(C1) Integrate chatbots to provide personalised tutoring

Could (C2) Provide integrated assistance (from multiple devices) to help
maintain independence
Won't (W1) Use various control modalities as the user’s faculties deteriorate

Business Intelligence Operation
Dashboards

All Machine Learning
Algorithms

[ |
I I ] I

(WISE-WARE) Middleware - Context Broker Other Smart Context
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Figure 14. WISE-WARE middleware architecture. WISE-WARE enables the integration of smart data
models for anonymisation, API conversion, and data aggregation and storage. This middleware

multi-layer architecture facilitates communication with home and external smart systems, including
home IoT devices, smart home platforms, and other smart context brokers.

The FIWARE-based design of WISE-WARE enables seamless integration of a diverse
array of robotics and assistive technology devices, as well as other services, allowing
for streamlined processing and consumption by various Al, operational, business, and
data analytics applications. Furthermore, this architecture facilitates the integration of the
home environment with other smart solutions and systems at different geographical levels,
fostering a holistic and interconnected ecosystem.

A critical aspect of this design is the emphasis on data privacy and security, where all
data is stored locally on the user’s home device, thereby limiting exposure of personal data
without proper anonymisation, encryption, and explicit user consent. By aggregating data
from multiple sources and sensors, this approach enables the development of multi-modal
intelligent solutions capable of delivering unprecedented preventive care and interventions,
ultimately enhancing the quality of life for individuals living with frailty.

It is essential to acknowledge the importance of obtaining explicit and informed
consent from the users of the system and its connected devices, particularly if they are used
in sensitive environments such as bathrooms and bedrooms, where privacy concerns are
heightened. To address this, researchers and service providers need to ensure that users
provide clear and informed consent before participating in any aspect of these activities. In
accordance with GDPR regulations, participants should be fully informed about how their
data will be collected, used, and stored, and that they have the right to withdraw consent at
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any time. Furthermore, participants should be made aware of their “right to be forgotten,”
which allows them to request the deletion or the anonymisation of their data at any point
during or after the conclusion of these activities.

We successfully implemented our intelligent middleware by leveraging a suite of
open-source technologies, including Apache Kafka for distributed event streaming, Home
Assistant for home automation, and Python v.3.11.2 as the primary programming language.
The middleware was deployed on a Raspberry Pi 4 (RPi4) (Cambridge, UK) using Docker
v.23.0, an open-source software platform for virtualised applications, to ensure seamless
execution and portability. Our implementation was rigorously tested with a diverse array
of assistive devices from prominent providers, such as SwitchBot (Beijing, China), Alde-
baran Robotics (NAO Robot) (Paris, France), TP-Link (Shenzhen, China), Amazon (Alexa)
(Synnyvale, CA, USA), FIBARO (Poznan, Poland), and Philips (Eindhoven, Netherlands),
at two state-of-the-art facilities—the Sheffield Hallam University Robotics Lab and the
University of Nottingham’s Cobot Maker Space. Testing was conducted by the researchers
and did not involve other human participants. While the intricacies of the middleware
implementation and testing scenarios are beyond the scope of this paper, we have made
all developed software, documentation, and installation videos publicly available on our
dedicated GitHub (San Francisco, CA, USA) repository, facilitating reproducibility and
future collaboration.

Several Proof of Concept (PoC) applications were developed to facilitate experiments
assessing the feasibility and usability of the WISE-WARE middleware for integrating
and processing data streams from diverse robotics and assistive technology devices. The
experimental work was structured around three usage scenarios, shown in Table 6. The
selection of these applications was guided by the most-requested features emerging from
the workshop (see Table 5), prioritising deployments that were feasible for lab testing and
directly applicable to enhancing Activities of Daily Living (ADLs).

These usage scenarios highlight the potentials of integrated smart home systems
to enhance the ADLs through context-aware automation and behaviour monitoring. By
integrating environmental and activity sensors, the system provides insights into user
habits, such as meal patterns and movement, enabling early detection of behavioural
changes or health risks like falls, all while maintaining privacy. Furthermore, automation
based on natural events, like sunrise and sunset, promotes a seamless and personalised user
experience, fostering comfort and well-being. These examples demonstrate the broader
potential of such systems to support independent living, proactive health management,
and improved quality of life.

The proof-of-concept applications developed to demonstrate the benefits of WISE-
WARE were designed with accessibility in mind, ensuring they can be used effectively by
individuals with minimal technical expertise. The educational level required to operate
these applications is comparable to that of using everyday smartphone applications, making
them intuitive and user-friendly. While initial setup may require some assistance, significant
efforts were made to streamline the user experience, enabling users to access core functions
effortlessly without the need for specialised training or advanced technical knowledge.

Systems and applications can be configured to reduce cognitive complexity by sim-
plifying language, incorporating coloured or animated graphics and symbols, or utilising
voice-based virtual assistants. To enhance accessibility and usability, it is essential to en-
sure that all communicated information is available in multiple formats (text, visual, and
auditory) and to personalise these communication channels according to user preferences.
Such measures would significantly improve the solution’s accessibility, perceived usability,
and overall effectiveness.
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Table 6. WISE-WARE testing and usage scenarios for proof-of-concept applications.

Example Usage Scenario

Devices (Brand) Location

A kitchen cupboard contact sensor
logs “door open/close” events in
HomeAssistant to track eating habits
and forgetfulness, while triggering
Alexa to announce the weather on
the first morning opening.
Corresponding
MoSCoW Features

Robotics Lab, Sheffield Hallam
University

Contact sensor (Switchbot)
Smart speaker (Amazon)

(S1) Allow the use of varied, affordable devices
(S83) Adapt to individual needs and preferences

Motion sensors track inactivity and
movement patterns, cross—referencing
wearables to detect falls without
cameras, while analysing activity
trends for fitness insights.

Corresponding
MoSCoW Features

Motion sensors (Switchbot, Fibaro)
Wearable device (Fitbit, San
Francisco, CA, USA)

Cobot Maker Space, University of
Nottingham

(52) Allow users to control data privacy and avoid feeling observed
(C2) Provide integrated assistance (from multiple devices) to help maintain
independence

A light sensor detects sunrise/sunset
to automate curtains, while a
mattress pressure sensor confirms
wake-up and triggers Alexa to play
music for a gentle morning routine.

Corresponding
MoSCoW Features

Light sensor (Switchbot)
Motorised curtain rod (Switchbot)
Smart speaker (Amazon)

Robotics Lab, Sheffield Hallam
University

(S1) Allow the use of varied, affordable devices
(S3) Adapt to individual needs and preferences
(C2) Provide integrated assistance (from multiple devices) to help maintain

independence

The success of WISE-WARE depends on several external factors, including reliable
internet connectivity for seamless data transmission and monitoring activities, with user
consent, continuous power supply for connected devices, effective collaboration and sup-
port from caregivers and healthcare providers for timely responses in emergencies, and the
integration with local community services to provide holistic care management.

For a smart home middleware serving individuals with frailty, such as WISE-WARE,
regular software updates on a quarterly basis are essential to ensure security and function-
ality, addressing vulnerabilities that could impact user safety, as recommended by NIST
cybersecurity guidelines and industry best practices [86]. In addition, hardware checks
and calibration for the used hardware, in this case, it was deployed on a RPi4, should be
conducted every 6-12 months to maintain and test device responsiveness, which is critical
for potential cases where the middleware is connected to systems performing emergency
detection and monitoring frail individuals [87].

System monitoring and diagnostics should be an ongoing activity, with automated
reports generated monthly to detect connectivity issues or device malfunctions, minimising
downtime. Finally, user interface adjustments might be necessary every 6-12 months or
as needed to accommodate the evolving needs of frail individuals, ensuring the system
remains intuitive and accessible. Ultimately, this research positions WISE-WARE as a trans-
formative platform, poised to significantly advance the field of smart assistive technologies
and improve the lives of individuals with frailty.

7. Limitations

The practical aspects of our workshop methodology encountered several limitations
that warrant attention for future improvements. First, a significant challenge was the vary-
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ing degree of facilitator engagement with the provided materials, which likely influenced
the consistency and effectiveness of the facilitation across different sessions. Furthermore,
the data collected from interviews exhibited some variability due to deviations from the
set protocols and the application of diverse interview techniques by the facilitators. While
this introduced a degree of inconsistency, it also provided a broader range of perspectives,
which, although challenging, enriched the overall analysis.

Another notable limitation was the scope of our sample size and its representation.
The study was limited to a single workshop, which constrained the volume and variety
of insights we were able to gather. Moreover, our participants were exclusively residents
of (J]) Housing schemes in the South Yorkshire region, representing a narrow segment
of the potential user base for assistive technologies. Despite including residents from
various schemes within J] Housing, the lack of external representation limited the broader
applicability of our findings. J] Housing was considered in this study due to its existing
digital infrastructure, established partnerships with care providers, and willingness to
support pilot deployment, making it a feasible and representative testbed for evaluating
the WISE-WARE system under real-world conditions.

Additionally, the demographic makeup of our sample was predominantly white,
further narrowing the diversity of perspectives and experiences captured in our study. This
limited representation of racial and ethnic minorities constrains the generalisability of our
findings across different demographic groups, which may have distinct interactions with
and opinions about assistive technologies. These limitations highlight the necessity for
adopting a more inclusive and standardised approach in future research efforts. Expanding
participant recruitment, ensuring thorough facilitator preparation, and enforcing rigorous
standardisation of interview processes will be crucial steps toward enhancing the validity
and applicability of future studies.

8. Conclusions

In this study, we investigated the barriers and facilitators to the adoption of smart
home technology by older adults living independently and explored how their use of
these technologies could contribute to their care and management of chronic conditions.
Our approach consisted of a systematic literature review and the design and delivery of
a co-creation workshop with 30 participants sourced with the support of our partners:
Astraline, J] Housing and Darnel Wellbeing. The data analysis resulted in the development
of a proof-of-concept middleware, viz. WISE-WARE, and the creation of documentation
for its development process, usage, and guides for aiding integration and extension of the
proposed system.

The systematic review identified four major themes: acceptance models, digital divide,
frailty, and barriers and facilitators to adoption. The review revealed the importance of un-
derstanding user acceptance for technology adoption among older adults and highlighted
the role of established models like TAM, UTAUT, and STAM in exploring motivations and
challenges. However, there is a need to move beyond basic acceptance towards actionable
design principles. The review also emphasised the digital divide, which goes beyond access
to technology and encompasses usage skills and comfort levels. Psychological factors, such
as internalised ageism, can hinder adoption, and design should address not just usability,
but also social and emotional considerations. Frailty presents a challenge for technology
adoption due to physical and cognitive limitations, and tailored solutions are crucial based
on the individual’s frailty status. The review also highlighted the importance of factors such
as technology experience, perceived value, and confidence in influencing adoption, and the
need for user-centred design, clear communication strategies, and inclusive research.
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The co-creation workshop results led to the creation of a model, viz. The CIREI
framework, which represents the workshop findings, featuring broad themes and recurring
concepts. These constructs reveal factors influencing technology acceptance, some of which
are specific to older adult users, such as economic considerations, learning preferences,
privacy concerns, and usability. The new model, with its focus on user-specific themes and
the rate of technological advancement concept, offers a potential starting point for further
research on technology acceptance in this population.

The CIREI framework advances technology acceptance models by introducing the
Rate of Technological Advancement construct and employing a dual-granularity approach
that provides more nuanced insights than existing uniform-level models. The framework’s
specificity to vulnerable older adult populations and emphasis on contemporary technolog-
ical contexts represents a meaningful evolution in understanding technology acceptance
amonyg frail older adults living independently.

The proof-of-concept middleware development demonstrated that commercially avail-
able, off-the-shelf smart home technologies can be integrated with smart home management
systems like Home Assistant, collating data into a single data stream. This data can be
stored, transported, and processed using industry-standard tools, allowing for modular and
effective business intelligence, resident monitoring, and rich insight-generating solutions.

Our other research questions focused on the design and implementation of assistive
technology that can be easily retrofitted into existing homes (R1b), the learning preferences
of older adults for new technology (R2a), and the impact of these preferences on the design
and implementation of assistive technologies (R2b).

To answer R1b, we conducted a co-creation workshop to explore the perceptions of
older adults regarding the challenges of integrating COTS assistive technology into their
homes. The workshop identified themes such as economic considerations, usability issues,
privacy concerns, and the importance of maintaining agency. The workshop findings
inform the design of assistive technologies that can be easily retrofitted into existing homes,
with usability being a key factor for user adoption. Designers should consider the potential
limitations (cognitive, physical) of older adults to ensure that the technology is accessible
and easy to use.

To address R2a, we explored the learning preferences of older adults for new tech-
nology. Although the co-creation workshop did not directly address preferred learning
methods, it highlighted the importance of user-centred design and education. Future
research can explore how older adults prefer to learn about new technologies, such as
through hands-on training, written materials, or video tutorials. This information can be
used to develop educational mechanisms that enhance technology adoption and improve
the quality of life for older adults.

R2b focused on the impact of learning preferences on the design and implementation
of assistive technologies, including educational mechanisms like chatbots. The workshop
highlighted a need for educational mechanisms to improve technology adoption, and
participants discussed options like chatbots. Future research can explore user preferences
for educational tools alongside user needs identified in the workshop. By understanding
the learning preferences of older adults, we can create educational mechanisms that are
tailored to their needs, ultimately enhancing technology adoption and improving their
quality of life.

In conclusion, this study provides valuable insights into the barriers and facilitators to
smart home technology adoption among older adults living independently. The systematic
review and co-creation workshop results highlight the importance of user-centric design,
consideration of socio-emotional impactors on technology acceptance, and the need to focus
on actionable design insights. The proof-of-concept development presents a compelling case
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that the available technology is sufficiently usable and fit for purpose to create such systems,
while being cost-effective and easy to deploy. Future research should focus on longitudinal
studies, exploration of learning preferences, performance expectancy, social aspects of
technology adoption, and quantifying user needs to refine the newly developed model.

9. Responsible Research and Innovation (RRI) Practices

This research demonstrates the effective application of Responsible Research and
Innovation (RRI) principles in a research project, specifically adhering to the Anticipate-
Reflect-Engage-Act (AREA) framework recommended by the Engineering and Physical
Sciences Research Council (EPSRC) [88]. The integration of these principles ensured that
our research not only met scientific objectives but also aligned with broader societal values,
contributing positively to both the scientific community and the public.

Prior to the design phase, we conducted a virtual stakeholder workshop using RRI
Prompt & Practice Cards [89]. This facilitated discussions on potential regulatory, societal,
legal, and ethical impacts on project success. The workshop aimed to anticipate both
positive and negative outcomes, enabling proactive addressing of challenges in the study
design. Figure 15 illustrates an example of an “Anticipate” card used during the workshop,
designed to stimulate discussion on potential impacts and future considerations.

Intention

Should this work be
undertaken?

What benefits will it bring?
Who will benefit?

On what timescale?

How can we measure its
impact?

Example actions: 2023-05-16

* Map possible impacts.

* Use existing literature
reviews and prioritisation
reports, e.g. UN SDGs.

* Solicit a range of lay, expert
and peer inputs.

* Involve intended
beneficiaries.

Anticipate Purpose

Figure 15. Example of an AREA brainstorming card used during the workshop. This card represents
one of the “Anticipate” cards, designed to facilitate discussions on our project’s potential impact and
future considerations.

Informed consent was a critical element of our methodology. Prior to participation in
the experiments and co-design activities, all participants signed a consent form. They were
provided with detailed information about the study’s objectives, procedures, potential
risks, and benefits through a Participant Information Sheet. Participants were assured that
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any data collected would be used exclusively for research purposes and treated with
strict confidentiality. The project also underwent a thorough ethical review and received
approval, ensuring compliance with relevant ethical standards.

Throughout the project lifecycle, we maintained an ongoing assessment of potential
research impacts, including both intended and unintended outcomes. This continuous
anticipation process informed decision-making at every stage, ensuring that our research re-
mained responsive to emerging challenges and opportunities. Reflection was a cornerstone
of our RRI approach, involving continuous examination of the broader societal, ethical, and
legal implications of our research. This process aligned with the framework’s emphasis on
thoughtful consideration of assumptions and uncertainties inherent in scientific inquiry.
A second workshop was held to critically evaluate the design choices of our codesign
activities, recruitment challenges, and lessons learned from interacting with people living
with frailty and experts in the field.

We applied a systematic approach to evaluate our activities, assessing whether they
achieved desired outcomes, particularly in terms of inclusivity and accessibility. Special
attention was given to the cognitive demands of the activities and their potential for
replication with different participant groups. This reflection helped identify limitations
in our research, particularly regarding demographic diversity among participants. These
limitations are discussed in length in the next section.

Inclusive dialogue with a wide range of stakeholders played a key role in our process.
We engaged diverse groups throughout the project, including individuals living with
frailty, field experts, and members of the public. This approach ensured that multiple
perspectives were incorporated into our decision-making process. Co-design activities
were employed to involve stakeholders in the development of research outputs, ensuring
relevance and meaningfulness to target users. These activities were carefully designed to
accommodate participants with varying cognitive abilities, with ongoing efforts to enhance
research accessibility.

Our engagement process revealed that the designed activities were appropriate for the
chosen demographic, and we did not encounter significant issues related to participants’
understanding of technology and its impact. This insight was crucial for validating our
approach and ensuring meaningful participation across our activities.

Our action phase involved implementing comprehensive strategies to address identi-
fied limitations and challenges, with a particular focus on enhancing demographic diversity
and inclusivity. Recognising the need for a more representative participant pool, we took
immediate steps to broaden our recruitment efforts. We successfully engaged participants
from multiple J] Housing schemes, which significantly expanded the range of perspectives
and experiences represented in our study. This approach not only increased the diversity
of our participant base but also provided valuable insights into how different housing
environments might influence the experiences and needs of our target population. Addi-
tionally, we discussed concrete plans to actively recruit participants from a wider range of
backgrounds in future research initiatives.

As part of our commitment to RRI, we have planned a comprehensive dissemination
strategy. Research results will be shared with participants, providing opportunities for
further discussion and feedback. Follow-up on-demand sessions will be organised to
facilitate in-depth discussions about research implications, offering a platform for questions
and insights from participants. This ongoing dialogue is crucial for ensuring that our
research remains relevant and responsive to community needs. We are committed to
actively incorporating feedback from these sessions into our future work, creating a cycle
of continuous improvement and stakeholder engagement.
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Our experience highlighted both the benefits and challenges of implementing RRI
principles. While we successfully engaged diverse stakeholders and anticipated various im-
pacts, we also identified areas for improvement, particularly in relation to achieving greater
demographic diversity among participants. Moving forward, we are committed to building
upon these experiences to further enhance our RRI practices. This includes developing more
robust strategies for inclusive participant recruitment, refining our reflection processes, and
expanding our engagement methods to reach even broader segments of society.

Supplementary Materials: The following supporting information can be downloaded at: https:
//github.com/A-Al-Tamimi/CIREI (last accessed 26 July 2025), All project software, research instru-
ments, and supporting information.
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Appendix A

g3 * Discussions about physical ability and
~ ! - i . ) z
@P (; ] R 1 | intergenerational relationships may
evoke emotions.

B RAI N STO R M I N G poo L A * Remember that ideas of what is “normal”

are influenced by social pressures; try to
ACCEPTANCE infer them.
COMFORT
INTERGENERATIONAL TECH SUPPORT
PHYSICAL ABILITY

+ Encourage them to question
assumptions and challenge stereotypes
related to age and ability

SUBJECTIVE NORM

How interested are you in using smart home tech
in your daily life?

Can you share any specific tasks or § What features or functions would Are there any concerns or

activities where you think assistive | make you more interested in reservations you have about
tech could be particularly helpful using assistive tech? integrating assistive tech into your
in your daily life? routine?

How comfortable would you be if you had smart
home tech in your living space?

What factors contribute to your Are there certain types of devices Can you describe a situation
comfort level when it comes to that you feel more comfortable where you might feel

having smart home, assistive tech | with than others? uncomfortable with assistive tech,
and robotics in your living space? and why?

INTERGENERATIONAL TECH SUPPORT [Nttt

members with technology?

In what ways do younger family How comfortable are you in Are there particular types of

members currently assist you with | seeking assistance from younger technology where you find

technology-related tasks? family members when it comes to | support from younger family
technology-related challenges? members more or less beneficial?

Have changes to your physical abilities affected
your daily life?

PHYSICAL ABILITY

How have changes in your Are there specific tasks that have Can you think of any assistive
physical abilities impacted your become more challenging due to | technologies that might help you
daily routines and activities? these changes? overcome these challenges?

SUBJECTIVE NORM Would you be more likely to start using smart home

tech if it became more popular and mainstream?

Are there certain people or Do you think societal trends Have you ever changed your mind
communities whose opinion on influence your willingness to about using technology based on
tech matters more to you? adopt new technologies? the opinions of those around you?

Figure Al. Brainstorming Facilitator Guide. This is a part of the presented structured protocol for the
co-creation workshop’s brainstorming activity, consisting of: the dual-purpose prompt card system
(cf. Figure 4), facilitator techniques or guide for eliciting participant experiences (presented here),
and the timed group discussion format with six parallel teams addressing rotated prompt sets.
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Voting Reference

What shouldI have? Jearabledovice
3positive  1negative Apen Anenvelope lﬂ &

vote cards vote card

How do I cast my votes?

Refertothe presentation, ortheguideon the right,
to find the number corresponding to the
technology you would like to vote for:

M Write that number on one of your voting cards
M Put that card in your envelope

‘When you've cast all your votes, write your name
on the outside of the envelope

DolIneedtovote for differentthings?

You can cast multiple positive votes on the same
option, if you particularly like it

Multiple votes on the same option will be
understood as a stronger preference over the
alternatives

Youare allowed to cast all of your positive voteson
different options if you like

What's the point of the negative vote?

If you really don’t like one of the options, and
would be upset to know that it was installed in
your home, write its number on the negative vote
card and put it in your envelope

If noneoftheoptionsbother youlike that, you can
just leave the negative vote card empty, or
anything else to show that you aren’t casting it

If anything's unclear,don't
hesitate to ask one of us!

fY)cirzi Sa

Figure A2. Dot Voting Reference Document. Participants voted by writing a technology number on
green cards (approval) or yellow cards (disapproval), with multiple green cards indicating stronger
support. Votes were submitted anonymously in sealed envelopes for confidential analysis. The
reference document guided this structured feedback process.
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CIREISMART HOME SURVEY

For each question, please(circle fhe option of your choice

&

C Resident or Specialist

Youmay scribble something out if youmade a mistake, but
Pleasecircle theonethatapplies please ensure your correct choiceis clear

How interested areyouin incorporatingsmart home assistive technology or robotics into your daily life?

Nonspecific
Acceptance

Notatall Slightly Moderately Very Extremely

Towhat extent do youbelieve smart home assistive technology or robotics could enhance your daily
activities?

Performance
Expectancy

Notatall Slightly Moderately Very Extremely

How confident are youin your ability to operate smart home assistive technology or robotics for simple
tasks?

Effort
Expectancy

Notatall Slightly Moderately Very Extremely

To what extent doyou feel excluded from things because of your age?

Ageism/
prejudice

Notatall Slightly Moderately Very Extremely

Towhat extent doyoufeelthatyouare becomingless independent asyouget older?

Notatall Slightly Moderately Very Extremely

Loss of
Independence

How apprehensive do youfeel about using modern, computerised technology?

Technology
anxiety

Notatall Slightly Moderately Very Extremely

How risky doyou feel it is to disclose personal information to smarthome assistive technology or robotics

B § providers?

[

yoi]

ks Notatall Slightly Moderately Very Extremely
£ Howdifficult do youfeel it would be to use smart home assistive technology or robotics with your current
% technology (eg. smartphone, tablet)?
@
&

g Notatall Slightly Moderately Very Extremely

How much help could you get with technology difficulties, if youneeded it?

Access to
support

Notatall Slightly Moderately Very Extremely

How likely would you be to start using smart home assistive technology and robotics if it became more

©
% B popular and mainstream?

28

2 Notatall Slightly Moderately Very Extremely

If any of the questions don't
4 make sense, or you need

L - 4
L’ﬁi C i R L help with something, feel
Emergence free to ask one of us!

Figure A3. CIREI Survey Form. This structured questionnaire featuring 10 key instruments selected
for their empirical validity and project relevance. Administered to residents and specialists, the
form captured quantitative responses on a 5-point Likert scale to assess technology adoption drivers
(e.g., ease of use, compatibility) and barriers.
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TABLE NO.
FACILITATOR

GROUP SEMI-STRUCTURED
INTERVIEW TIPS

Avoid giving your own opinions, focus on encouraging the
group to express and discuss their own.

When recording responses and quotes, try to write them in the
order they are brought up; consider showing conversation flow
between items with arrows.

Make sure verbatim quotes are surrounded by quotation marks.

Each topic has an exemplar prompt to show how it might be
inquired about, but in general you should follow up topics that
participants introduce. Make sure all topics are addressed by the
end

Where topics are referenced, you can use their number, enclosed
in a square.

After delivering or paraphrasing one of the prompts, mark the
corresponding darker square with a line through. If the group
discussion reaches that topic on it's own, mark the darker square
with a circle. Only use the marking for whichever happens first.
When transcribing quotes and statements, repeat them to the
group for confirmation - this should also lead to expressions of

opinion about that item, which you can transcribe a compressed
form of using the opinion shorthand guide below.

OPINION SHORTHAND GUIDE

+| AGREEMENT  Pair with statements and
OPINIONS { quotes, can show emotive or
¢| DISAGREEMENT iagical responses

1
Focus—c .

ANY OTHER SYMBOLS, Only used if the whole group
CONSENSUSmmm ) 0SED IN A CIRCLE shares a given opinion

f Mixed feelings within individuals
/| HYBRID

, |PISTINCT -L
Differing opinions across the group

ANY OTHER SYMBOLS, Persuasion, introspection etc
CONNECTED BY » could cause this

INTENSITY Modifies opinions, can apply
both of them to strong,
UNCERTAINTY  confused responses

DIVERSITV{

CHANGE s—

OPINION SHORTHAND EXAMPLES

2 members of the group are
outraged at the price of a
particular device, while the rest of
the group has more mixed
opinions. This might be because
+, +/@3? the other members prefer to
delegate cost-benefit decisions
with technology to younger family
members for example

“£200 for that?"

“These deyllces are ﬁ!!WEYS In this case, the whole group
listening, it's creepy’ strongly agrees; someone might
enthusiastically recite an anecdote
of something they talked about
later being advertised to them

One member of the group leads

“l can already do things with a strong opinion, to a more
just fine, | don't need a diverse group. The people that
robot to help me” disagree eventually convince the
whole group that even if they don’t

need robots now they might find
+1, +2/052, ﬂé them useful in the future. This also
leads to the original speaker

changing their mind.

OPENER QUESTION

“HOW DO YOU FEEL ABOUT
USING SMART HOME, ASSISTIVE

TECHNOLOGY AND ROBOTICS?

TOPIC AND PROMPT LIST

Il UsABILITY

“To what
technology and robo
and understand?”

onfident do you feel with understanding and

oming skill nith tec y in general?”

"To xtent do you feel that you could learn how

to use smart home assistive technology and robotics

information giv
technology is?

INTRUSIVENESS

“To wh xtent do you feel that smart home
technology and robotics is intrusive, or would make

you feel obse

"How much more likely would you be to use smart
sistive technology and robotics if other

ose opinions you value recommended it?"

WA AFFORDABILITY

"How affordable do you feel smart home assistive

technology and robotics is to buy and maintain?"

tofl USE INTENTION

“Do you plan to use smart home as e technology
and robotics to assist you in the futur

Figure A4. Facilitator Guide for Semi-Structured Interviews. This guide is used in the presented

structured protocol for conducting group interviews, featuring 8 core topics (e.g., usability, trust)

with open-ended prompts and a standardised discussion loop. Facilitators guided conversations

organically while documenting responses through verbatim quotes and consensus checks, using

shorthand notation to capture opinion diversity and shifts.
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Appendix E

Table Al. Boolean Search Strings for Systematic Literature Review. These Boolean search terms
were used to query Scopus, PubMed, and Web of Science databases for related studies. Each
database’s unique syntax requirements were accommodated while maintaining consistent search
logic across platforms.

Database Search String

TITLE ((“Challenge*” OR “Limit*” OR “Barrier*” OR “Accept*” OR “Access*” OR “Concern*” OR
“Obstacle*” OR “Issue*” OR “Inhibt*” OR “Constraint*” OR “Restrict*” OR “Adopt*” OR
“Embrace*” OR “Imped*”) AND (“Assistive” OR “Technolog*” OR “Digital” OR “Integrat*” OR

Scopus “Automat*” OR “home management” OR “smart*” OR “aid*” OR “inclusive*” OR “support*”)
AND (“Old*” OR “Aging” OR “Senior*” OR “Elder*” OR “Age” OR “Geriatric*”)) AND PUBYEAR
> 2017 AND PUBYEAR < 2024 AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “cp”)
OR LIMIT-TO (DOCTYPE, “ed”)) AND (LIMIT-TO (LANGUAGE, “English”))

((Challenge [Title]) OR (limit [Title]) OR (Barrier [Title]) OR (Accept [Title]) OR (Access [Title]) OR
(concern [Title]) OR (obstacle [Title]) OR (issue [Title]) OR (inhibit [Title]) OR (constraint [Title]) OR
(restrict [Title]) OR (adopt [Title]) OR (embrace [Title]) OR (imped [Title])) AND ((assistive [Title])

PubMed OR (technology [Title]) OR (technologies [Title]) OR (digital [Title]) OR (integrate [Title]) OR
(integration [Title]) OR (automate [Title]) OR (automation [Title]) OR (home management [Title])
OR (smart [Title]) OR (aid [Title]) OR (inclusive [Title]) OR (support [Title]))) AND ((old [Title]) OR
(aging [Title]) OR (age [Title]) OR (senior [Title]) OR (elder [Title]) OR (geriatric [Title]))

(TT = (Challenge) OR TI = (limit) OR TI = (barrier) OR TI = (accept) OR TI = (access) OR TI =
(concern) OR TI = (obstacle) OR TI = (issue) OR TI = (inhibit) OR TI = (constraint) OR TI = (restrict)
OR TI = (adopt) OR TI = (embrace) OR TI = (imped)) AND (TI = (assistive) OR TI = (technology)

Web of Science  OR TI = (technologies) OR TI = (digital) OR TI = (integrate) OR TI = (integration) OR TI =

(automate) OR TI = (automation) OR TI = (home management) OR TI = (smart) OR TI = (aid) OR TI
= (inclusive) OR TI = (support)) AND (11 = (old) OR TI = (aging) OR TI = (age) OR TI = (senior) OR
TI = (elder) OR TI = (geriatric))
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