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Summary 
Population ageing has emerged as a significant demographic trend. The global number 
and proportion of older adults are projected to increase from 524 million (8%) in 2010 
to nearly 1.5 billion (16%) by 2050. This demographic shift calls for innovative policies 
and solutions to address multifaceted social issues, particularly in relation to housing 
and caregiving. In this regard, the ‘ageing-in-place’ policy has been developed to enable 
older adults to reside in their homes and communities while receiving necessary care 
and support. This approach helps to circumvent strain on institutional caregiving 
resources and promotes autonomy and well-being. However, the absence of housing 
specifically designed for this target group may pose potential hazards in their daily lives 
or lead them to move to care facilities. Acknowledging that the concept of ageing-in-
place may not be applicable to those in care facilities (e.g. nursing homes), this study 
underscores the significance of innovative design solutions for enhancing the living 
quality of older adults, whether in their homes or nursing homes. The primary objective 
remains a commitment to fostering optimal ageing experiences within the (nursing) 
home settings. Therefore, the concept of ‘ageing well’ is employed for the holistic well-
being of these groups. 

The emergence of smart technology offers potential solutions to ensure the well-being 
of older adults and alleviate caregiving workloads on family members or healthcare 
systems. It includes interconnected devices and systems that support daily activities, 
monitor health indicators, and regulate living environments. However, challenges still 
exist in integrating smart technologies into (nursing) home settings. Thus, this research 
strives to transcend housing typologies, offering an approach to design that promotes 
healthy ageing across diverse living environments. To fulfil the research aim, the 
following specific objectives have been addressed: 

• Establish a framework for smart technology applications in home settings based 
on state-of-the-art smart home research and practices on the ageing population. 
This focuses on technology definitions and design strategies that support older 
adults living independently. 

• Understand and translate older adults’ comfort through indoor environmental data. 
The study focuses on people with dementia and sensor application in nursing 
homes, aiming to understand how indoor environmental quality, assessed with 
sensor data, influences their comfort and daily activities. 

• Investigate how indoor environmental and spatial design variations affect the 
activities and behaviours of older people with dementia. The aim is to find 
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methods to optimise the nursing home environment and management to improve 
the quality of life for the residents. 

• Validate an empathic design approach and the use of virtual reality technologies 
for the design of a social housing renovation project. By collaborating with 
stakeholders in the design process, the renovation strategies are tested to create 
healthy ageing environments. 

This research develops a framework for smart home renovation, focusing on home 
assessment, technology selection, design strategy, and user evaluation. It verifies how 
indoor environmental changes affect older adults’ comfort and dementia-related 
behaviours based on building monitoring and observation data and underscores the 
value of smart technologies in enhancing living quality. To support the goal of ‘Ageing 
Well’, recommendations include optimising spatial layouts, building management, and 
sensor deployment. Utilising empathic design and virtual reality to showcase home 
renovation and smart technology application scenarios, the user-centred design 
approach deepens stakeholders’ understanding of the home renovation benefits, thus 
fostering the development of smart homes. 



V 
 

Table of content 
Acknowledgements ........................................................................................................ I 
Summary ...................................................................................................................... III 
Table of content ............................................................................................................ V 
List of Figures ........................................................................................................... VIII 
List of Tables ................................................................................................................ X 
Nomenclature ............................................................................................................... XI 
Chapter 1 Introduction ........................................................................................... 1 

1.1 Research Background .......................................................................................... 2 
1.2 Problem Statement ............................................................................................... 4 
1.3 Research Aim & Objectives ................................................................................ 5 
1.4 Research Questions .............................................................................................. 6 
1.5 Research Design .................................................................................................. 6 
1.6 Outline of the Thesis ............................................................................................ 8 

Chapter 2 Smart Home Modification Design Strategies for Ageing-in-Place: A 
Systematic Review ...................................................................................................... 11 

2.1 Challenges of Ageing-in-Place and Potential Solutions .................................... 12 
2.2 Systematic Literature Review Process .............................................................. 14 

2.2.1 Search Strategy ........................................................................................... 14 
2.2.2 Inclusion and Exclusion Criteria ................................................................ 15 
2.2.3 Study Selection ........................................................................................... 15 
2.2.4 Data Extraction and Quality Assessment ................................................... 16 
2.2.5 Data Synthesis ............................................................................................ 17 

2.3 The Framework of Smart Homes: the Classification of Smart Technologies 
Used in the Home Environment .............................................................................. 17 
2.4 The Smart Home Modification Process for Ageing-in-Place ............................ 19 

2.4.1 Home Assessment ....................................................................................... 20 
2.4.2 Technology Selection ................................................................................. 21 
2.4.3 Design Strategy ........................................................................................... 21 
2.4.4 User Evaluation .......................................................................................... 23 

2.5 Problems and Countermeasures of Independent Living .................................... 25 
2.6 Discussion .......................................................................................................... 27 

2.6.1 Summary of Findings ................................................................................. 27 
2.6.2 Limitations .................................................................................................. 28 
2.6.3 Implications for Practice ............................................................................. 29 
2.6.4 Future Research .......................................................................................... 29 



 

VI 
 

2.7 Conclusion ......................................................................................................... 30 
Chapter 3 Supporting Dementia Care by Monitoring Indoor Environmental 
Quality in A Nursing Home ......................................................................................... 31 

3.1 Studies on Indoor Environmental Quality of People with Dementia ................ 32 
3.2 Case Study and Research Methods .................................................................... 35 

3.2.1 Case Study .................................................................................................. 35 
3.2.2 Monitoring Campaign ................................................................................. 36 
3.2.3 Sensor Features ........................................................................................... 37 
3.2.4 Data Collection and Analysis ..................................................................... 37 
3.2.5 Participants and Recruitment ...................................................................... 39 

3.3 Nursing Home Environment and Indoor Comfort ............................................. 39 
3.3.1 Questionnaire Responses ............................................................................ 39 
3.3.2 Thermal Environment ................................................................................. 41 
3.3.3 Relative Humidity ....................................................................................... 43 
3.3.4 Air Quality .................................................................................................. 45 
3.3.5 Light Environment ...................................................................................... 47 

3.4 Influence of Indoor Environmental Factors and Technology Applications ...... 49 
3.5 Conclusion ......................................................................................................... 52 

Chapter 4 Exploring the Influence of Indoor Environment and Spatial Layout on 
Changed Behaviours of People with Dementia in A Nursing Home  ......................... 55 

4.1 Previous Studies on Indoor Environment and Changed Behaviour of People 
with Dementia .......................................................................................................... 56 
4.2 Case Study and Research Methods .................................................................... 59 

4.2.1 Case Study .................................................................................................. 59 
4.2.2 Research Participants .................................................................................. 60 
4.2.3 Research Procedure .................................................................................... 61 
4.2.4 Data Analysis .............................................................................................. 62 

4.3 Analysis of Changed Behaviours with Environmental and Contextual Factors 63 
4.4 Discussion .......................................................................................................... 72 
4.5 Conclusion ......................................................................................................... 76 

Chapter 5 Social Housing Renovation for Healthy Ageing: An Empathic Design 
Approach for Creating Immersive Environments through Virtual Reality ................. 79 

5.1 Innovative Approaches for Architectural Design .............................................. 80 
5.2 The Research Process on Social Housing Renovation Practice ........................ 82 

5.2.1 Case Study .................................................................................................. 82 
5.2.2 Participants Recruitment ............................................................................. 83 
5.2.3 Research Design ......................................................................................... 83 



VII 
 

5.2.4 Housing Assessment and Residents’ Requirement Investigation ............... 84 
5.2.5 Digital Modelling and Scenario Preparation .............................................. 85 
5.2.6 VR Experimentation ................................................................................... 86 
5.2.7 Data Analysis .............................................................................................. 87 

5.3 Renovation Design and Evaluation ................................................................... 88 
5.3.1 The Results of the Housing Assessment and Interviews ............................ 88 
5.3.2 Design Variations for VR Experimentation ............................................... 90 
5.3.3 VR Experimentation and Results ............................................................... 94 

5.4 Lessons Learned from the VR Experimentation ............................................... 98 
5.5 Conclusion ....................................................................................................... 100 

Chapter 6 Conclusions and Recommendations .................................................. 103 
6.1 Research Statement .......................................................................................... 104 
6.2 Overview of the Research Questions and Contributions ................................. 105 

6.2.1 Sub-question (Chapter 2) .......................................................................... 105 
6.2.2 Sub-question (Chapters 3 and 4) .............................................................. 106 
6.2.3 Sub-question (Chapter 5) .......................................................................... 107 

6.3 Answer to the Main Research Question .......................................................... 108 
6.4 Limitations ....................................................................................................... 109 
6.5 Recommendations for Future Research ........................................................... 110 

6.5.1 Smart Technology Standardisation ........................................................... 110 
6.5.2 User-centred Design ................................................................................. 110 
6.5.3 Data usage ................................................................................................. 111 

References ................................................................................................................. 113 
Appendices ................................................................................................................ 136 

Appendix A: Summary of Studies That Investigated Smart Technology and Home 
Modification .......................................................................................................... 136 
Appendix B: Questionnaire (for care professionals) ............................................. 140 
Appendix C: Questionnaire (for nursing home residents’ guardians) ................... 145 
Appendix D: Interview Questions (for social housing residents) .......................... 150 
Appendix E: The Program Code of the Smart System Animation for People with 
Dementia ................................................................................................................ 152 

List of Publications .................................................................................................... 154 
Curriculum Vitae ....................................................................................................... 155 
 

 

  



 

VIII 
 

List of Figures 
Fig. 1.1 Research design of the thesis. .......................................................................... 7 
Fig. 2.1 The literature review process (PRISMA flow chart). .................................... 16 
Fig. 2.2 The classification of smart technologies used in the home environment. ..... 17 
Fig. 2.3 Smart home modification process. ................................................................. 20 
Fig. 3.1 Floor plans and sensor locations in the nursing home. .................................. 35 
Fig. 3.2 The layout of the bedrooms in the nursing home. .......................................... 36 
Fig. 3.3 Data types of the case study. .......................................................................... 38 
Fig. 3.4 Box plot of indoor air temperature in summer and winter. ............................ 41 
Fig. 3.5 Thermal sensation votes for indoor thermal comfort. .................................... 42 
Fig. 3.6 Box plot of relative humidity in summer and winter. .................................... 43 
Fig. 3.7 Indoor relative humidity and air temperature variations between 21st October 
to 3rd November. .......................................................................................................... 44 
Fig. 3.8 Votes for indoor relative humidity. ................................................................ 45 
Fig. 3.9 CO2 and TVOC concentration levels of the overall time percentage. ........... 46 
Fig. 3.10 Votes for indoor air quality. ......................................................................... 47 
Fig. 3.11 The heatmap chart of indoor illuminance (lux) on a summer day (left) and a 
winter day (right). ........................................................................................................ 48 
Fig. 3.12 Votes for indoor light environment. ............................................................. 48 
Fig. 4.1 Sensor locations in the case study. ................................................................. 60 
Fig. 4.2  Indoor air temperature, outdoor weather, and participants’ changed behaviours 
on the observation days. .............................................................................................. 69 
Fig. 4.3 Indoor relative humidity, outdoor weather, and changed behaviours on the 
observation days. ......................................................................................................... 69 
Fig. 4.4 The heatmap chart of two observation days with (left: 18th August) and without 
(right: 13th September) changed behaviours on the ground floor. .............................. 70 
Fig. 4.5 The heatmap chart of two observation days with (left: 27th August) and without 
(right: 13th September) changed behaviours on the first floor. ................................... 71 
Fig. 4.6 The locations of observed changed behaviours combined with Visibility Graph 
Analysis. ...................................................................................................................... 72 
Fig. 4.7 The percentage of indoor environmental conditions when changed behaviours 
were observed. ............................................................................................................. 75 
Fig. 5.1 The site plan of the case study. ...................................................................... 82 
Fig. 5.2 Two apartment types on one floor (Source: Arctitektnburo van de Kerkhof).
 ..................................................................................................................................... 83 
Fig. 5.3 The methodological framework. .................................................................... 84 



IX 
 

Fig. 5.4. Poster introduction. ....................................................................................... 86 
Fig. 5.5 VR Experimentation of Group Residents (left) and Group Designers (right).
 ..................................................................................................................................... 87 
Fig. 5.6 The common area of one residential building. ............................................... 88 
Fig. 5.7 Current indoor scene (left) and empathic designed digital model in Unity (right).
 ..................................................................................................................................... 91 
Fig. 5.8 The variations of renovation design. .............................................................. 92 
Fig. 5.9 The animation of the smart system for older adults. ...................................... 93 
  



 

X 
 

List of Tables 
Table 2.1 Search strategy for Scopus. ......................................................................... 14 
Table 3.1 The research used monitoring technologies in care facilities. .................... 33 
Table 3.2 Sensor specifications (device: ISensit-Clear Climate Sensor, model: CC1).
 ..................................................................................................................................... 37 
Table 3.3 Responses from care professionals (questionnaire A). ............................... 40 
Table 3.4 Responses from guardians (questionnaire B). ............................................ 40 
Table 3.5 Participants’ information. ........................................................................... 40 
Table 4.1 Recent studies on indoor environments and behaviours of residents living in 
care facilities. ............................................................................................................... 57 
Table 4.2 Participants’ information from nursing records. ......................................... 61 
Table 4.3 Sensor specifications (device: Edimax AI-2003W). ................................... 62 
Table 4.4 The environmental and contextual data of changed behaviours. ................ 64 
Table 4.5 Fisher’s exact test of changed behaviour types and contextual factors. ..... 65 
Table 4.6 The locations of the changed behaviours observed (indoor). ..................... 65 
Table 4.7 Fisher’s exact test of changed behaviour locations and indoor environmental 
or contextual factors. ................................................................................................... 67 
Table 5.1 Problems with building layout and accessibility of housing assessment and 
interview. ..................................................................................................................... 89 
Table 5.2 Problems with building insulation and indoor comfort of housing assessment 
and interview. .............................................................................................................. 90 
Table 5.3 The scenarios experienced by participants. ................................................ 94 
Table 5.4 The questionnaire results of two groups. .................................................... 97 
  



XI 
 

Nomenclature 
 

Acronyms  
AAL Ambient Assisted Living 
ADL Activities of Daily Living 
AI Artificial Intelligence 
AmI Ambient Intelligence 
ANOVA Analysis of Variance 
APMV Adaptive Predicted Mean Vote 
APRAM Architectural and Psycho-environmental Retrofitting 

Assessment Method 
AR Augmented Reality 
ASHRAE American Society of Heating, Refrigerating and Air-

conditioning Engineers 
AT Assistive Technology 
BPSD Behaviour and Psychological Symptoms of Dementia 
CBS Central Bureau of Statistics of the Netherlands 
CDR Clinical Dementia Rating 
CO2 Carbon Dioxide 
COVID-19 Coronavirus Disease of 2019 
GDS Global Deterioration Scale 
HCHO Formaldehyde 
HCI Human-computer Interaction 
HE Housing Enabler 
HSSAT Home Safety Self-assessment Tool 
IBE Indoor Building Environment 
ICT Information and Communication Technology 
IEQ Indoor Environmental Quality 
IoT Internet of Things 
IRT Long-wave Infrared Thermography 
KNMI Koninklijk Nederlands Meteorologisch Instituut 
PhD Doctor of Philosophy 
PM Particulate Matter 



 

XII 
 

PMV Predicted Mean Vote 
PPD Predicted Percentage of Dissatisfied 
P-value Probability Value 
RmRs Robotic Micro-rooms 
SAPM Sandia Array Performance Model 
SD Standard Deviation 
SBS Sick Building Syndrome 
SPSS Statistical Package for the Social Sciences 
TAM Technology Acceptance Model 
TSV Thermal Sensation Vote 
TVOC Total Volatile Organic Compounds 
VOCs Volatile Organic Compounds 
VR Virtual Reality 
WHO World Health Organization 
XR Extended Reality 



 

1 
 

 

 

 

Chapter 1  
Introduction 
  



Chapter 1 Introduction 

2 
 

1.1 Research Background 

According to the World Health Organization (WHO) report, more than 1 billion people 
were over 60 in 2019, and the ageing population will increase to 2.1 billion by 2050. 
Meanwhile, the number of older adults aged 80 years or above is expected to triple 
during the same time frame to reach 426 million [1]. As societies age, the number of 
people living with dementia worldwide is expected to rise from 55 million in 2019 to 
139 million in 2050 [2]. The Dutch Central Bureau of Statistics (CBS) reported 
3,601,167 inhabitants aged 65 years and over on 1st January 2023, which was 20.2% of 
the population. Approximately 280,000 of them are presently living with dementia [3]. 
These growing numbers put pressure on limited health resources and place a substantial 
demand on care services [4,5]. Thus, the ‘ageing-in-place’ policy encourages older 
adults to remain in their home environment as long as possible, emphasising their need 
to live comfortably in familiar environments [6]. In this context, the number of residents 
of Dutch care institutions is about 115,000. This number is shrinking because of the 
shortage of caregivers and preferring to live at home [7]. More than 90% of Dutch older 
adults live independently, while over 40,000 live in an ‘unsuitable’ home environment, 
which increases the demand for suitable housing [8–10]. Ensuring these people live in 
healthy and supportive environments is essential. 

Smart technology has been regarded as a potential solution for providing healthy and 
supportive living environments for older adults ageing-in-place [11–14]. The word 
‘smart’ has recently become an umbrella term for innovative technologies, often used 
in research and design fields [15]. According to the existing studies, the ‘smart home’ 
concept integrates innovative technologies into residential spaces, aiming to enhance 
safety, reduce energy consumption, and provide healthcare and entertainment [16,17]. 
Smart homes designed for older adults are equipped with Assistive Technologies, 
Ambient Intelligence, Ambient Assisted Living, Internet of Things, Information and 
Communication Technology, Smart Home, or Artificial Intelligence to support their 
daily activities or monitor their behavioural patterns and health status. There has been 
a shift in the Netherlands towards more home-based care, with technical innovations 
evident in telehealth or telecare, and the implementation is accelerating in the home 
environment [18]. However, most existing housing conditions are inappropriate for 
deploying new devices or technologies that make home renovation indispensable [19]. 
Home renovation means alterations of permanent physical features in the home and its 
surrounding area, now also contains the installation of smart technology devices [20,21]. 
Currently, the smart home projects designed for older adults are limited and knowledge 
of combining smart technologies or systems with architectural design is lacking [12,22]. 
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A qualitative shift is needed in design approaches to integrate the translation of older 
adults’ needs as design factors and consider their health, behavioural, and living 
conditions [23]. 

Older adults prefer to live at home rather than in care institutions. No matter where they 
live, they usually spend most of their day (80% to 90%) indoors, and this percentage is 
likely even higher among people living in care facilities [24]. Thus, indoor 
environmental quality significantly influences older adults’ health and well-being, 
especially those with cognitive or mobility decline [25]. Indoor environmental quality 
refers to the general quality conditions of indoor environments, which comprise four 
subdomains: indoor air quality, lighting quality, noise levels and thermal comfort [26]. 
In the later ageing stages (e.g. with dementia), older adults may be very sensitive to 
indoor condition changes [25]. Controlling indoor environmental quality could 
positively impact health, delay dementia progression, and reduce changed behaviours 
(e.g. agitation, hallucination, and wandering) [27]. Therefore, exploring the influence 
of environmental, spatial, and technological factors on older adults living in care 
institutions is essential, as it could provide scientific guidance for creating healthy 
ageing environments. 

Smart technology applications contribute to care services with health and indoor 
environmental quality monitoring, maintenance of functioning, and caregiving 
management [28]. Furthermore, smart environments could assist the daily activities and 
independence of older adults with mobility or cognitive decline [29]. As a part of smart 
systems and non-intrusive technology, sensors are widely used in care facilities. Since 
the care facility environments are relatively simple and residents’ daily routines are 
similar, many studies have applied sensors to explore the impact of environmental 
factors on older adults’ comfort, health, and behavioural changes [30–35]. These 
technology implementations also aim to assist caregivers in tracking location, 
behaviour detection, and preventing social isolation of vulnerable groups (e.g. people 
with dementia). 

Although the usability of smart technologies has been explored in previous studies and 
practices, the barriers to integrating smart technologies into (nursing) home settings 
still exist. Smart technologies are often inserted inside existing structures without 
considering environmental and user aspects. Although the extent to which the 
environment is tailored and accessible relates to universal design, a mismatch between 
technology and space usage can happen [36,37]. The user-centred approaches could 
specifically address individual and housing circumstances of senior households. 
Among them is the empathic design approach through exploration, translation, 
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elaboration, and validation steps to design a suitable building for ageing groups. It 
enhances empathy during the design process for diving deep into older adults’ needs 
[38]. Furthermore, the emergence of simulation-based tools in architectural design, 
such as augmented reality and virtual reality, can provide technological experiences 
that change how virtual models interact with the physical world. These technologies 
generate digital information or models overlaid on the real-world environment or create 
a totally artificial environment that allows designers and older adults to design, build, 
and experience virtual versions of smart homes before physical construction begins [39]. 
The advantages include visualising architectural concepts, optimising plans and models, 
enabling collaborative design, providing immersive scenarios, assessing the 
compatibility of spaces and devices, and simulating occupants’ interactions [40–43]. 
Integrating these simulation-based technologies of real-world settings and digital 
models presents a novel method in the domain of architectural design, which could 
contribute to home renovation practices for achieving ‘ageing well’ purposes. 

1.2 Problem Statement 

Renovating smart homes based on existing housing conditions faces many challenges. 
Designers have little agreement on the design specifications for combining smart 
technologies with architectural design [12,22]. Additionally, home renovation to 
support older adults’ independence and maintain their living qualities is a complex 
project. The methods to optimally integrate smart devices with the existing home 
settings,  how these technologies can assist older adults or their caregivers with home 
care, and the effect of renovated home environments still need to be explored [44]. 
Firstly, guidelines for smart technology applications in home settings need to be 
addressed, and the changes in people’s lifestyles and the diversity of housing structures 
should be holistically considered. Secondly, the means of using technologies 
appropriately for specific groups or purposes is essential. Normally, intrusive 
technologies with surveillance cameras and audio recording devices are not welcomed 
[45]. Although many senior homes and care facilities have deployed non-intrusive 
technologies, the barriers and thresholds still exist. For instance, caregivers do not 
always fully understand the indoor conditions and comfort of older adults through 
environmental data, and they still need to spend vast time observing by themselves. 
Lastly, traditional top-down design methods often lead to mismatches or deviations 
between design and use scenarios [37]. These problems should be addressed in studies. 

Universal design is widely used as an adaptive strategy to cope with unknown needs 
and living situations of older adults [46], while it cannot be entirely applied to smart 
home design and renovation due to the diversity of individuals and the heterogeneity of 
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housing types. User-centred design approaches have been proven to better understand 
and collaborate with older adults on their requirements [47]. However, the current 
concentration is mainly focused on product design and is rarely applied in architectural 
projects [48]. The increasing number of innovative technology applications used as 
research tools, such as virtual reality, to create immersive environments for older adults 
to experience, but require evidence-based design approaches to understand the effects 
of virtual environments [49]. This drives the development of the goal of this thesis, 
which is to explore and validate the user-centred approach to integrating innovative 
technologies into home renovation design. 

1.3 Research Aim & Objectives  

This PhD research aims to explore the approach to integrating smart technologies into 
home renovation for ageing well within the context of the increasing ageing population 
and age-friendly housing shortage in the Netherlands. The findings of this research can 
provide guidelines for innovative technologies as practical tools in the design process 
or for use as supportive devices in (nursing) home settings. Furthermore, this research 
has societal contributions, such as using sensor technology to support dementia care 
and improve care facility management. The research objectives are as follows: 

1. Establish a framework of technology classifications and design strategies for 
integrating smart technologies into home environments that support older adults 
ageing-in-place. 

2. Explore the application of sensor technologies in older adults’ living 
environments. This includes monitoring indoor environmental parameters to find 
their correlations with human activity and determining whether sensor data 
accurately reflects the occupants’ actual feelings, living conditions, and indoor 
environmental quality. 

3. Investigate how indoor environmental and contextual factors affect older adults’ 
activities and behaviours, focusing on when, where, and how these factors 
influence behaviour changes to guide the technology application, design, and 
management of (nursing) home environments. 

4. Validate using innovative technologies and design approaches in a housing 
renovation project to optimise the design process with stakeholders and increase 
renovation design acceptance. 
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1.4 Research Questions 

- How can smart technologies be integrated into home settings to enhance older 
adults’ living qualities? 

Sub-Questions: 

- How are state-of-the-art design strategies and technologies used in smart home 
studies and projects to support ageing-in-place? 

- How can sensor technologies be applied to collect indoor environmental data and 
information on older adults’ comfort, activities, and living conditions? 

- How do indoor environmental and contextual factors influence the behavioural 
changes of older adults? 

- How can innovative technologies and design approaches be used in the housing 
renovation design process to meet the requirements of older adults for ageing well? 

1.5 Research Design 

To answer the research questions, the PhD research strives to transcend housing 
typologies, offering evidence and strategies for home renovation that promote older 
adults’ well-being and living qualities. Acknowledging that the concept of ‘ageing-in-
place’ may not apply to those in nursing homes, this study underscores the significance 
of integrating innovative technology and design solutions for enhancing living 
environment quality for older adults, irrespective of their living arrangements—
whether in their own homes or nursing facilities. To further create smart environments 
for ageing well, this PhD research has studied from the architectural design perspective 
and technology application through quantitative and qualitative data analysis, including 
academic literature, case studies, and experimental studies. Following the empathic 
design framework, the research scope is defined through the literature review. The 
research objectives are explored and translated through case studies, then elaborated 
and validated through the experimental study [38]. The research flow diagram is 
presented in Fig. 1.1. 
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Fig. 1.1 Research design of the thesis. 
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1.6 Outline of the Thesis 

This thesis is structured as follows: 

Chapter 1 introduces the research before providing the background, problem statements, 
aim and objectives, and research questions that underpin this enquiry. 

Chapter 2 provides an overview of current studies and practices on smart home design 
and renovation for ageing-in-place in interdisciplinary fields. The systematic approach 
is appropriate for revealing an overview of relevant studies and identifying knowledge 
gaps. These studies include different phases and implementation strategies (design 
concept, prototype, living lab, pilot project, and widespread application). This chapter 
sets the scope of the PhD research.  

Chapter 3 focuses on the influences of the indoor environment on older adults’ comfort 
and the actual indoor environmental quality presented by sensor data. Due to the 
heterogeneity of older adults and the complexity of housing typologies, the case study 
is narrowed to people with dementia and the nursing home environment. The target 
group living in the nursing home has basically the same daily routine and living 
environment, which minimises the variables from environmental aspects. The 
qualitative data (questionnaire and interviews) of professional caregivers and nursing 
home staff and quantitative data collected by sensors (temperature, humidity, carbon 
dioxide, total volatile organic compound, particulate matter, and illuminance) and 
associated with local weather, building facility operations, and nursing reports are 
analysed to find the correlations of comfort, indoor environmental parameters, human 
activities, and facility management. Additionally, this chapter contributes to the nursing 
home design and management and provides insight into applying sensor technology for 
dementia care. 

Chapter 4 considers the influences between people with dementia, behaviour, and 
indoor environment based on Bandura’s triadic reciprocal causation model of social 
cognitive theory [50]. This exploration is based on the fly-on-the-wall observation 
method and environmental sensor data collection to record participants’ living 
conditions and behaviours in the nursing home [51]. To achieve comprehensive results, 
indoor environmental parameters (temperature, humidity, carbon dioxide, total volatile 
organic compound, formaldehyde, and particulate matter), building ventilation control, 
participants’ locations, activities, clothing levels, activities, and changed behaviours are 
recorded and analysed. Fisher’s exact tests are used to examine the indoor 
environmental and contextual factors with participants’ changed behaviours. The 
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heatmap charts illustrate the participants’ locations and behaviours at some specific 
moments according to the data analysis results. 

Chapter 5 explores the approach of integrating empathic design and virtual reality 
within a social housing renovation project, which focuses on four primary aspects: a) 
the investigation of current housing conditions by housing assessment tools and 
interviews, b) the translation of user requirements and problems of current housing 
conditions into design strategies, c) the development of empathic designed digital 
models and immersive scenarios of pre- and post- renovated buildings, and d) the 
validation by stakeholders through the virtual reality experience. Based on the 
perceptions of stakeholders, the approach is developed to increase the empathy and 
acceptance of older adults for housing renovation and improve design effectiveness 
using innovative technologies. 

Chapter 6 concludes the thesis by answering the sub-questions and the main question 
of this research. Subsequently, the limitations of the entire research are discussed. 
Finally, the chapter describes the implications and recommendations for further 
research and practice. 
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Chapter 2  
Smart Home Modification Design Strategies for 
Ageing-in-Place: A Systematic Review 1 
 

Abstract 
This chapter explores current strategies and approaches to integrating innovative 
technologies in home modification to support independent living and ageing-in-place. 
The systematic review considered studies conducted from architecture, smart 
technology, and gerontology perspectives. Scientific databases of related disciplines 
(e.g. Scopus, Web of Science, Engineer Village, Google Scholar, and Crossref) were 
searched and supplemented by hand search method. Thirty-three out of 2594 articles 
were analysed from three perspectives: the framework of the smart home environment 
for ageing-in-place, the smart home modification process, and problems and 
countermeasures of independent living. The result shows that both home modification 
and smart technologies can support older adults’ independent living, especially with 
fall prevention and indoor accessibility. Technologies deployed in older adults’ homes 
are transiting from manual assistive technology to more intelligent devices, and the 
notion of the robotic home has emerged. According to existing practices, universal 
design is an extensively adopted smart home design and modification strategy. 
However, in most cases, universal design is used as a retrofitting guideline for general 
home settings rather than specifically for smart homes. The fundamental requirements 
in smart home modification phases are customisation, minimum life interference, and 
extensible technologies to cope with the ageing process. 

 
1 A previous version of this chapter was published as: 
Ma, C., Guerra-Santin, O., and Mohammadi, M. (2022). Smart home modification design 
strategies for ageing in place: a systematic review. Journal of Housing and the Built Environment, 
37(2), 625-651.   



Chapter 2 Smart Home Modification Design Strategies for Ageing in Place: A Systematic Review 
 

12 
 

2.1 Challenges of Ageing-in-Place and Potential Solutions 

The ageing population is growing rapidly in the Netherlands. By 2050, 26.9% of the 
population is projected to be over 65, and 11.3% of the population to be over 80 [52]. 
Simultaneously, compared with working-age groups, the number of retired people is 
growing faster, which puts pressure on limited health resources and increases the 
demand for care, services, and medical devices [5]. Therefore, the Dutch government 
encourages older adults to ‘ageing-in-place’, which is defined as living in their home 
environment for as long as possible [6]. The latest data reveal that more than 40,000 
Dutch households aged 65 and above live in an ‘unsuitable’ home environment [5,8,53]. 
Because of the physical decline of older adults, the housing designed for the general 
population could gradually become uncomfortable or even dangerous. Including the 
Netherlands, all housing stock in Europe faces this serious problem, especially for the 
very old group (over 80 years old) [54]. 

Smart technology has been regarded as a potential solution for providing a supportive 
living environment for ageing-in-place [11–13]. The word ‘smart’ has recently become 
an umbrella term for innovative technologies, including partial assistive technologies 
(AT), ambient intelligence (AmI), ambient assisted living (AAL), Internet of Things 
(IoT), information and communication technology (ICT), smart home, and artificial 
intelligence [15]. This thesis will use ‘smart technologies’ to refer collectively to these 
technologies. Generally, smart technologies have four essential functions: 
entertainment, safety, healthcare, and energy-saving [16,17]. For older adults living 
independently, these technologies aim to enhance personal safety, health monitoring, 
living environment control, and improving social interaction [55]. 

The development of smart technologies brings a more detailed classification and 
selection. Technically, a complete smart home system consists of four components: 
external devices, a control system, a communication system, and a database [56,57]. 
Smart home systems are usually classified according to the combination of components. 
Chief among them are the external devices responsible for receiving information and 
monitoring. Sensors, as one type of external device, have hundreds of classifications by 
functions and use patterns. Thus, selecting sensors is vital for creating a smart home 
environment. From the viewpoint of the relation between sensors and housing 
infrastructure, Ding and her colleagues determined three main categories: wearable 
sensors (worn by people), direct environment sensors (distributed in the environment), 
and infrastructure mediate sensors (installed on the housing infrastructure) [22]. Not all 
external devices of smart systems are required to be embedded in the housing structure 
[57,58], but home modification is still indispensable in eliminating the effects of the 
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surrounding environment and ensuring the device operates effectively. Furthermore, 
the conditions of most existing home environments are not appropriate to deploy new 
smart devices [19]. 

Deploying smart technologies into the existing housing stock is a challenge, but only 
relying on the new technology-compatible housing market is unrealistic [16]. There is 
a growing interest in renovating existing housing stock to cope with the future ageing 
population. Generally, home modification for older adults means alterations of 
permanent physical features in the home and its surrounding area to facilitate daily tasks, 
increase comfort, reduce the number of accidents, and support independent living 
[20,21]. It has been proven to be an effective way to prolong older adults’ lives in their 
own homes. Measures include reconstruction of the building structure (building 
functional improvement), rearrangement of the housing layout (increasing usability and 
safety of indoor features), and now also contains the installation of smart technology 
devices (supporting activities and compensating declining functions). The mainstream 
of existing research focuses on how smart technologies affect older adults’ quality of 
life regarding domestic features, accessibility, home satisfaction, user-friendliness and 
technological acceptance [10,59]. In most of them, home modification and smart 
technology were considered as two unrelated interventions but with some overlapping 
functions. A scoping review by Carnemolla and Bridge pointed out that home 
modification does not equal smart technology since it focuses on the house structure 
itself [60]. Some blank areas remain in the effects of home modification, such as the 
influence of housing typology. A review by Agree explained the difference between 
universal design and assistive devices/environmental modifications and suggested 
taking into account individual capacity to the physical environment [61]. Lee and Kim 
highlighted that smart technology should be customised according to changes in 
people’s lifestyles and housing structures [62]. These knowledge gaps related to smart 
technology integration and home modification need to be explored in future research. 

So far, the real-life smart home projects designed and constructed for older adults are 
limited. In a systematic review, Pal and colleagues reported that most application 
scenarios were conducted in ideal environments, such as laboratories or academic 
institutions [63]. Some researchers avoided mentioning the relationship between home 
modification and smart technologies because this integration requires higher financial 
costs and more maintenance, complicating the situation [64]. Thus, the knowledge of 
combining smart technologies with architectural design is lacking, especially when it 
comes to retrofitting [12,22]. There is little agreement among designers on smart home 
design specifications. Dewsbury suggested achieving a qualitative shift in 
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understanding the translation of needs into architectural design specifications before 
integrating appropriate technology in the home environment [23]. 

Along with the increasing number of smart technologies introduced in older adults’ 
homes, the guidelines and standards on technology selection, installation, and 
application need to be explored. It is important to summarise state-of-the-art theoretical 
research, laboratory studies, and pilot projects that used advanced technologies to 
support ageing-in-place or integrated technologies into the existing housing. Creating 
smart home environments is an interdisciplinary area, and many different branches of 
disciplines have put forward research outputs from their expertise. Therefore, a 
systematic literature review method is used in this chapter to search related publications, 
classify involved technologies, and find the relevant experience and results associated 
with architecture. This chapter presents elementary design strategies and a framework 
of smart home modification to help better understand the application of architectural 
and technological interventions in the coming ageing society. 

2.2 Systematic Literature Review Process 

2.2.1 Search Strategy 

The scope of smart home design and modification includes architecture, smart 
technology, and gerontology. To fully obtain knowledge from these different fields, a 
systematic literature search was conducted using interdisciplinary research databases, 
including Scopus, Web of Science, Engineer Village, Google Scholar, and Crossref and 
supplemented with the hand search (snowball method). A variety of several 
synonymous terms for ‘smart technology’, ‘ageing-in-place’, ‘home’, and 
‘modification’ were searched. For example, Table 2.1 shows the search strategy in the 
Scopus database using Boolean logic. The combinations of these terms were adjusted 
in different databases according to the various search principles. The research period 
was limited to searching the state-of-the-art literature from January 1st, 2010, to 
December 31st, 2019. 

Table 2.1 Search strategy for Scopus. 

Keywords Synonyms 
Smart technology ‘Assistive technology’ or ‘ambient intelligence’ or ‘ambient assisted living’ 

or ‘Internet of Things’ or ‘information and communication technology’ or 
‘smart home’ 

Ageing-in-place ‘Age in place’ or ‘live in place’ or ‘independent living’ or ‘independence’ 
Home ‘Housing’ or ‘dwelling’ or ‘residence’ 
Modification ‘Refurbishment’ or ‘retrofitting’ or ‘renovation’ 
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2.2.2 Inclusion and Exclusion Criteria 

After removing duplicates, the citations (including grey literature) were screened using 
the titles and abstracts. The review was restricted to the English language. The included 
studies focused on applying smart technology in home environments. Hence, the 
essential exclusion criteria were as follows: 

• Studies were conducted in institutional facilities (nursing homes are outside the 
scope of this review). 

• Studies focused on the neighbourhood, community, or larger scale. 
• Studies were presented as abstracts only. 
• Articles on the same topic from the same author (only include the latest one). 

2.2.3 Study Selection 

Records that met the exclusion criteria were removed after titles and abstracts were 
scanned. There was no specific age group limitation for study selection because 
different countries have different ‘older adult’ definitions. Moreover, studies focused 
on frail groups with similar characteristics, such as physical limitations, were also 
included. 

On account of the polysemy of some definitions and keywords (e.g. ‘architecture’ has 
different meanings in architectural design and computer science), some uncertain 
studies on technology development and testing were included for the full-text screening. 

This review focuses on smart home modification strategies for ageing-in-place. For 
selecting the relevant studies, full-text screening was required with the exclusion 
criteria: 

• Studies only focused on medical science or computer science. 
• Studies only focused on wearable technologies. 
• Studies conducted by medical research methods.  
• Studies were not specific for older adults or frail groups. 
• No design process, guideline or strategy was provided. 

Within the initial 2594 identified records, 126 titles and abstracts were deemed relevant. 
Of those relevant articles, 77 full-text studies were selected after the exclusion steps, 
and 28 were identified as eligible. The updated search identified an additional 29 studies 
using the snowball method; 5 were selected by the exclusion criteria, resulting in a total 
of 33 articles and book chapters (Fig. 2.1). 
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2.2.4 Data Extraction and Quality Assessment 

Data extraction was undertaken by one researcher by using a designed and piloted 
extraction sheet (see Appendix A). Data extraction items included country, contribution 
category, technologies involved, research tools, research methods, technology 
application stages, and focuses. A second independent researcher with expertise in 
relative research fields checked the extracted data. 

Since the topic reviewed in this chapter was a relatively new research field, a limited 
number of studies were fully matched. Therefore, all relevant studies, where even only 
a part of the contents mentioned ‘smart home modifications’ and ‘older adults’, were 
included. A quality assessment was conducted using the Cochrane Risk and Bias tool. 
Two researchers assessed the risk of bias independently and then discussed the 
disagreements, and the third researcher evaluated the result. 

 

Fig. 2.1 The literature review process (PRISMA flow chart). 
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2.2.5 Data Synthesis 

A thematic analysis was carried out on the selected studies, which were classified and 
summarised in three different perspectives of smart home modification: 1) the 
framework of the smart home environment, 2) the smart home modification process for 
ageing-in-place, 3) problems and countermeasures of independent living. The results 
related to each theme are shown in the following sections. 

2.3 The Framework of Smart Homes: the Classification of Smart 
Technologies Used in the Home Environment 

This section presents the framework of the smart home environment and illustrates a 
retrofitted smart home scenario for older adults according to technology classifications, 
functions, and positions (Fig. 2.2). 

 

Fig. 2.2 The classification of smart technologies used in the home environment. 

Generally designed homes need to be retrofitted to keep older adults safe. Conventional 
measures, such as replacing the bathtub with a walk-in shower, can provide safer living 
conditions. In addition to home modification, devices designed for older adults can 
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support their daily activities as well. Non-electronic devices, electronic devices, and 
smart devices (represented with different coloured circles in Fig. 2.2) are widely used 
for various purposes. These devices or external parts of smart systems are distributed 
in the home environment. Most of them are non-structural, which are placed on the 
surface of architectural components or installed inside the infrastructure and furniture, 
such as indoor climate sensors on walls or ceilings, pressure sensors under mattresses, 
water meters on taps, and contact sensors on doors [65–68]. Non-structural 
technologies make a minimum change of homes and are easier to deploy. However, 
structural technologies require retrofitting the existing housing structure for specific 
purposes, such as using fall detection floors to replace slippery floor tiles in risky areas 
to cope with an occasional emergency. 

Furthermore, smart technologies have a more detailed classification of building 
environments and interactions with users, terminals, and other devices. Assistive 
technology (AT) has the broadest range of meanings, from low-tech gadgets to complex 
home automation systems [69]. It could be any product, equipment, or part of a smart 
technology package designed to support older adults living independently [70]. The 
primary function of AT is to compensate for the decline of older adults’ basic living 
skills and improve the safety of their daily activities. Older adults with ‘architectural 
disabilities’ gradually lose control of their living environment, which can be enhanced 
by the assistance of AT [71]. AT refers to both non-electronic and electronic devices, 
including smart assistive devices (blue icons in Fig. 2.2). These technologies or devices 
designed for older adults are also called ‘gerontechnology’. This new term combines 
gerontology and technology and is an interdisciplinary field of science for creating 
healthy, comfortable, and safe living spaces with supportive technologies [57]. To this 
day, AT and gerontechnology are essential equipment in home settings and could be 
transformed from ‘unsmart’ objects to smart devices by integrating innovative 
technologies. 

The developments of information and communication technology (ICT) provide 
solutions for controlling and managing AT in the home environment through interactive 
modes, such as computerised devices and communication devices (yellow icons in Fig. 
2.2) [72]. These interactions make technologies easier for older adults and their 
caregivers to manage (green icons in Fig. 2.2). E-health, telecare, and more ICT-based 
technologies offer health care by remotely monitoring and diagnosing. Ambient 
intelligence (AmI) is also an ICT-related concept in which the home environment 
consists of the user’s data-collecting devices, ICT networks and electronic assistive 
technology [73]. As a subfield of ambient intelligence, ambient assisted living (AAL) 
can be defined as an intelligent integration of ICT and sensors into the living 
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environment. It supports the needs of older adults through networked technologies in 
the physical space (red icons in Fig. 2.2) [74,75]. AAL has a broader application scope. 
It can be applied in residential buildings, communities, or public buildings [76]. Within 
the ageing-in-place field, the Internet of Things (IoT) is the foundation for transforming 
physical components used in AAL into smart components and integrating them into 
living spaces [77]. IoT forms local networks by connecting things with remote servers 
(blue dashed lines in Fig. 2.2) [78]. In other words, IoT technology does not refer to a 
specific device but to technical means linking older adults, their living environment, 
and information on their health condition to terminals by the network. 

As a result of the emergence and development of innovative technologies, the living 
environment, technologies, objects, and even people are interconnected. Smart homes 
can be considered as a more comprehensive concept of smart technologies applied in 
homes. Including the technologies mentioned above, the definition of the smart home 
is a special kind of house or apartment equipped with sensors and actuators integrated 
into the infrastructure of the residence, intended to monitor the context of the inhabitant 
to improve their experience at home [79,80]. Hui pointed out that intelligence is an 
essential ingredient in smart homes [81]. The function of smart homes is developing 
from primary data collection to a more intelligent interactive care environment. 

2.4 The Smart Home Modification Process for Ageing-in-Place 

Smart home modification for ageing-in-place aims to integrate new technologies 
through physical environment adjustments to provide an intelligent home. This process 
usually starts after older adults realise their living environment is unsuitable. The 
modification consists of four phases: Home assessment, technology selection, design 
strategy, and user evaluation (Fig. 2.3). These phases are consistent with the framework 
proposed by Mohammadi et al. and Güttler et al. for designing smart home 
environments [38,82]. Their approaches mainly consist of several practical steps: 
exploring and translating users’ requirements, identifying the necessary technologies 
and processes, building design concepts, experiments in living labs, and producing and 
validating the final solutions. The use of the participatory design method is highlighted 
in these approaches. 

Ageing is a dynamic process that requires home modification iterations when homes 
reach the threshold of unsuitable. Therefore, a comprehensive viewpoint is required to 
understand the opportunities and challenges associated with implementing smart 
technologies in the home modification process and promoting ageing-in-place [83]. The 
following sections focus on the steps of the smart home modification. 
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Fig. 2.3 Smart home modification process. 

2.4.1 Home Assessment 

The home assessment phase is an essential step in smart home modification. Eight 
studies emphasised the importance of home assessment supporting older adults living 
independently (see Appendix A). This phase helps identify potential hazards in existing 
housing stock and contributes to exploring the objective requirements of older adults’ 
daily lives. The home assessment is also the foundation for renovation design and 
construction. Assessment tools vary from traditional checklists to high-tech 
technologies such as virtual reality (VR) techniques. The checklist is the simplest 
method to detect hidden dangers in homes. The contents of checklists vary according 
to different objectives. Horowitz et al. demonstrated the Home Safety Self-Assessment 
Tool (HSSAT) to diagnose 66 targeted home hazards in the following locations in the 
home: entrances to the front door and front yard; entrance to back/side doors; 
hallways/foyers; living room; kitchen; bedroom; bathroom; staircases; and laundry 
room/basement, and provided potential solutions [84]. Housing Enabler (HE) is another 
well-established research-based methodology using checklists for housing accessibility 
assessment and modification solutions [85]. However, the main limitation of checklists 
is that they have been designed for an average target user, ignoring the differences 
between individuals. The prevalence of augmented reality (AR) and VR technologies 
has overturned traditional methods. These technologies could identify and visualise the 
harmful indoor features and propose suggestions using a participatory design method 
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in the decision process. Some advanced devices even allow users to experience the 
simulated scene of renovated homes [86,87]. 

Home assessment tools concentrate on three aspects of senior housing: Structural 
modification (increasing accessibility of indoor spaces), layout adjustment (simplifying 
tasks of daily activities), and device application (supporting activities and 
compensating living abilities) [54,88]. Current studies mainly explored older adults’ 
functional decline with the impact of domestic features changes, and involved 
technologies were usually classified as general housing components. The technological 
effects on users and their living environments have been ignored. Furthermore, older 
adults’ homes are often structurally unsuitable or unprepared for the straightforward 
installation of smart home systems [89]. Therefore, an assessment tool is required to 
evaluate the compatibility of smart technologies with existing housing structures before 
modification design and construction. 

2.4.2 Technology Selection 

As a heterogeneous group, older adults have various and changing living habits, 
requirements, and preferences. These differences should always be taken into account 
in the technology selection phase, which aims to match users’ characteristics [90]. As 
McCreadie and Tinker summarised, the acceptability of smart technologies requires 
matching both older adults’ individuals and housing conditions, and it is also affected 
by the attributes of the technology itself [71]. Therefore, it is crucial to explore 
compensation requirements in older adults’ daily lives and translate them as selection 
criteria to match suitable technologies. 

The features of smart technologies with higher acceptance are identified as being less 
intrusive, having lower costs, being user-friendly control, having a user-friendly 
interface, and having fewer design features [11,89,91]. Agree advocated for the benefits 
of using universal design for developing standardised devices and systems to ensure 
they are uniformly accessible or usable by persons of varying abilities [61]. However, 
the main barrier to promoting smart technologies in the market is the missing common 
standards in the interoperability and compatibility of these products [89,90,92,93]. 
Challenges remain for older adults to constantly adapt to non-universal smart systems 
until these barriers are eliminated. 

2.4.3 Design Strategy 

Five studies focused on integrating innovative technologies into the domestic 
environment in different stages, from concept to pilot project (see Appendix A). Röcker 
and Ziefle proposed combining communication and interaction mechanisms as well as 
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bio-signals with basic architectural elements and building structure. People can directly 
interact with the smart homecare environment, consisting of an interactive wall, a smart 
floor, and a medical helper device [94]. Linner et al. developed the concept and 
prototyped ‘robotic micro-rooms’ (RmRs), which do not require refurbishment of the 
existing interior. The concept is based on the ‘terminal-wall’ approach that pre-
embedded assistive devices into modular elements as integrated furniture [95]. Based 
on the size of the three-dimensional space surrounded by the ceiling panel, wall panels 
and floor panel, the adjustable smart components can be easily inserted into existing 
rooms and enable a ‘plug-n-play’ installation. The integrated robotic devices and 
furniture, such as ceiling robots, robotic cabinets, and robotic service walls, are also 
easier to adjust and lower the threshold of older adults managing their daily living [82]. 
However, real smart home retrofitting projects need to deal with practical problems. 
The pilot project of Smart Cottage in McKeesport, Pennsylvania, used wireless sensor 
technologies to solve the design problems caused by setting new data channels inside 
the walls of the existing house. This approach aims to maintain the aesthetics and 
neatness of the interior space [96]. Moretti and colleagues reported their experiences 
installing a smart home system in an existing home. To avoid damaging the housing 
structure, they used a more secure and traditional (iterative) method of mounting 
selected external devices by creating custom-made brackets, photographing the site, 
drafting design drawings, printing the parts, and checking the fitness [97]. This 
universal customisation approach would normally take longer because interior designs 
in different homes have little uniformity. 

Nine studies described the challenges of creating smart home environments and offered 
strategies to gain higher user acceptance (see Appendix A). In a review article, 
Bitterman and Shach-Pinsly pointed out the lack of empirical evidence to prove the 
effectiveness of using smart technologies in home environments [98]. Most studies 
remained in the laboratory stage. Hence, universal design, also known as design for all 
or inclusive design, has been regarded as one of the few guidelines for designing a home 
environment without architectural barriers [73,99,100]. In the context of smart home 
design, universal design has another meaning of commonality in technology design and 
application. The features of universally designed architectural components and devices 
are convenient to install, modify or remove and more adaptive to coping with older 
adults’ changing daily lives [46]. However, understanding seniors’ lives often differs 
between the age group and young designers. Thus, Iwarsson suggested that designers 
negotiate with older adults to consider their personal needs and preferences in the 
design phase instead of proposing generally applicable recommendations [21]. 
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Compared with the top-down design, user-centred design approaches have been proven 
to be better strategies for understanding the individual experiences of older adults and 
their requirements [47]. These approaches for designing domestic environments for 
ageing well come from the Human-Computer Interaction (HCI) and participatory 
design methods. HCI is an effective solution for developing smart technologies and 
devices from a user-centred perspective. It contributes to understanding the preferences 
of older adults concerning smart environments by gathering feedback regarding the 
interaction between older adults and a smart environment [101]. A series of HCI-
inspired design guidelines have been presented, such as HCI technology as a 
visualisation tool to assist older adults in anticipating changes to their home 
environments [86]. De Vries and colleagues developed a design system that storages 
smart architectural components in a database, including the smart wall, kitchen, and 
furniture. This system allows users to experience smart living in the virtual domestic 
setting and interact with added technologies [102]. Another study by the Massey 
University Smart Environment (MUSE) group explored requirements analysis for 
smart homes and occupants [103]. Researchers introduced ‘Use Cases’ to assist smart 
home design for older adults through database-documented discussions and behaviours 
from a wider smart environment community. These user-centred methods are becoming 
crucial methods for smart home design research, which can increase the technology 
acceptance and user experience. 

2.4.4 User Evaluation 

Smart technologies cannot completely replace the function of a supportive physical 
environment; in other words, ageing-in-place requires both architectural and 
technological interventions to keep older adults’ living quality at home [104]. The user 
evaluation is the phase for validating the effectiveness of these interventions and using 
users’ experience to guide future practices. However, the limitation of this research type 
is that most of the outcomes are based on self-reports and interviews and lack objective 
performance-based measures [105]. Guiding practices need more scientific data to 
avoid detours in the modification process. The renovated home is unlikely to be entirely 
suitable by only one modification, which means more investment and construction 
cycles. A comprehensive method is needed to analyse the effects of architectural and 
technological interventions in various types of residential buildings. 

In this chapter, we identified seven research projects where recognised systems for 
evaluating the modified living environment of older adults were developed or tested 
(see Appendix A). Carnemolla explored her Human/Activity/Space/Technology 
(HAST) model for ageing-in-place through three case studies in which smart 
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technologies were introduced into senior households and mapped the implications, 
limitations, and outcomes of the template design. This model evaluated the home 
environments in four aspects: A person’s functional capacity (human), care (activity), 
the built environment (space), and smart technology (technology) [104]. Cho and Kim 
proposed a framework of user interface design principles for older adults that helps to 
evaluate the usability of smart devices in their homes. This framework was based on 
five evaluation tools for living environments: multiphasic environmental assessment 
protocol (MEAP), nursing unit rating scale (NURS), professional environmental 
assessment protocol (PEAP), environmental audit tool (EAT), and evaluation of older 
adults’ living environments (EVOLVE). The framework was characterised by 12 smart 
devices: six interactive and six supportive properties. It provides a new method for 
evaluating the built environment and offers a rational basis for selecting alternative 
proposals [106]. In the research ‘Smart Home Independent Residing’ enabled by 
Intelligent Solutions (IRIS), Ocepek’s team used the Canadian Occupational 
Performance Measure (COPM) and the Functional Independence Measure (FIM) to 
evaluate the older adults’ satisfaction and independence with the assistive technology 
implementation and home modification [107]. Renaut and colleagues investigated 
French residences for seniors through semi-structured interviews. The study focused on 
how they construct the space in their home environments and how to fit new devices 
with the evaluated housing condition. They stressed the importance of involving older 
adults in the design and construction phase of home modification and the advantages 
of small repairs and minor changes [108]. In the Housing and Independent Living 
(HAIL) study, six key themes emerged from the semi-structured interviews: housing 
choice, attachment to place, financial issues, changes to the home over time, transport, 
and anticipating the future. The study investigated what the occupants (over 70 years 
old) had retrofitted to their homes and the expectations for future modification. It 
discussed the role of assistive technologies, devices or modifications in the home 
environment and highlighted the importance of housing design in planning a supportive 
home environment [109]. Lien and her team used the ecological theory of ageing (ETA) 
and selection, optimisation, and compensation (SOC) model as their theoretical 
frameworks to understand the adaptive environmental behaviours employed to achieve 
Person-environment (P-E) fit in older adults’ homes. The results could be used to 
develop and optimise current home modification practices [110]. Bishop et al. reported 
the first national evaluation of the prevalence of residential assistive devices and 
modifications among the multiple sclerosis group in America [111]. Although this 
research is not specific to older adults, multiple sclerosis patients are also a relatively 
vulnerable group. Researchers used a qualitative analysis method and categorised the 
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indoor changes by rooms or areas identified. This method is instrumental for the 
specific renovation of each room in the domestic environment. 

The above studies show the evaluation tools and results of home modification for frail 
groups and reveal the prevalence of modified or adapted housing in the housing market. 
Interestingly, most included projects (6/7) were only equipped with unsmart assistive 
technology as a functional complement to housing facilities. The limited number of 
study samples is the main reason for this result, and there needs to be a correlation or 
uniform standard between the evaluated cases. However, the evaluation tools and 
methods mentioned can be references for developing specific smart home modification 
evaluation systems. 

2.5 Problems and Countermeasures of Independent Living 

Even healthy older individuals encounter challenges due to normal age-related changes. 
The functional decline of the body often increases the difficulty of activities of daily 
living (ADLs) and instrumental activities of daily living (IADLs) [112]. Restricting 
older adults’ daily activities is impractical. An effective way to support independent 
living is to detect and erase the hazards in their living environments. Eight reviewed 
studies focused on the hazards that could influence older adults’ independent living, 
specifically on fall prevention and accessibility (see Appendix A). A few of them 
showed the types and extent of home modifications associated with daily activities and 
the implications of these potential problems on older adults’ independence. Although 
both home modification and smart technology can theoretically enhance independence, 
the effects and prospects of these interventions in home environments are still being 
explored. 

Falling is one of the most dangerous situations threatening older adults living 
independently. The common definition of falls is unintentionally coming to impact on 
the ground, floor, or other lower level [113]. Serious consequences may happen after 
the falls if they fail to get timely treatment. Falls are the leading cause of injury and 
death in people over age 65, and the risk is higher following the growth of age. Over 
30% of older adults fall each year [88]. Most fall-related injuries (55%) occur inside 
the home, including falls on stairs and in rooms throughout the house. Hazards of falls 
are hiding in the domestic environment. 80% of households contain at least one 
identifiable hazard, and approximately 40% of them contain five hazards or more 
[20,114]. The majority of the reviewed studies mentioned the dangers of falls among 
older adults, and five of them investigated how to prevent falls (see Appendix A). The 
measures include improving older adults’ body function by strengthening exercise and 
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optimising the indoor environment. For the indoor environment, action should be taken 
to start with the housing assessment phase. Checklists are widely used to assess the 
common hazards in the home environment, even though the results are not intuitive. 
With the advent of AR technology in recent years, these high-tech devices can scan and 
visualise problem areas and help older adults better accept home modification design 
[115]. Fall risk in daily activities cannot be eliminated. Several strategies provided by 
literature studies for enhancing indoor safety: universal design (reduce indoor barriers 
and improve the versatility of structures and spaces to facilitate functional expansion 
and installation); optional fittings (add architectural components such as handrails, 
ramps, and stairlifts that protect for the daily activities); co-creation design (create an 
age-friendly home environment according to the specific circumstances of occupants); 
and smart technology (install fall detection sensors and automatic alarm for detecting 
dangerous situations and calling rescue) [11,20,86]. 

Accessibility has a broader definition in the field of smart home research. The scope 
mainly includes physical accessibility, financial accessibility, technical accessibility, 
and psychological accessibility [65]. Physical accessibility is the basic premise of 
independent living, especially for the older group with mobility limitations. Physical 
accessibility is usually defined as older adults’ mobility, reachability, and occupancy 
in interior spaces or with building components at the architectural design level. Many 
architectural features impact the physical accessibility of the structure, from the 
structure to small construction details, including spatial articulation, compactness, 
available room to manoeuvre, number of floors, and open plan [116]. With the future 
appliance of assistive devices and smart technologies, the indoor space for device 
placement and operation also needs to be considered. Currently, the mainstream 
research is on the technical accessibility of how older adults use smart technology at 
home and their acceptance of new technologies. Few researchers have tried to 
investigate the actual physical accessibility of older adults in different living scenarios 
when they have mobility limitations. Moussaoui et al. proposed experimental research 
using virtual reality technology for a personalised assessment of the accessibility to a 
dwelling [87]. They tested the accessibility of mobility, reaching and grasping by 
modelling a person moved in a wheelchair or with a walker. Using VR technology, they 
visualised the possible state after modifying the environment and the ability of older 
adults to control their living spaces. Their research provided an approach to using VR 
technology as a supplementary method of architectural design. For smart home 
modification, it is essential to simulate and validate technology application scenarios in 
the design stage. 
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2.6 Discussion 

2.6.1 Summary of Findings 

In the last decade, smart technology development boomed and created a prosperous 
market. The scenario of smart homes fully supporting ageing-in-place is still far from 
a reality [117,118]. Older adults choose to live in smart homes depending on intentions 
to enhance safety and reduce the demand for care. However, the acceptance of ‘smart’ 
devices is still lower than expected [119]. Using common assistive technologies to 
expand housing functions such as grab bars, railings, and stairlifts is still the preference 
of designers and users when retrofitting homes for ageing well. The barriers to smart 
home modification are high cost, low trust, stigmatisation, maintenance, ethical 
problems, and many other aspects of smart technology application [19,92,120–122]. In 
this chapter, we conclude that the following strategies are crucial: 1) consider the 
integration with the existing home layout, structure, and materials before deploying 
smart technologies; 2) minimise the interference to older adults’ original living 
environment; 3) use extensible technologies and design to reduce the frequency of 
home modification. 

Home modification for ageing-in-place follows universal design guidelines for 
installing, removing, or renewing building features, which is not extraordinarily 
expensive or complicated. However, adding smart technologies to the housing structure 
will increase the difficulty of the design and construction. Smart technology requires 
spaces for installation and operation and changes the indoor environment according to 
location, material, and appearance [98]. Most studies so far have discussed technology 
applications at the theoretical level. However, in realistic home environments, many 
factors will likely lead to mismatches between technology and space usage and 
deviations between design and application [37]. For instance, some light sensors are 
designed to be embedded in ceilings. However, users prefer to put the sensor on top of 
the wardrobe to keep the ceilings neat, influencing data collection accuracy. 
Furthermore, different building materials, surface reflectance, and indoor obstacles also 
affect smart devices’ operation, such as reinforced walls, which could cause indoor 
localisation and signal reception malfunction [12,123]. Thus, the effects of installing 
and using new devices sometimes cannot fulfil expectations if the existing home 
environment is not properly considered. 

From the existing literature, unobtrusive smart technologies are more acceptable 
[112,124]. These technologies support ageing-in-place while maintaining their dignity, 
privacy, and familiarity. The preference is to integrate smart technology as an invisible 
part of the housing instead of highlighting the ‘smart’ [95,124]. If smart technologies 
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are visible, the products or interior features after the installation should be aesthetically 
acceptable [92]. An opposing view held by some researchers is that smart technologies 
can exist in living spaces in a more futuristic way rather than be completely hidden 
behind the building structure. The concept of ‘plug-n-play’ is a method to simplify the 
process of technology installation and home modification [82,125]. There is no conflict 
between these viewpoints. Both ‘hiding’ and ‘plug-n-play’ strategies aim to simplify 
the modification process and minimise interference to the living environment. The only 
difference is the degree of integration of technologies and housing conditions, which 
depends on the user’s acceptance of technology. According to the user’s preference, 
smart home modification requires a consistent strategy from design to implementation. 

Ageing is a dynamic process. There is no concept of adaptability in the field of smart 
home design for older adults, which varies according to users’ needs and characteristics 
[65]. Helal and Bull pointed out that to adapt to older adults’ changing needs, 
integrating smart technology in living spaces should be flexible, adaptive and 
changeable [117]. With the decline of individuals’ abilities, customisable supports (e.g. 
assistive technologies and home modifications) are also crucial to keep older adults 
independent as long as possible [126]. Therefore, the smart home modification design 
strategy needs to take into account the variables of older adults’ circumstances and their 
homes to create a long-term plan. Home modification should solve immediate problems 
and prepare to cope with different situations of future ageing stages. It is often late and 
risky when older people realise they live in an unsuitable home. Homes renovated by 
an extensible strategy could be easier to upgrade before reaching ‘unsuitable’ 
thresholds. Furthermore, along with smart technology development, it is necessary to 
reserve spaces for technology upgrades and replacement according to housing 
characteristics. 

2.6.2 Limitations 

This chapter has some limitations. First, although we used a thorough search strategy 
and expanded the search scope, only thirty-three studies were identified as relevant to 
this systematic review topic. Smart home modification is a relatively new and 
interdisciplinary field that is being developed based on practice. The existing smart 
home projects designed for older adults are limited. Less than a quarter of thirty-three 
studies were in the pilot project stage, or involved technologies were widely used (see 
Appendix A). Second, due to the heterogeneous perspectives of available studies, this 
chapter was conducted using the thematic analysis method. Not all included studies 
were based on architecture research. Technologies in some studies were research tools 
that were not used to support older adults’ independent living. Third, a growing number 
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of innovative technology terms have emerged in recent years. The high-frequency terms 
found in existing literature were listed and explained in this chapter. Fourth, we built 
an elementary design framework for smart home modification, described the scenario, 
and summarised the latest research orientation. The framework needs to be validated 
with further research and practices. 

2.6.3 Implications for Practice 

Different from traditional architectural design, smart home modification design for 
older adults focuses on the ability compensation. It is user-centred rather than 
concentrating on the building itself. While this chapter presents the basic design flow, 
strategies, tools, and main design points, there is a need to comprehensively understand 
and analyse the specific situation of occupants and their living environments. Otherwise, 
it is difficult to guarantee the effect of home modification. In some cases, home 
modification could worsen the situation and negatively impact older adults’ lives 
[127,128]. 

The diversity of smart technology terms, products, and protocols is another challenge 
for designers and users. Low technology compatibility and fragmentation lead to low 
adoption rates and user confusion [93]. There is a need to establish a clear and 
comprehensive classification standard of smart technologies and systems to match their 
functions to user needs. It could also be helpful to indicate the architectural 
requirements of technologies (e.g. operation space, building facilities, installation site) 
as references for the renovation design. User-friendly and application-friendly smart 
technologies are more likely to be used in seniors’ homes. 

2.6.4 Future Research 

The reviewed studies were mostly conducted in ideal conditions and only provided 
theoretical data. Knowledge of the actual effects of smart technology and architectural 
interventions on older adults’ health is still missing [129]. More practical projects will 
bring sufficient application data and tangible user experience that reveal design and 
application problems in actual environments to accelerate smart technology adoption 
in the housing market. 

In the near future, smart technology in the home environment could be more than a part 
of the architectural element that will bring innovation to the architectural industry. The 
function of smart homes will extend beyond traditional housing. It will interact with 
users, respond to their requirements, and manage their homes. Future studies need to 
propose different ways to design ‘intelligent’ homes for older adults [62], bridging the 
connections between housing structure, smart technology, and occupants. 



Chapter 2 Smart Home Modification Design Strategies for Ageing in Place: A Systematic Review 
 

30 
 

2.7 Conclusion 

This chapter illustrates the innovative technologies used in the home environment, 
summarises state-of-the-art smart home modification design strategies and identifies 
problems and countermeasures of independent living. Currently, many categories of 
innovative technologies can be applied in older adults’ homes. In addition to smart 
devices, other objects, furniture, and even infrastructure in the home environment can 
be connected to the smart home. Using user-centred design approaches, these 
supportive technologies can be selected and appropriately deployed in homes. 
Universal design is an essential design strategy to eliminate the environmental and 
technical barriers of a smart home environment. However, due to the diversity of 
individuals and heterogeneity of housing, universal design cannot be entirely applied 
to the process of home assessment, technology selection, design strategy, and user 
evaluation. To achieve ageing-in-place, a customised modification scheme and an 
extensible living environment are required to keep fitting older adults’ needs and 
maximise the effectiveness of smart technology. The approaches to designing and 
renovating smart homes still need to be explored in future interdisciplinary research 
and verified in real-life projects. 
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Chapter 3  
Supporting Dementia Care by Monitoring Indoor 
Environmental Quality in A Nursing Home 2 
 

Abstract 
The indoor environment quality in care facilities impacts residents’ daily lives. Sensor 
technology has been proven useful in evaluating the indoor environment of buildings, 
but the method of using this information to improve residents’ comfort, specifically in 
the context of nursing homes, is still underdeveloped. Thus, this chapter focuses on 
monitoring indoor environmental quality in a nursing home in the Netherlands, 
supported by professional caregivers’ insights. A campaign was conducted for one year 
to monitor eight rooms, and a mixed-method approach was used to collect and analyse 
the data on local weather, building facility operation, and proxies’ responses to 
residents’ comfort. Seventeen care professionals and twenty-two guardians (visitors) 
answered questions based on their opinions and observations. The results show that the 
low indoor humidity during heating seasons and high CO2 concentration at night were 
the main factors leading to environment-related symptoms of residents and care 
professionals, such as dry eyes. Furthermore, we found that data outliers can help reveal 
residents’ occupancy, ventilation habits, and activity time, thus showing the application 
value of environmental sensors in dementia care. We also recommend using non-
intrusive sensors for nursing home residents and taking into account room layouts and 
occupants’ conditions before installing sensors. 

 

 
2 A previous version of this chapter was published as: 
Ma, C., Guerra-Santin, O., Grave, A., and Mohammadi, M. (2023). Supporting dementia care by 
monitoring indoor environmental quality in a nursing home. Indoor and Built Environment, 32(9), 
1843-1861. 
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3.1 Studies on Indoor Environmental Quality of People with 
Dementia 

According to the World Alzheimer Report 2021, over 55 million people live with 
dementia globally, and this number is steadily increasing [130]. In the Netherlands, an 
estimated 280,000 people have been diagnosed with dementia, of which 70,675 lived 
in care facilities in 2018 [3]. Smart technology development and application contribute 
to dementia care with health assessment and monitoring, maintenance of functioning, 
and caregiving management [28]. Over the past decade, many projects in the 
Netherlands have deployed advanced technologies in homes and care facilities to 
support people with dementia in their daily activities or social interactions [18,131]. 
However, most applications were focused on preventing dangerous situations rather 
than improving well-being or coping with dementia symptoms [132]. Because of the 
hallmarks of dementia (e.g. cognitive decline, memory loss, and difficulties in learning 
new tasks), interactive technologies could be unsuitable in practical situations [133]. 
Technologies for people with dementia usually have simple functions, such as the smart 
pillbox reminding them to take medicine on time [134]. For privacy protection and 
ethical issues, users do not readily accept intrusive technologies with surveillance 
cameras and audio recording devices [45]. Therefore, sensors, as non-intrusive 
technologies, are widely used in care facilities and tested in dementia studies [135].  

People with advanced stages of dementia may have extra demands regarding their 
indoor environment because they are generally very sensitive to changes in indoor 
conditions [136]. Also, they are often unable to adjust to uncomfortable situations due 
to limited cognitive, sensory and verbal abilities that require substantial attention and 
assistance from caregivers [137,138]. Thus, environmental sensors deployed in care 
facilities can assist in evaluating indoor environmental quality (IEQ). IEQ is an 
indicator of the general quality conditions of indoor environments, which comprises 
multiple subdomains, including indoor air quality, lighting quality, noise levels and 
thermal comfort [26]. Table 3.1 summarises the recent research using sensors or other 
monitoring technologies in care facilities that focuses on indoor environmental 
indicators and their impacts on older adults. Appropriately controlling these indicators 
could positively impact health, delay dementia progression, and reduce changed 
behaviours [27]. For instance, constant indoor air temperature can reduce agitation; 
high-intensity bluish light contributes to managing sleep problems and improving the 
circadian rhythm; controlling reverberation throughout care facilities is essential in 
reducing the impact of intruding noise sources and in achieving privacy; and good 
indoor air quality can reduce the risk of spreading airborne diseases [24,139–141]. 
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Table 3.1 The research used monitoring technologies in care facilities. 

Citation Study area Focus Data collection method 
(tool) 

Data analysis 
method 

Main outcome(s) 

Garcia-
Constantino 
et al. [142]  

UK ADL Thermal sensors, contact 
sensors, PIR sensors, and 
audio level sensors 

- Most care home 
buildings were not 
originally designed to 
appropriately install 
ambient sensors, and the 
installation of sensors 
should be adapted to the 
specific care home case.   

Guerra 
Santin et al. 
[30]  

UK IEQ 
performance 

Indoor environment 
monitoring transmitter, 
interview, and 
questionnaire 

Descriptive 
statistics and 
PMV 

The expected 
performance of the 
Passivhaus was 
unrealistic in terms of 
energy use. 

Zhan et al. 
[34]  

 

China IEQ 
acceptance 

Wireless sensor network, 
questionnaire 

Multivariate 
logistic regression 

The air temperature had 
the greatest impact on 
the overall IEQ 
acceptance, while the 
visual environment and 
illuminance level had the 
least influence. 

Bankole et 
al. [31] 

USA Early signs of 
agitation and 
environmental 
triggers 

Sensors, questionnaire, 
and interview 

Distributions, 
assessment of 
variance or 
dispersion, and 
exploration of 
communality 

A valid relationship 
between the presence of 
dementia-related 
agitation and 
environmental factors. 

Feng et al. 
[143] 

USA Real-time 
monitor 

UbiBot WS1 sensor PMV-based 
model 

A real-time 
individualised comfort 
monitor system. 

Yu et al. 
[33] 

China Thermal 
comfort 

Wireless sensor networks APMV model Significant seasonal 
variations in nursing 
home thermal 
environments as well as 
in the thermal comfort, 
thermal sensation, and 
adaptive behaviours of 
older adults. 

Tartarini et 
al. [144]  

Australia IEQ 
assessment 

RTD PT100, 
HUMICAP, Type T 
thermocouple, 
Omnidirectional probe 
tip, Micro 
electromechanical 
system, and 
questionnaire 

Descriptive 
statistics and TSV 

The IEQ Cart did not 
significantly affect the 
agitated behaviours of 
residents with dementia, 
which can be used to 
monitor IEQ factors 
reliably and accurately in 
nursing homes. 

Raatikainen 
et al. [145]  

Finland Lighting MN-ENV-THPL indoor 
environment sensor 

- A customised intelligent 
lighting control 
combined with an indoor 
environment monitoring 
system for people with 
dementia. 

Hassanvand 
et al. [146] 

Iran Particulate 
matter 

GRIMM dust monitors Simple linear 
regression and 
Manne-Whitney 
U test 

People’s activity is a 
major factor in elevating 
indoor levels of PM10. 
PM2.5 and PM1 could be 
significantly affected by 
outdoor PM 
concentrations. 
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Citation Study area Focus Data collection method 
(tool) 

Data analysis 
method 

Main outcome(s) 

Konis [147] USA Circadian 
stimulus 
potential of 
daylight 
provided by 
windows 

Mobile spectrometer cart Circadian 
stimulus 
potential, 
photopic 
illuminance, and 
circadian efficacy 
(M/P ratio) 

Regular access to daylit 
spaces in the morning 
(within 3 m from 
windows) can 
significantly increase the 
level of the circadian-
effective light stimulus. 

Childs et al. 
[148] 

UK Self-reported 
thermal 
sensation and 
extremity skin 
temperature 

Kestrel environmental 
monitor, Thermoscan 
device, and medical 
history 

Chi-Square tests 
and Anova tests 

Infrared thermography 
has clinical utility in 
identifying residents’ 
satisfaction with indoor 
environmental 
conditions. 

Aarts et 
al.[149] 

The 
Netherlands 

Dynamic 
lighting 
systems 

Questionnaire and 
Konica Minolta Incident 
Colour Meter type CL-
200 

A stakeholder 
approach  

Dynamic lighting 
systems have no positive 
health effects in care 
facilities. 

Thomas et 
al.[35] 

Belgium Acoustic 
performance 
and comfort 

Sensor nodes, semi-
structured interview, and 
focus group 

Thematic analysis Acoustic interventions 
have direct positive 
outcomes and both 
positive and negative 
outcomes from perceived 
indirect effects. 

Mendes et 
al.[150] 

Portugal Thermal 
comfort 

TSI 8386A-M-GB 
thermo-anemometer, 
Delta Ohm HD 32.1–
Data logger, and 
questionnaire 

Mann–Whitney 
and Kruskal–
Wallis tests, 
PMV, and PPD 

The influence of thermal 
comfort in the winter 
season on older 
individuals’ quality of 
life. 

Note. ADL: activities of daily living; PMV: predicted mean vote; APMV: adaptive predicted 
mean vote; TSV: thermal sensation vote; PM: particulate matter; PPD: predicted percentage of 
dissatisfaction. 

Based on the existing literature, the sensory deviation and acceptance threshold 
amongst people with dementia on indoor environmental factors, such as ventilation 
frequency and ambient temperature, are still unknown [151]. There is also a lack of 
information on the effects of indoor environmental indicators on people with different 
degrees of dementia [27]. The existing knowledge mainly looks at the influence of 
single indoor environmental indicators on health and comfort and does not take them 
into account in a holistic way [152]. Indoor environment standards and guidelines, such 
as EN ISO 7730 and ASHRAE 55 [153,154], focus on healthy adults and are not 
entirely applicable to frail older groups [32]. Older adults usually spend most of their 
day (80% to 90%) indoors, and this percentage is likely even higher amongst nursing 
home residents [24]. Exposing them to unsatisfactory indoor environmental conditions 
could adversely influence their physical and mental health [155–157]. Furthermore, 
these health risks increase when people develop a deterioration of cognitive abilities 
and difficulties expressing themselves [158]. 
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Sensors are widely tested in monitoring the living environments of people with 
dementia. However, as Table 3.1 shows, the application remained on the data collection 
level, and the studies rarely bridged connections between sensor data and residents’ 
comfort. The guideline for appropriately deploying environmental sensors in nursing 
homes is also lacking. Thus, this chapter had a twofold goal. Firstly, we assessed the 
IEQ in the studied facility and investigated it based on objectively measured data and 
subjective opinions of people with dementia, their guardians, and care professionals. 
Secondly, we validated the questionnaire responses with the data analysis results and 
explored the value of using environmental sensors in real-life dementia care. 

3.2 Case Study and Research Methods  

3.2.1 Case Study  

 

Fig. 3.1 Floor plans and sensor locations in the nursing home. 
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The case study was in a small-scale care facility in the Netherlands, which provides 32 
bedrooms for 32 older people with dementia (above 65 years old). The red dots show 
the sensor locations in the nursing home (Fig. 3.1). Each floor of this two-storey 
building includes two lounges, a central living room, and a nurse station. A spacious 
green courtyard is on the ground floor. Each bedroom has a private bathroom. Residents 
can furnish their spaces with personal belongings. Bedrooms are orientated south or 
southeast. The building has a concrete structure and double glazing to achieve the 
standardised insulation level of old-age care facilities. The thermoregulating floor 
system consists of a gas-fired heating system supplying water to the entire building. 
The water is heated in winter and unheated in summer. The general temperature settings 
are 23°C during the daytime and 22°C between 6:00 p.m. and 4:00 a.m. all year. The 
temperature in each room can also be manually controlled by thermostats. One window 
in each bedroom can be opened for natural ventilation. The central mechanical 
ventilation has three grades of wind force for common spaces and bedrooms (low, 
medium, and high airflow) to provide fresh air 24 h. The wind force in bedrooms is 
usually lower than in common spaces. 

3.2.2 Monitoring Campaign 

 

Fig. 3.2 The layout of the bedrooms in the nursing home. 



Crafting Smart Homes: Innovative Design Strategies to Enhance Housing Quality for Ageing Well 

37 
 

The monitoring campaign was conducted from July 2019 to June 2020, and indoor 
environmental data was continuously collected from eight rooms in the nursing home. 
We received consent to monitor the bedrooms of seven residents. In these seven 
bedrooms, sensors were installed on top of wardrobes, and the receiver sides were 
towards the beds. The wardrobes were near the entrance or beside the bed (Fig. 3.2). 
The sensor in the central living room was deployed at the top of the kitchen cabinet. 
The installation heights of these sensors were 1.8 m to avoid interfering with residents’ 
daily activities.  

3.2.3 Sensor Features 

The selected multi-functional sensor measures indoor illuminance, relative humidity, 
air temperature, particulate matter (PM2.5 and PM10), CO2 and total volatile organic 
compounds (TVOC) concentrations (Table 3.2). The TVOC unit has been converted 
from ppb to µg/m³ (4.9 µg/m³ corresponds to 1 ppb) based on an average molar mass 
of TVOC molecules proposed by Mølhave et al. [159]. The sensor consists of a 
thermistor (accuracy: ± 0.4°C), a humidity transmitter (accuracy: ± 3%), a light sensor 
(optical filtering to match the human eye), an NDIR(LED) CO2 sensor (accuracy: 30 
ppm + 3% of reading), and other modules which support intelligent algorithms to 
process raw sensor measurements to output a TVOC value. All the sensors were 
connected to the local Wi-Fi network and sent readings every 5 minutes to the logger. 

Table 3.2 Sensor specifications (device: ISensit-Clear Climate Sensor, model: CC1). 

Indoor environmental parameters Range Resolution 

Illuminance  0.01 - 83k lux 0.01 lux 

Relative humidity 0 – 100% 0.01% 

Air temperature 0 – 60°C 0.01°C 

Particulate matter (PM2.5, PM10) 0 – 500 μg/m3 0.01 μg/m3 

TVOC 0 – 2000 ppb 0.01 ppb 

CO2 125 – 6000 ppm 0.01 ppm 

3.2.4 Data Collection and Analysis 

Before the monitoring campaign, possible confounders and modifiers were identified. 
These were classified into three categories: 1) environmental factors (location-specific 
weather conditions to which a building is subjected); 2) building characteristics 
(building quality, design, materials, and facility operation); and 3) human activities and 
interventions (such as room occupancy and usage of appliances) [160]. Therefore, as 
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Fig. 3.3 shows, we employed the local weather data from the Royal Netherlands 
Meteorological Institute (KNMI) database, obtained the building characteristics and 
building management information by interviewing the technicians, and investigated 
human factors through related records and interviews with care professionals. These 
three-category data were collected from September 2020 to February 2021. The 
possible confounders and modifiers were considered in describing the relationship 
between IEQ parameters and the comfort of residents with dementia. 

 

Fig. 3.3 Data types of the case study. 

The environmental data collected from seven bedrooms and one central living room 
were descriptively analysed in SPSS. Box plots were created per room in two seasons 
(summer and winter) to show the IEQ in the studied facility when the weather changes 
led the outdoor environment to extreme conditions. The outliers of the data set were 
compared with the questionnaire responses for validation. Questionnaire responses 
were summarised in graphs to demonstrate the comfort and preference of different 
groups. 
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3.2.5 Participants and Recruitment  

The nursing home sent consent forms to residents, residents’ guardians, and care 
professionals and distributed anonymous online questionnaires. All participants were 
informed about the purpose of the study and signed a consent form. Seven residents 
gave permission to install sensors and collect data in their bedrooms. Their room 
numbers were replaced with letters that cannot be linked to specific participants.  

Given the vulnerable status of people with dementia during the COVID-19 pandemic, 
the possibility of physical contact with them in the nursing home was excluded from 
this study. Thus, two questionnaires (A and B) were designed to obtain information on 
care professionals’, guardians’, and residents’ comfort in different seasons of the 
monitored year. The questionnaires consisted of three parts: demographic information, 
indoor environmental preferences, and indoor comfort (7-point Likert scale). 
Questionnaire A, filled in by care professionals, focused on their opinions (e.g. what is 
your thermal comfort in the central living room during the winter? Please rate from 1-
very cold to 7-very hot). Questionnaire B was designed for guardians (visitors) and 
concentrated on the basic information of their family members. The guardians were 
required to ask residents and fill in their answers to the questionnaire (e.g. in your 
opinion, what is the thermal comfort of your family member in the bedroom during the 
summer, or how does the room feel to them? Please rate from 1-very cold to 7-very 
hot). Questionnaires with less than 50% completion were considered invalid. 

3.3 Nursing Home Environment and Indoor Comfort 

3.3.1 Questionnaire Responses 

The nursing home manager sent out 95 questionnaires to 43 care professionals and 52 
guardians (visitors or contact persons) of residents and received 39 valid responses. The 
number of respondents, their information and response rates are shown in Tables 3.3 
and 3.4. The average age of nursing home residents was 84.7 years old, and the 
proportion of women was more than men (24: 8). During the COVID-19 pandemic, 
care professionals kept the same working schedule (three shifts a day), but nearly half 
of the guardians visited less and stayed shorter than before. However, amongst 22 
guardian respondents, 32% of them still visited every day, and 36% visited once a week. 
The visiting time was normally around one hour. Because some residents and their 
visitors rarely stayed in the central living and spent the most time in bedrooms, their 
responses about the indoor comfort of central living rooms were excluded for reliability. 
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Table 3.3 Responses from care professionals (questionnaire A). 

Respondent 
number 

Effective 
response rate 

Working in each bedroom per day Working in the nursing home 

<0.5 h  0.5-1 h >1h < 1 year 1-3 years 3-5 years >5 years 

17 39.5% 
(17/43) 

5 8 4 1 6 3 7 

 
Table 3.4 Responses from guardians (questionnaire B). 

Respondent 
number 

Effective 
response rate 

Age of residents  Living in nursing home 

71-80  81-90 91-100 < 6 months 7 months-1 year 1-2 years >2 years 

22 42.3% 
(22/52) 

9 5 8 2 6 2 12 

Table 3.5 specifically lists the information of seven participants who lived in the 
bedrooms monitored by sensors. They were all female, over 75 years old and had 
different chronic diseases. Their dementia stages were assessed by the Global 
Deterioration Scale (GDS) [161], and most of them were at mild or moderate dementia 
stages. According to the nursing records, Resident B had moderately severe dementia 
since the study started, and her health condition restricted her daily activities. 

Table 3.5 Participants’ information. 

Participant Age Gender Dementia 
stage 

Symptoms Other behaviour/illness 

A 83 Female Alzheimer 
stage 2 

Very mild cognitive 
decline 

Chronic obstructive 
pulmonary disease 

B 90 Female Alzheimer 
stage 5 

Moderately severe 
cognitive decline 

Pneumonia, heart failure 

C 77 Female Alzheimer 
stage 2 

Very mild cognitive 
decline 

Hypertension, diabetes 

D 78 Female Alzheimer 
stage 3 

Mild cognitive decline Urinary tract infections, 
broken hip 

E 82 Female Alzheimer 
stage 3 

Mild cognitive decline Depression 

F 84 Female  Alzheimer 
stage 4 

Moderate cognitive 
decline 

Anxiety disorders 

G 86 Female Alzheimer 
stage 3 

Mild cognitive decline Cerebral infarction 
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3.3.2 Thermal Environment 

Sensor data shows the temperature in bedrooms was steady between 22-23℃, usually 
with less than 1℃ standard deviation in different seasons and no significant differences 
between seasons. The temperature in the central living room was always higher than in 
the bedrooms (Fig. 3.4), especially during dinner time. Fig. 3.4 also shows that bedroom 
temperatures were more constant in winter than summer. However, some bedrooms had 
a risk of overheating, as shown by the outliers of Room A in January. The temperature 
in Room B was stable all year, around 23℃. Furthermore, unoccupied rooms (Room A 
in February and Room G in December and January) were 2-3℃ cooler than the other 
bedrooms in the same period. According to the weather data (KNMI), the local mean 
monthly temperatures in January and February 2020 were around 6-7℃. It can be seen 
that residents’ activities influenced the indoor air temperature to some extent, and the 
temperature data reflects the room occupancy.  

 

Fig. 3.4 Box plot of indoor air temperature in summer and winter. 
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Participants had different views on indoor thermal comfort (Fig. 3.5). The thermal 
sensation votes for bedrooms and the central living room in summer and winter show 
different patterns. Nearly 40% of care professionals reported that the interior spaces 
were hot during the summer, and the common areas (central living rooms and lounges) 
were overheated in winter. According to care professionals’ responses, the central 
living room was the hottest place in the building and had negatively influenced their 
work. In contrast, the guardians thought their family members were basically satisfied 
with the indoor thermal environment. Although 63% of the guardians thought the 
bedrooms were slightly hot in summer or slightly cold in winter, no one reported their 
family members feeling overheated or cold in the nursing home. 

 

Fig. 3.5 Thermal sensation votes for indoor thermal comfort. 
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3.3.3 Relative Humidity 

Relative humidity is also a seasonal indicator in the studied nursing home. The highest 
value was detected in July 2019, around 60% in all rooms. From the end of October, 
humidity levels fell from 50% to 30%, and the levels in the nursing home remained low 
until May 2020. In seven months, the mean indoor humidity of monitored rooms was 
lower than 40%. The mean values were lower than 30% in March and April 2020. There 
was little difference in humidity data amongst all rooms in the same season. The 
humidity fluctuations were larger in summer than in winter (Fig. 3.6). Because the 
outdoor humidity is normally higher than indoors in the Netherlands, the outliers of this 
box plot were related to the natural ventilation frequency of rooms, especially in winter.  

 

Fig. 3.6 Box plot of relative humidity in summer and winter. 

Fig. 3.7 shows how the humidity and temperature changed at the beginning of the 
heating season. Indoor air temperature data was steady in all rooms between 21-26℃, 
but the relative humidity decreased significantly since 27th October. The outdoor 
temperature fell rapidly within one week from 16.4℃ on 27th October to -0.7℃ on 1st 
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November. This was paired with the usage of floor heating, which was seen with a 
sharp decline in indoor humidity, whilst the outdoor humidity levels remained above 
80%. Based on the significant humidity difference between indoors and outdoors, 
humidity data fluctuations reveal the duration of natural ventilation in bedrooms.  

 

Fig. 3.7 Indoor relative humidity and air temperature variations between 21st October 
to 3rd November. 

Questionnaire responses show relative humidity was the most problematic for residents 
and care professionals. More than half of the care professionals reported the indoor 
environment was slightly dry, dry, or very dry (Fig. 3.8). Nearly half of the guardians 
also reported that their family members felt the air was slightly dry in their bedrooms. 
Spring was the period with higher overall complaints and matched the sensor data. Care 
professionals also complained that indoor spaces on the upper floor were hotter and 
drier. People living and working in the nursing home had symptoms, such as being 
always thirsty, dizziness, headaches, dry eyes, sore throat, and nasal pain, from 
February to April. 
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Fig. 3.8 Votes for indoor relative humidity. 

3.3.4 Air Quality 

The mean CO2 concentrations in monitored rooms were between 600 and 1000 ppm. 
However, the values varied significantly every day, increasing at night and decreasing 
during the daytime. The peak values reached 2000 ppm a few hours at midnight. After 
the ward round the following day, the care professionals opened windows for natural 
ventilation, and CO2 concentrations in bedrooms were back to 400-600 ppm. The data 
deviations in monitored rooms were 200-400 ppm between rooms during the same 
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season. TVOC value is a measurement for monitoring the overall amount of volatile 
organic compounds (VOCs) in a given space. TVOC concentrations in the nursing 
home were under 200 μg/m3 most of the year. The TVOC variation shows a similar 
trend as CO2, which decreased from the peaks at night to lower levels during the 
daytime. However, the peak values of TVOC concentration (100-200 μg/m3) were 
sometimes captured around noon.  

Fig. 3.9 presents the CO2 and TVOC concentration levels of the overall time percentage 
in the nursing home. The ventilation in the central living room was better than in the 
bedrooms. The CO2 concentrations in bedrooms nearly 60% of the time were lower 
than 800 ppm, 10% were between 800 to 1000 ppm, and almost 30% were over 1000 
ppm. This rate is similar in all bedrooms and shows the length of time residents 
maintain metabolism in a poorly ventilated space at night. TVOC concentrations in 
bedrooms were less than 10% of the time between 200-300 μg/m3 or above 300 μg/m3. 
However, Room B data reflects that the occupant’s activities and ventilation 
management can still significantly influence indoor air quality.  

 

Fig. 3.9 CO2 and TVOC concentration levels of the overall time percentage. 

The indoor PM2.5 and PM10 concentrations were maintained within the suggested ranges 
according to World Health Organization (WHO) guidelines (mean value: bedrooms<10 
µg/m³ and the central living room<15 µg/m³) [162]. In contrast to CO2 and TVOC data, 
particulate matter values were higher in the central living room than in the bedrooms. 
The peak values were usually captured around dinner time, which could be 20 times 
higher than the data monitored in the bedrooms. Cooking was the main reason PM2.5 
and PM10 increased over 100 µg/m³ a few hours surrounding the stove and oven.  

Residents’ guardians and care professionals reported they could smell cooking oil 
fumes from the central living room. They had similar views on indoor air quality that 
sometimes felt stale in the building (Fig. 3.10). Nearly a third of guardians thought that 
their family members were not satisfied with bedroom air quality, and the 
dissatisfaction rate amongst care professionals was over 50%. The vote for the favourite 
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place was the courtyard, where residents have access to fresh air and more sunlight. 
They often stay in the courtyard or terraces for one to two hours if the physical 
conditions and weather allow. 

 

Fig. 3.10 Votes for indoor air quality. 

3.3.5 Light Environment 

Indoor illuminance is influenced by weather and human factors, and the data varied 
significantly between rooms. Fig. 3.11 is a sample that selected a sunny day in the 
summer and a rainy day in winter to show indoor light environments under different 
conditions. In this heatmap chart, the red areas present the higher values detected on 
selected days. The illuminance data after sunset (summer 9 p.m., winter 5 p.m.) 
indicates the activities of residents (e.g. using the bathroom or watching TV). In the 
daytime, illuminance in bedrooms ranged from tens to hundreds of lux. On sunny days, 
the sunlight could be sufficient for residents’ daily activities or even need sun shading. 
However, on (winter) rainy days, the sunlight is usually insufficient. Rooms C, D, and 
E data show the active time residents or caregivers spend using artificial light. 

Whether in summer or winter, the central living room was the brightest place in the 
nursing home, where staff worked earlier in the morning and left later at night. Artificial 
light maintained the average illuminance of activity time in the central living room at 
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Fig. 3.11 The heatmap chart of indoor illuminance (lux) on a summer day (left) and a 
winter day (right). 

around 300 lux. However, the illuminance data varied significantly in bedrooms due to 
transient weather changes or variable control of artificial lighting and shading elements. 
Although 53% of care professionals and 73% of guardians thought that light intensities 
in bedrooms were neutral for residents (Fig. 3.12), they often adjusted windows and 
curtains when entering the bedrooms. Room B was at a very low light intensity level 
all the year, and the maximum value was below 100 lux.  

 

Fig. 3.12 Votes for indoor light environment. 
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3.4 Influence of Indoor Environmental Factors and Technology 
Applications  

Dementia is a progressive syndrome that changes cognitive, behavioural and 
psychological functions [163]. People with dementia may have difficulty expressing 
discomfort and asking for help. Monitoring technologies can be a potential solution to 
assist dementia care through environmental data. This chapter investigated the IEQ in 
a nursing home, proxies’ responses to residents’ comfort, and the reasons for outliers 
and deviations in the data. To do this, we integrated sensor data analysis with caregivers’ 
opinions to determine the comfort level of people with dementia. 

This chapter highlighted the potential use of sensor devices and data to support caring 
for people with dementia. For example, Resident B was in the moderately severe 
dementia stage and had heart failure, stayed in bed most of the day, and relied on 
caregivers to control the indoor environment. Even though this resident did not report 
dissatisfaction with the indoor environment in her room, the data showed large 
differences between Room B and the other bedrooms occupied by residents with higher 
independence. The environmental data does not directly equal indoor comfort, but it 
could be a reference for caregivers providing care and interventions. 

Building and care-related factors, such as insulation, ventilation, heating, and ward 
round schedule, were consistent for all rooms and participants (residents and their 
caregivers) in this chapter. The building quality was high, and the facilities were new 
and operating well. All bedrooms were similar in layout and orientation. Thus, data 
differences were mainly associated with room occupancy, residents’ daily activities, 
and room facility control. The mechanical ventilation was set lower at night for noise 
reduction, but it led to CO2 concentrations above 2000 ppm and TVOC above 300 
μg/m3 in bedrooms, which were higher than the harmless limits. Many studies have 
shown a strong correlation between air pollutants and levels of indoor air quality. CO2, 
TVOC, and particle matter concentrations are key indicators for measuring indoor air 
quality [140,151,164]. These indicators in care facilities are usually higher than those 
found outdoors. Reasons include indoor emission sources (e.g. furnishing), activities 
(e.g. cooking), low ventilation, and seasonal variations in temperature and humidity 
[164]. The average outdoor CO2 concentration level varies from 350 to 575 ppm [165]. 
Based on existing research, the healthy threshold of CO2 concentration has been set at 
800 ppm, and the harmless limit is 1000 ppm [166]. A high CO2 concentration could 
increase Sick Building Syndrome (SBS) symptoms, including eye irritation and upper 
tract respiratory symptoms reported by care professionals from the studied nursing 
home [167]. The same symptoms may also be caused by TVOC exposure [168], and its 
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guideline value proposed by the European Commission is 300 μg/m3, and the comfort 
range is under 200 μg/m3 [169]. Low TVOC values were maintained in the nursing 
home (Fig. 3.9) and thus not the main factor influencing residents’ health. However, 
the TVOC value could sharply increase around noon related to residents’ specific 
activities or nursing services. Airborne particles, another significant air pollutant, 
primarily affect the human respiratory and cardiovascular systems. According to the 
WHO guidelines, the 24-h means of PM2.5 and PM10 are 25 μg/m3 and 50 μg/m3, whilst 
the annual means set for PM2.5 and PM10 are 10 μg/m3 and 20 μg/m3 [162]. Although 
peak PM2.5 values in the central living room were between 150 to 200 μg/m3 around 
cooking time, its 24-h mean value was still below 25 μg/m3. 

Indoor relative humidity during the heating season was another problem in the nursing 
home. Good building insulation, the use of the heating system, and lack of humidifying 
devices were the reasons indoor relative humidity gradually decreased below 40%. 
Relative humidity is an indicator related to both thermal comfort and air quality. 
Maintaining the humidity level in a suitable range is essential for IEQ. Airborne fungi 
and house dust mites often happen in rooms with prolonged high humidity (>70%), but 
lower than 40% can cause the symptoms of dryness and irritation of the mucosa [170], 
which care professionals and residents also complained about similar symptoms. High 
room humidity with poor ventilation could increase VOCs emissions and reduce indoor 
air quality [171]. Maintaining relative humidity over 40% could significantly reduce 
the infectivity of aerosolised viruses [172]. In care facilities, indoor environments are 
likely too dry in winter due to heating systems [173]. However, in the studied nursing 
home, the dry environment (< 40%) lasted six months. 

Existing studies have pointed out the overheating risk in care facilities during 
summertime [174], which also remains in the wintertime. Six factors could influence 
thermal comfort in a particular scenario: metabolic rate, clothing insulation, air 
temperature, radiant temperature, airspeed, and humidity [154]. Due to the COVID-19 
restriction, this study only collected indoor air temperature and relative humidity data. 
The Dutch design guideline suggests that the maximum indoor air temperature in the 
general area of nursing homes should be 25.5℃ in summer, and the minimum should 
be 22℃ in winter [175]. According to a WHO report, an indoor environment between 
18-24℃ is the most healthy range for sedentary people [176]. The setting temperature 
of the nursing home was 23℃ during the daytime and 22℃ during the night, whilst the 
medians of temperature data were between this range. However, questionnaire 
responses show that the thermal comfort of residents differed between individuals and 
was associated with seasons. Older adults care more about warmer conditions in winter 
than cooler conditions in summer [177]. Occupation of an overheated room could 
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trigger problems such as agitation and restlessness. Some residents and care 
professionals felt overheated in winter. For instance, Resident A used an electric 
radiator in her room during the winter, which caused the indoor temperature to be 
warmer than 25℃ in some periods. In this case, Resident A would need more attention 
and adaptive actions from caregivers to adjust their thermal comforts (changing clothes, 
regulating metabolism or operating thermostats) [178]. 

The impact of the lighting on care home residents’ living conditions is significant [179]. 
People with dementia staying in low-illuminance environments could show more signs 
of a negative mood, thus impacting their well-being [180]. A comfortable indoor light 
environment compensates for the deteriorating eyesight of older adults and benefits 
their quality of life by regulating circadian rhythm and decreasing depression. The 
suggested ambient light environment of care facilities is 500 lux and can be subdivided 
according to specific spaces. For general lighting in common spaces, including the 
entrance hall, corridor and bathroom, the lighting requirement is 300 lux. Lighting for 
bedrooms is 150 lux, and working and reading places are 750 lux [181]. A minimum 
illuminance of 1000-2500 lux could positively affect biological rhythms [182]. Older 
adults with eye diseases need a higher quality of illumination (1500-4000 lux) to 
compensate for their visual impairments when reading [183]. Unfortunately, the 
residents’ exposure to light in care facilities is often reduced, and the actual light 
intensity is lower than the standards [145,184]. We found some bedrooms on the ground 
floor did not have sufficient light during the daytime. These bedrooms were along the 
street, and thus, the constant passing of pedestrians and vehicles caused residents to 
close the curtains to protect their privacy. Protecting occupants’ privacy whilst 
maintaining natural ventilation and light should be an important consideration during 
the design stage. 

The major limitations of this chapter were the scale of participants, the lack of direct 
feedback from people with dementia, and the fact that the data collection was not 
conducted simultaneously. Thus, we designed questionnaires for care professionals and 
residents’ guardians to investigate their overall evaluation of the nursing home indoor 
environment for the monitored year. Some responses from different groups were 
contradictory. For instance, over half of guardians reported their family members were 
satisfied with the nursing home environment, and no one voted for dissatisfaction, but 
over 70% of care professionals were unsatisfied. Care professionals felt the common 
spaces, such as corridors between 21 to 24℃, were hot in winter, whilst 40% of 
guardians thought the family members felt slightly cold. Although the questionnaire for 
guardians required them to ask their family members, its accuracy cannot be completely 
guaranteed. The communication and verbal skills of people with dementia could also 
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affect the results [185]. Thus, acquiring accurate feedback requires more scientific 
approaches to obtain the information objectively. Also, the limited sample size of 
residents meant that the relationships between IEQ and comfort could only be assessed 
qualitatively and not with significance tests. 

Sensor placement influences data collection. In the monitoring campaign, sensors were 
deployed on top of wardrobes in ventilated zones and far from heat sources. However, 
the measurement requirements are different according to specific indoor environmental 
indicators. As ASHRAE 55 suggested, measuring the average value of air temperature 
concerns location and time: the height of the ankle level, the waist level, and the head 
level in periods between 3 to 15 minutes [154]. Air quality sensors should be positioned 
at the breathing zone height or on the ceiling in the middle of the room, and the optimal 
position needs to take into account the room layout [186]. Thus, finding an appropriate 
position for a multi-functional sensor is difficult. Existing knowledge of sensor 
placement focuses on standing or seated participants. It has hardly been applied to the 
characteristics of people with severe dementia who are on extended bed rest. Sensor 
maintenance is also an important factor. Residents could pull out the plugs of sensors 
for using other electronic devices and then forget to plug them back in, which leads to 
sensors intermittently being offline and data loss. Low power consumption and battery-
based sensors could be more suitable for long-term monitoring. Care professionals 
noticed that even the faint light and noise generated by sensors could reduce the 
acceptance of these devices in private spaces. These interferences could increase the 
risks of people with dementia’s changed behaviours (e.g. agitation). Monitoring 
technologies used for care facilities need to become completely non-intrusive. Future 
research is suggested to verify the effectiveness of using these technologies in dementia 
care from the user’s perspective. 

3.5 Conclusion 

This chapter was conducted in a small-scaled nursing home in the Netherlands for one 
year to collect indoor environmental data in selected rooms. Its objective was to find 
the connections between indoor environmental parameters and residents’ comfort. Due 
to the uncertainties of people with dementia answering questionnaires and COVID-19 
pandemic restrictions to carry out observations, the online questionnaires were 
answered by care professionals and residents’ guardians. The responses validated the 
connections of indoor comfort with indoor air temperature, air quality, relative 
humidity, and illuminance variations to some extent. The relative humidity is the most 
problematic indicator in the nursing home during the heating season, which could be 
even drier in spring than in winter in the absence of humidification measures. The 
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stages of dementia affect the independence and behaviour of older adults, which can be 
revealed by indoor environment data. In this study, stable air temperature but poor air 
quality and illuminance were seen in the room of the resident with severe dementia 
compared to the rooms of other residents at mild and moderate dementia stages. The 
living environments of people with severe dementia who have less independence 
require more attention and timely adjustment from caregivers. Short-term data 
fluctuations and long-term trends could assist caregivers in obtaining objective 
information and assessing the IEQ of people with dementia’s living environment. 
Furthermore, the monitoring technology application in care facilities needs to be non-
intrusive to reduce interference with residents’ daily lives.
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Chapter 4  
Exploring the Influence of Indoor Environment 
and Spatial Layout on Changed Behaviours of 
People with Dementia in A Nursing Home 3 
 

Abstract 
People with dementia sometimes show changed behaviours such as agitation, 
hallucination, and wandering during the moderate and severe dementia stages. In 
addition to individual health factors, contextual factors, such as indoor environment 
conditions, spatial layout, and human activities, may trigger or influence these 
behaviours, but there is a lack of solid evidence. We used mixed methods to collect 
data, including the fly-on-the-wall method to observe the residents’ daily lives and 
deploying environmental sensors to monitor the indoor environments of two central 
living rooms and ten bedrooms in a nursing home in the Netherlands. A data collection 
campaign from August to September 2022 focused on the indoor environmental 
parameters, ventilation control of monitored rooms, the observation of ten participants’ 
locations, activities, clothing levels, and changed behaviours. The data were analysed 
using Fisher’s exact tests and heatmap analysis. The results show that even though the 
nursing home was well maintained according to existing indoor environmental quality 
standards, the room conditions of temperature, TVOC, and HCHO levels and 
contextual factors (main activity and numbers of people in the space) were significantly 
correlated with locations of changed behaviours. By analysing observation data with 
spatial layout, participants had larger activity ranges on the days that exhibited changed 
behaviours than those without. Most of these behaviours were observed at the edge of 
common spaces, where caregivers need to pay more attention.  

 
3 A previous version of this chapter was published as: 
Ma, C., Guerra-Santin, O., and Mohammadi, M. (2024). Exploring the influence of indoor 
environment and spatial layout on changed behaviours of people with dementia in a nursing home. 
Building and Environment, 256, 111452. 
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4.1 Previous Studies on Indoor Environment and Changed 
Behaviour of People with Dementia 

Dementia is characterised by ‘a decline in cognitive faculties and the occurrence of 
behavioural abnormalities which interfere with an individual’s activities of daily living’ 
[163]. Following the dementia progression, people in advanced stages may have severe 
implications on their daily lives, such as extra demands regarding their indoor 
environment, as they are generally very sensitive to changes in indoor conditions [25]. 
However, due to the hallmarks of dementia (limited cognitive, sensory, and verbal 
abilities), they are often unable to adjust according to discomfort situations and require 
substantial attention and assistance from caregivers [137,138]. In the Netherlands, an 
estimated 280,000 people have been diagnosed with dementia, of which 70,675 live in 
care facilities [3]. If designed or managed incorrectly, care facilities might be 
overheated in the summer, too dry in winter, air pollutants higher than outdoors, and 
light intensity lower than required by the standards [145,164,171,184]. Thus, 
controlling indoor environmental conditions is necessary for dementia care to maintain 
and improve the living quality of this target group. 

The adult population spends 80% to 90% of their day indoors. This percentage is likely 
even higher among nursing home residents with less independence [24]. Indoor 
environmental factors (e.g. surroundings that are too hot, cold, or loud) could contribute 
to behavioural and psychological symptoms of dementia (BPSD) [187]. BPSD include 
agitation, aberrant motor behaviour, anxiety, elation, irritability, depression, apathy, 
disinhibition, delusions, hallucinations, and sleep or appetite changes [188]. Existing 
studies have shown that more than 90% of people with dementia develop at least one 
BPSD, and more than half will exhibit two or more changed behaviours [189]. The 
frequent behavioural disturbances and related disorders reported are irritability (64%), 
tiredness (62%), depression (57%), rapid mood change (57%), anxiety (57%), threat of 
violence (54%), lack of initiative (44%), and inappropriate social behaviour (26%) 
[190]. An appropriate indoor environment could positively impact health, ameliorate 
dementia symptoms, and reduce behavioural changes [27,191]. The specific 
determinants of the changed behaviours remain unclear. Based on the triadic reciprocal 
causation model (person, behaviour, and environment) of Bandura’s theory [50], 
besides personal factors of people with dementia, predisposing factors of changed 
behaviours may include physical and social environment characteristics [192]. Many 
medical and environmental science studies have explored the patterns of single 
behaviour in care facilities. For instance, agitation was originally defined as any 
inappropriate verbal, vocal or motor activity which, according to an outside observer, 
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does not result directly from the needs or the confusion of the agitated person [189]. 
Screaming in people with dementia is often designated as ‘agitation’, which is related 
to the experience of vulnerability, suffering, and loss of meaning [193]. Wandering 
refers to ‘seemingly aimless or disoriented ambulation throughout a facility, often with 
observable patterns such as lapping, pacing, or random ambulation’ [194]. 
Hallucination is ‘experiencing visual sensory perception without an external stimulus, 
seeing something others cannot’ [195]. A growing number of studies concentrate on 
relationships between indoor environmental factors and the behaviours of people with 
dementia, using mixed methods and technologies for data collection (Table 4.1). 
However, there is still a lack of knowledge linking the indoor environment to contextual 
factors (e.g. building layout and management) and behavioural changes. 

Table 4.1 Recent studies on indoor environments and behaviours of residents living in 
care facilities. 

Authors Year Focus Data collection 
method (tool) 

Data analysis 
method 

Findings 

Liu et al. 
[196] 

2023 Air-
conditioning 
usage behaviour 

Manufacturer 
monitoring database and 
Hobo data loggers 

Clustering analysis The inactive usage group with 
short-term and discrete air-
conditioner operation would 
prefer a fast-cooling setting. 
The all-day usage group 
showed that the dynamic 
cooling demand may exist in 
older adults’ long-term daily 
air-conditioner usage. 

yoon Yi 
et al. 
[197] 

2022 Applicability of 
existing thermal 
comfort models 

Kestrel 3000, thermo-
scan device (Model LF 
40), micro-bolometer 
detector (model A-600 
series), and 
questionnaire survey 

Logistic regression, 
independent-samples 
t-test, and one-way 
ANOVA 

Three approaches (PMV, 
Adaptive Comfort, and IRT) 
have limitations in 
accounting for the 
distribution of thermal 
sensations collected from 
people with dementia. 

Zheng et 
al. [198] 

2022 Dynamic 
thermal comfort 
demands  

Questionnaire survey, 
temperature and 
humidity recorder 
(HOBO UX100-003), 
globe temperature 
recorder (HQZY-1), and 
wind speed recorder 
(TESTO425) 

Linear regression Older adults in Xi’an were 
very active in adapting to the 
indoor thermal environment 
through behavioural 
adjustment and had higher 
acceptance and lower 
psychological expectations. 

Yang et 
al. [199] 

2021 Interior daylight 
environments 

Questionnaire survey 
and TES-1337 digital 
illuminometer 

RadianceIES module Older adults have different 
expectations for sunlight 
illuminance of different 
functional spaces. 

Zhan et 
al. [34] 

2021 IEQ acceptance 
levels 

Questionnaire survey 
and wireless sensor 
network  

Multivariate logistic 
regression 

Air temperature had the 
greatest impact on the overall 
IEQ acceptance, while visual 
environment and illuminance 
level had the least influence. 

Bankole 
et al. 
[31] 

2020 Early signs of 
agitation and 
environmental 
triggers 

Sensors, questionnaire, 
and interview 

Assessment of 
distributions, 
variance or 
dispersion, and 
exploration of 
communality 

A relationship has been 
validated between the 
presence of dementia-related 
agitation and environmental 
factors. 
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Authors Year Focus Data collection 
method (tool) 

Data analysis 
method 

Findings 

Leung et 
al. [200] 

2020 IBE- Behaviour 
model 

Dementia care mapping 
and questionnaire 
survey 

Pearson correlation 
analysis, Multiple 
regression analysis, 
and Structural 
equation modelling 

Factors of the space 
management component have 
no impact on the behavioural 
symptoms of people with 
dementia; lighting, lifts and 
water supply influence 
demented residents’ negative 
emotions, positive emotions, 
sleeping disturbance and 
limited mobility; loneliness is 
affected by the supporting 
facilities factor of furniture. 

Jin et al. 
[171] 

2020 Thermal and 
humidity 
comfort and skin 
condition 

Questionnaire survey, 
Courage-Khazaka 
MPA-5 Central Multi-
probe Unit with the 
Tewameter TM 300, and 
Corneometer CM 825 

T-test and ANOVA The stratum corneum 
hydraulic system showed a 
significant correlation with 
indoor absolute humidity. 

Thomas 
et al. 
[35] 

2020 Acoustic 
performance and 
comfort 

Sensor nodes, semi-
structured interview, 
and focus group 

Thematic analysis Acoustic interventions have 
direct positive outcomes and 
both positive and negative 
outcomes from perceived 
indirect effects. 

Yu et al. 
[33] 

2020 Thermal 
comfort 

Wireless sensor 
networks 

APMV model Significant seasonal 
variations are observed in 
nursing home thermal 
environments, thermal 
comfort, thermal sensation, 
and adaptive behaviours of 
older adults. 

Tartarini 
et al. 
[32] 

2018 Thermal 
perceptions, 
preferences and 
adaptive 
behaviours 

Questionnaire survey 
and IEQ Cart 

Linear regression (F-
tests) 

Residents were more tolerant 
of temperature variations and 
preferred higher temperatures 
than non-residents. 

Note. PMV-predicted mean vote; APMV-adaptive predicted mean vote; IRT-long wave infrared 
thermography; IEQ-indoor environmental quality; IBE-indoor building environment. 

Existing studies on contextual factors of care facilities and the influences on residents’ 
behaviours are usually from design perspectives. The spatial layout of public and 
individual rooms in care facilities has been validated as playing a crucial role in 
influencing residents’ navigation ability and BPSD [201]. Early research revealed 
residents in group-living units with I-shaped corridors experienced a higher degree of 
dyspraxia, restlessness, lack of vitality, and loss of identity than residents in L-, H- or 
square-shaped units [201,202]. Nursing homes with long hallways can decrease 
residents’ awareness, orientation, safety, and security [201,203]. The open 
kitchen/dining room design creates positive sensory stimulation and a supportive built 
environment, which may encourage residents to gather and influence their daily 
activities [204]. Transitional spaces between the bedroom and social area maintain the 
privacy of older adults’ social behaviour [205]. The small-scale and homelike-designed 
special care units have positive effects on the behavioural and psychological symptoms 
of patients with dementia [206]. These studies mainly focused on the impacts of 
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building design and the wandering behaviour of people with dementia, such as spatial 
accessibility and frequency of wandering, standing, and socialising [207,208]. People 
with dementia could exhibit changed behaviours randomly in care facilities, but 
knowledge of where and how they are influenced by indoor environments is still 
missing [209]. Furthermore, only a few studies examined whether environmental 
interventions have benefits or make no difference in the prevalence of BPSD. There 
remains a dearth of high-quality evidence to conclusively guide the selection of any 
particular built environment intervention [210]. Thus, this chapter includes: 

1) Collect the nursing home residents’ information (e.g. dementia stage, illness, and 
symptoms). 

2) Monitor the indoor environmental parameters and record contextual factors (e.g. 
daily routine of residents, building layout, and facility operation) in the nursing home 
that may influence changed behaviour occurrence. 

3) Record the type, time, location, and surroundings information when the changed 
behaviour appears. 

4) Analyse the data and explore the relevance of these factors on observed changed 
behaviours. 

4.2 Case Study and Research Methods 

4.2.1 Case Study 

The case study includes a small-scale care facility in the Netherlands that provides 
thirty-two single rooms for older people with dementia. The building has a concrete 
structure and double glazing to achieve the standardised insulation level of old-age care 
facilities. Each floor consists of sixteen bedrooms, two activity rooms, a central living 
room (with a kitchen), and a nurse station. A spacious green courtyard is on the ground 
floor, and two semi-opened terraces are on the first floor. The central living rooms are 
semi-opened spaces located at the junction of the L-shaped floor plan and connect to 
the courtyard or terraces (Fig. 4.1). Each central living room has a small kitchen, four 
dining tables, two sofas, some easy chairs, and a television. The elevator and staircase 
are near the entrance, but the staircase is usually closed for safety reasons. Bedrooms 
are orientated south or southeast. Each bedroom includes a private bathroom and is 
furnished with a single bed, cabinet, table, sofa, and television. Most furniture is against 
the walls to ensure the space for residents using wheelchairs and walkers. Residents can 
furnish their rooms with personal belongings. The ventilation is centrally controlled, 
and airflow in common spaces is higher than in bedrooms. The floor heating system 
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supplies hot water during the heating season or cold water to cool down the indoor 
temperature in summer. The setting temperature for indoor spaces is 23℃ (4 a.m. to 6 
p.m.) and 22℃ (6 p.m. to 4 a.m.) throughout the year. 

 

Fig. 4.1 Sensor locations in the case study. 

4.2.2 Research Participants 

Ten participants voluntarily participated in this research through an ethically approved 
recruitment process. Five participants lived on the ground floor, and the other five lived 
on the first floor. Their dementia stages have been assessed according to the Clinical 
Dementia Rating (CDR) shown in Table 4.2 [211]. All residents kept regular routines 
in the nursing home, which were not influenced by the study. Researchers collected 
observation data at a distance from the residents without interfering with their daily 
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activities. Due to residents’ ages and dementia stages, they had various degrees of 
hearing, reading, and writing difficulty. All the residents in the nursing home and their 
guardians were informed of the research background, methods, and objectives. The 
consent forms were signed and returned by participants or their families. 

Table 4.2 Participants’ information from nursing records. 

Note. CDR = 0 (Health), CDR = 0.5 (Questionable impairment), CDR = 1 (Mild impairment), 
CDR = 2 (Moderate impairment), CDR = 3 (Severe impairment). 

 

4.2.3 Research Procedure 

Indoor environmental data was continuously monitored by sensors from August to 
October 2022, and the observation data collection was carried out for fourteen days 
within the monitoring campaign. The research design and the use of sensors referenced 
the methods of the studies in Table 4.1. Twelve sensors were deployed in ten 
participants’ bedrooms and two central living rooms (red dots in Fig. 4.1). Sensors in 
bedrooms were installed 0.8 to 1 m high (the breathing height of sedentary or bedridden 
people) in their activity zone. The installation height in the central living rooms was 2 
m (on the cabinets), and sensor locations were near the kitchen to measure air quality 
variations during cooking times. Table 4.3 shows the specifications of sensors, 
including air temperature, relative humidity, CO2, the total volatile organic compound 
(TVOC), formaldehyde (HCHO), and particulate matter (PM2.5 and PM10). The TVOC 
unit has been converted from ppb to µg/m³ based on an average molar mass of TVOC 
molecules [212]. All devices were connected to the local Wi-Fi network and sent 
readings every 5 min to the cloud storage. 

 

Participant Gender Age Dementia stage (CDR) Illness or symptoms 
A Female 87 2-moderate Sleep problems 

B Male 65 2-moderate  

C Female 75 2-moderate Frequency of urination 

D Female 81 2-moderate Wandering 

E Female 89 2-moderate  

F Female 98 2-moderate Arthralgia 

G Female 89 2-moderate  

H Male 85 3-severe Frequency of urination, sleep problems 

I Female 78 2- moderate  

J Male 90 3-severe Wandering, sleep problems 
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Table 4.3 Sensor specifications (device: Edimax AI-2003W). 

Parameter Range Sensitivity 
PM2.5 0 - 500 μg/m3 >100 μg/m3, ± 20 % 

<100 μg/m3, ± 15 μg/m3 

PM10 0 - 500 μg/m3  

Temperature 0 - 80°C ± 1 °C 

CO2 0 - 10000 ppm ± 30 ppm 

TVOC 0 - 1000 ppb ± 15% 

Humidity 0 - 100% ± 5% 

HCHO 0 - 1 mg/m3 ± 10% 

The study used the fly-on-the-wall observation method to record the actual behaviour 
of people with dementia [38,51]. In August and September, researchers selected 
fourteen days (based on the arrangement of the nursing home and weather conditions) 
to record the ventilation control of monitored rooms as well as each participant’s 
location, activity, clothing level, and changed behaviour. The observation data was 
converted into numerical data (e.g. clothing level: 1-short sleeve, 2-pyjamas, 3-shirt, 4-
sweater, 5-jacket; activity: 1-sleeping, 2-sitting/napping, 3-reading/watching, 4-
chatting/eating, 5-walking, 6-exercising, 7-out of the building). Based on the schedule 
of participants (they usually were dressed and ready to come out of their bedrooms 
before 10 a.m. and went back to their bedrooms to rest after supper around 6 p.m.), the 
observation started from 10:00 till 18:00. The researcher went through the common 
spaces in the nursing home to check all participants in the different floors and stopped 
for a few minutes for data logging. The participants were not being continuously 
observed, and their information was logged every 30 min by filling out the form and 
using floorplans, pictures (people not included), sketches, and notes as supplementary 
information. Considering the fly-on-the-wall observation method could influence the 
residents’ activities and behaviours, researchers frequently visited the nursing home 
before the study started to reduce the strangeness. Ten participants’ names and bedroom 
numbers were coded using letters from A to J. After data collection, both sensor data 
and observation data were input into SPSS software for analysis.  

4.2.4 Data Analysis 

In this chapter, we collected three categories of data: 1) participants’ background 
information (age, gender, and dementia stage); 2) indoor environmental data (air 
temperature, relative humidity, CO2, TVOC, HCHO, PM2.5, and PM10; and 3) 
observation data (building facility management, participants’ locations, clothing levels, 
daily routines, changed behaviours, number of residents in the rooms, and residents’ 
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main activities). We used SPSS Version 26 for data description and Fisher’s exact tests 
to explore the influences of indoor environmental and contextual data on participants’ 
changed behaviours (p < 0.05 as significant). In addition, heatmap charts were made to 
show the participants’ locations at some specific moments according to the data 
analysis results. These charts associated with sensor data are used to describe the 
environmental conditions when changed behaviours were observed. 

4.3 Analysis of Changed Behaviours with Environmental and 
Contextual Factors 

Table 4.4 lists the date, time slot, location, the number of residents and their main 
activity in the space when a participant exhibited any changed behaviour, and the indoor 
environmental conditions at the exact moment. The changed behaviours observed in 
the courtyard were excluded from the data analysis. Most of the observed changed 
behaviours in the indoor environment were wandering, which half of the participants 
had. Besides, participants H and J showed more than one behaviour. The wandering 
behaviour was mostly exhibited but was not limited to common spaces (corridors or 
central living rooms). Sometimes, the participants were found pacing in their bedrooms. 
Participants’ hallucinatory symptoms can be recognised as participants (A, F, and H) 
were soliloquising to the air or objects (e.g. dolls). Participant J showed agitated 
behaviour once on 27th August, lasting for a few minutes. During the observation period, 
there were no extreme indoor conditions in the nursing home, such as being too cold or 
hot, too humid or dry, or poor air quality.  
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Table 4.4 The environmental and contextual data of changed behaviours. 

Parti-
cipant  

Date  Time 
slot  

Behaviour  Location  Tempera-
ture (◦C)  

Humidity 
(%)  

CO2 
(ppm) 

TVOC 
(μg/m3)  

PM2.5 
(μg/m3) 

HCHO 
(mg/m3)  

People 
counting  

Main 
activity  

A  Aug 
25  

11:30–
12:00  

Hallucinat-
ion  

Courtyard  29.00  42.00  –  –  –  –  2  1  

C  Sep 
17  

11:30–
12:00  

Wandering  Common  

space  

23.33  51.92  558.00  5.88  4.00  0.04  7  1  

D  Aug 
18  

13:00–
13:30  

Wandering  Common  

space  

22.98  76.28  672.00  8.33  2.00  0.05  6  1  

E  Aug 
16  

11:30–
12:00  

Wandering  Common  

space  

22.55  76.29  591.00  12.74  4.00  0.08  8  1  

 Aug 
16  

15:30–
16:00  

Wandering  Common  

space  

23.52  72.68  660.00  13.23  5.00  0.05  5  3  

 Aug 
18  

11:30–
12:00  

Wandering  Common  

space  

22.63  76.90  653.00  4.41  2.00  0.03  7  1  

 Aug 
18  

15:30–
16:00  

Wandering  Common  

space  

23.14  74.78  753.00  8.82  2.00  0.04  8  1  

 Aug 
23  

13:00–
13:30  

Wandering  Common  

space  

22.84  69.49  646.00  8.33  5.00  0.05  3  1  

F  Aug 
16  

11:30–
12:00  

Hallucinat-
ion  

Bedroom  23.23  69.67  447.00  0.98  3.00  0.02  1  1  

 Sep 
15  

17:30–
18:00  

Hallucinat-
ion  

Bedroom  22.20  53.22  476.00  1.96  2.00  0.02  1  2  

H  Aug 
18  

11:30–
12:00  

Wandering  Common  

space  

22.31  74.87  630.00  7.84  2.00  0.06  8  3  

 Aug 
18  

17:00–
17:30  

Wandering  Common  

space  

23.91  73.21  476.00  3.92  1.00  0.03  4  3  

 Aug 
23  

15:00–
15:30  

Wandering  Bedroom  23.63  60.93  563.00  2.45  5.00  0.03  1  4  

 Aug 
23  

15:30–
16:00  

Wandering  Courtyard  29.00  44.00  –  –  –  –  8  3  

 Aug 
23  

16:00–
16:30  

Hallucinat-
ion  

Common  

space  

24.16  62.73  465.00  2.45  7.00  0.02  7  3  

 Aug 
27  

11:30–
12:00  

Wandering  Common  

space  

22.60  61.77  499.00  0.98  3.00  0.02  4  1  

 Aug 
27  

15:00–
15:30  

Wandering  Common  

space  

23.11  61.46  585.00  4.90  2.00  0.03  6  3  

 Sept 
1  

11:30–
12:00  

Wandering  Common  

space  

24.30  50.18  466.00  2.94  3.00  0.03  7  1  

 Sept 
3  

13:30–
14:00  

Wandering  Common  

space  

24.79  46.44  495.00  5.88  7.00  0.04  3  1  

 Sept 
5  

14:00–
14:30  

Wandering  Bedroom  22.88  55.22  538.00  4.90  4.00  0.03  1  4  



Crafting Smart Homes: Innovative Design Strategies for Enhancing Quality of Housing to Age Well 

65 
 

Note. Main activities: 1-siting, 2-reading/watching, 3-eating/chatting, 4-walking. 

Table 4.5 Fisher’s exact test of changed behaviour types and contextual factors. 

Factors  Exact Sig. (2-sided) (with changed behaviour types) 

Indoor locations 0.086 

Time slots 0.057 

Ventilation controls 1.000 

Clothing levels 0.010* 

Note. (*) Significant at p<0.05 

Table 4.6 The locations of the changed behaviours observed (indoor). 

Changed behaviour Location Total (count) 
Bedroom  Common space 

Wandering  2 22 

1 

1 

24 

24 

Hallucination  2 3 

Agitation  0 1 

Total (count) 4 28 

Parti-
cipant  

Date  Time 
slot  

Behaviour  Location  Tempera-
ture (◦C)  

Humidity 
(%)  

CO2 
(ppm) 

TVOC 
(μg/m3)  

PM2.5 
(μg/m3) 

HCHO 
(mg/m3)  

People 
counting  

Main 
activity  

 Sept 
10  

11:30–
12:00  

Wandering  Common  

space  

22.47  73.62  532.00  4.90  7.00  0.04  7  1  

 Sept 
10  

14:00–
14:30  

Wandering  Common  

space  

22.80  71.83  469.00  3.92  7.00  0.04  1  4  

 Sept 
22  

10:30–
11:00  

Wandering  Common  

space  

22.88  49.36  656.00  7.84  5.00  0.05  5  1  

 Sept 
22  

13:00–
13:30  

Wandering  Common  

space  

23.90  50.18  671.00  11.76  5.00  0.06  3  1  

J  Aug 
23  

16:00–
16:30  

Wandering  Common  

space  

24.16  62.73  465.00  2.45  7.00  0.02  6  3  

 Aug 
27  

12:30–
13:00  

Agitation  Common  

space  

22.88  62.71  505.00  16.66  2.00  0.11  2  2  

 Aug 
27  

14:00–
14:30  

Wandering  Common  

space  

22.98  62.90  509.00  3.43  4.00  0.03  3  1  

 Aug 
27  

14:30–
15:00  

Wandering  Common  

space  

23.70  61.24  531.00  3.43  3.00  0.03  6  1  

 Sept 
22  

14:00–
14:30  

Wandering  Common  

space  

23.65  49.49  653.00  5.88  7.00  0.04  2  1  

 Sept 
22  

14:30–
15:00  

Wandering  Common  

space  

23.49  47.69  621.00  5.39  4.00  0.04  2  1  
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Fisher’s exact tests were conducted for data analysis. Table 4.5 shows the relationship 
between behaviour types and contextual factors. For the test, all variables were 
categorised: behaviour types (three categories: wandering, hallucination, and agitation), 
indoor locations (two categories: common spaces and bedrooms), time slots (three 
categories: morning 10:00 to 12:00, dining time 12:00 to 13:00 and 17:00 to 18:00, and 
afternoon 13:00 to 17:00), ventilation controls (three categories: natural, mechanical, 
and both), and clothing levels (four categories: short-sleeve shirt, long-sleeve shirt, 
sweater, and jacket). The result shows the behaviour types are only statistically 
correlated with clothing levels. Amongst twenty-eight recorded changed behaviours, 
twenty-four of them were observed in the common spaces (sixteen in central living 
rooms and eight in corridors), significantly higher than in bedrooms (Table 4.6). Since 
the location was not related to the behaviour types, and given that wandering was 
significantly more often seen than all other behaviours, the changed behaviours were 
considered as a whole in the subsequent analysis. Table 4.7 shows the relationship 
between the location of changed behaviour observed (two categories: common spaces 
and bedrooms) and indoor environmental factors (three categories: higher, approximate, 
and lower). Due to the lack of knowledge about the range in which people with 
dementia can perceive the changes of environmental indicators, we define parameter 
differences, comparing the data of the room changed behaviour observed and the data 
of other spaces. For this, we consider a difference of less than one average standard 
deviation (SD) of twelve monitored rooms (fourteen observation days) as approximate 
(temperature = 0.69, relative humidity = 10.37, CO2 = 55.08, TVOC = 1.62, PM2.5 = 
2.81, and HCHO = 0.02) as similar. A difference larger than a standard deviation (±SD) 
was coded as ‘higher’ and ‘lower’ respectively. Additionally, we also investigated with 
Fisher’s exact test, the relationship with the main activity carried out (four categories: 
sitting, reading/watching TV, eating/chatting, and walking) and the number of residents 
present (eight categories: one to eight) in the spaces where changed behaviours were 
observed (Table 4.7). The result shows that room temperature, TVOC, HCHO levels, 
the number of residents, and their activities statistically correlate with the locations. 

The indoor environmental parameters were steady when changed behaviours were 
observed (temperature mean value (M) = 23.25℃, SD = 0.65; relative humidity M = 
62.85%, SD = 10.18; CO2 M = 563.75 ppm, SD = 84.67; TVOC M = 5.95 μg/m3, SD 
= 3.90; PM2.5 M = 3.96 μg/m3, SD = 2.01; HCHO M = 0.04 mg/m3, SD = 0.02). 
However, as shown in Fig. 4.2 and 4.3, changed behaviours present a clear pattern for 
factors statistically related (e.g. temperature), while such distinction cannot be (visually) 
made for factors not statistically related (e.g. relative humidity). Indoor temperatures 
(fourteen observation days) of Rooms A to E and the central living room on the ground 
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floor are at the upper part of Fig. 4.2, Rooms F to J and the central living room on the 
first floor are at the bottom part. Exterior conditions are shown at the top of the figures 
for each day. The different colours of solid and dotted lines indicate the temperatures 
in the rooms, and the colour dots accompanying the letters of participants indicate the 
type of their changed behaviours. On scorching weather days, the average temperature 
on the first floor was 1℃ higher than on the ground floor. The data deviation of rooms 
on the first floor was larger than on the ground floor. Most changed behaviours were 
exhibited in the warmest central living rooms or the coolest Rooms F and H, between 
22 and 25℃, which were maintained in the ranges as ASHRAE 55 suggested [154]. 
The temperature in the central living room rose more significantly during cooking and 
dining times, while the other rooms had tiny fluctuations.  

Table 4.7 Fisher’s exact test of changed behaviour locations and indoor environmental 
or contextual factors. 

Factors Exact Sig. (2-sided) (with changed behaviour locations) 

Temperature 0.001* 

Humidity 0.270 

CO2 0.057 

TVOC 0.022* 

PM2.5 0.146 

HCHO 0.033* 

Number of residents in the space 0.004* 

Main activities of residents 0.029* 

Note. (*) Significant at p<0.05 

The indoor relative humidity in the nursing home was stable during the daytime (Fig. 
4.3). The ranges during the monitoring campaign were from 35 to 85%. Each room 
variated about 10% during one day. Unlike indoor temperature variations, relative 
humidity was usually highest in the morning, lowest in the middle of the day, and 
gradually picked up in the evening. The average humidity level on the first floor 
(bottom part) was 5% lower than on the ground floor (top part). Based on the 
simultaneous observation and monitoring, participants’ occupancy in bedrooms had 
tiny influences on the data fluctuation. In Fig. 4.3, the changed behaviour occurrence 
does not show a clear pattern with the relative humidity trend (not always in the 
warmest or coolest room), which is consistent with Fisher’s exact test results. However, 
it can be seen from the figure that most of the changed behaviours appeared in the 
interval of 60 to 75% humidity. 
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The observation data of participants and environmental data of rooms they stayed in 
were logged and integrated into floor plans to find the relationships. Fig. 4.4 and Fig. 
4.5 compare the participants’ daytime activities, movement ranges, the locations of 
changed behaviours, as well as indoor and outdoor environmental parameters. The 
purpose is to illustrate the difference between the day with changed behaviours 
exhibited and the day without. However, since it was not observed a large number of 
changed behaviours on the same day and two floors, we conducted separate 
comparisons between the ground floor (three records) on the 18th of August, the first 
floor (five records) on the 27th of August, and both floors with no records on the 13th of 
September. These three days were under essentially the same outdoor and indoor 
conditions, which minimised the influences of environmental factors. In these heatmap 
charts, the blue areas indicate participants seldom arrived, and the green areas were the 
places they shortly stayed. In the yellow and orange areas, participants stayed longer 
than 0.5 and 1 h. For instance, the upper part of Fig. 4.5 shows that Participant H usually 
talked with others in front of the staircase, so the areas were yellow or orange rather 
than blue. The red areas mean participants stayed longer than 2 h. The black dots show 
the time and type of specific participant who exhibited changed behaviour. These charts 
show that participants (D, E, H, and J) had larger activity ranges on the days with 
changed behaviours (left) than on the days without (right). The hotspots of the daytime 
activities were concentrated in central living rooms and bedrooms. Moreover, based on 
the observation data of other residents’ states, we found that they were relatively spread 
out when participants exhibited changed behaviours. They were sitting or napping on 
the chairs and had little interaction with each other, so the changed behaviour was 
seldom intervened. 

The routes and extent of wandering were random. Sometimes, the participants paced 
repeatedly between the doorways of their bedrooms and central living rooms, or they 
walked to the end of a corridor and then turned back. Although each bedroom door 
pasted the portrait photo and name tag, participants could still lose their way back. 
Hallucinatory symptoms usually happened to the participants staying alone. One record 
in the corridor was participant H soliloquising and gesturing in front of his bedroom. 
During the observation, agitation was only observed once in the central living room as 
Participant J yelled at care professionals without signs and pushed away the tableware 
during lunch. In conjunction with the participant’s personal information, the locations 
of changed behaviours are related to the individual’s mobility and degree of dementia. 
For instance, participant F had mobility limitations, and her changed behaviours were 
observed in her bedroom. Participants H and J were in the severe dementia stage and 
exhibited more changed behaviours than others. 
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Further analysis of the nursing home layout using the DepthmapX software reveals that 
the changed behaviours exhibited less in the areas of higher visibility and pedestrian 
flow (red, orange, and yellow colours in Fig. 4.6). Changed behaviours were mostly in 
areas which could be overlooked (green and blue colours in Fig. 4.6). There were six 
records (20%) of changed behaviours recorded in bedrooms or outdoor spaces, five 
(16.7%) were in the centre areas of the building, and nineteen (63.3%) observed in the 
edge of common spaces, such as at the corners of central living rooms. 

 

 

Fig. 4.2  Indoor air temperature, outdoor weather, and participants’ changed 
behaviours on the observation days.   

 

 

Fig. 4.3 Indoor relative humidity, outdoor weather, and changed behaviours on the 
observation days. 
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 Fig. 4.6 The locations of observed changed behaviours combined with Visibility 
Graph Analysis. 

4.4 Discussion 

In this chapter, we investigated the effect of indoor environmental and contextual 
factors on the behaviours of people with dementia. We focused on the conditions of 
changed behaviour exhibited and analysed the indoor environmental and contextual 
factors logged during the period of fly-on-the-wall observation. Thus, we collected 
different data types to explore these relationships and considered outdoor weather data 
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and participants’ clothing levels, activities in common spaces, and building facility 
operations. Thirty changed behaviours, wandering, hallucination, and agitation, listed 
in Table 4.4, were from seven participants. Some contextual factors (e.g. clothing levels) 
remained unchanged during the daytime in this study. However, clothing adjustment is 
a good way to adapt to environmental changes, which may be beyond the abilities of 
people with dementia [198]. Thus, these factors could trigger participants’ changed 
behaviours or encourage them to move to other areas. 

The floor plans of the studied nursing home are L-shaped. The staircase, elevator, and 
central living rooms are located at the junction of two corridors, and each corridor is a 
linear system with one or multiple corners [207]. Corridors play a crucial role in linking 
the indoor spaces. The availability of different rooms for different purposes, activities, 
and arrangements impacts residents’ preferences to stay and their living qualities [213]. 
Thus, the L-shaped layout makes the space centripetal, and residents prefer to stay near 
the central living rooms rather than the activity rooms in corners (Fig. 4.6). The basic 
typology of wandering patterns is proposed as lapping, pacing, random, and direct 
individual ambulation episodes, and random has been validated as the most common 
[214]. However, people with dementia often exhibit more than one pattern. In this study, 
these patterns are clearly shown in the linear floor plan. Participants’ routes were 
random (pacing in a small area or walking directly to the end of corridors), and the time 
of wandering start and end was also unpredictable. Sometimes, residents could wander 
onto the other floors through the elevator because the elevator is easy to access (the 
staircase was closed). The location of elevators in nursing homes needs to be carefully 
considered. Another imperfection of the building layout is centralised with the long, 
straight, materially identical, similar furnishing arrangement corridor. This 
centralisation of personal and common space instils residents an alienation from spaces 
they do not often access and gives them a sense of disorientation to their surroundings 
[215]. Residents were found wandering in the corridors but rarely went to the corner 
activity rooms. 

The building quality of the studied nursing home was high, the facilities were new and 
operating well, and all bedrooms were similar in layout and orientation. Indoor 
environmental quality and care-related factors, such as thermal properties of the 
building, ventilation, cooling and heating systems and care service schedule, were 
consistent in the studied nursing home [216]. Sensor data shows the temperatures in 
bedrooms basically fluctuated between 18 and 24℃ as the WHO suggests for sedentary 
people [176], and each room usually had less than 1℃ standard deviations during one 
day. Relative humidity data varied between 35% and 85%, and the fluctuations were 
around 10% within one day of all monitored rooms. Besides, the air quality was well 
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maintained in the nursing home. Based on existing research, the healthy threshold of 
CO2 concentration has been set at 800 ppm, and the harmless limit is 1000 ppm [166]. 
The TVOC limit proposed by the European Commission is 300 μg/m3, and the comfort 
range is under 200 μg/m3 [169]. WHO air quality guidelines suggest the short-term (24 
h) PM2.5 and PM10 levels are 15 μg/m3 and 45 μg/m3, whilst the annual PM2.5 and PM10 
levels are 5 μg/m3 and 15 μg/m3 [217]. The guideline value for HCHO of the 
Netherlands is 0.12 mg/m3 [218]. The average mean values of CO2 were around 500 
ppm, TVOC mean values were less than 5 μg/m3, PM2.5 mean values were 4 μg/m3, and 
HCHO levels were below 0.04 mg/m3 in the nursing home. Although data analysis 
results show that the indoor environments were not under extreme indoor conditions, 
the relationships between room conditions (air temperature, TVOC, and HCHO levels) 
and the locations of the changed behaviours were significant in this case study. 
According to the observation records, Fig. 4.7 shows the percentage of the room 
conditions (changed behaviours observed) that were similar, higher, or lower compared 
with other spaces on the same floor. In these rooms, temperature had a larger percentage 
warmer than the average (67.9% in red colour); relative humidity had a larger 
percentage approximately the average (89.3% in grey colour); and air quality 
parameters had slightly larger percentages higher, which partly confirms that the 
thermal environment has a significant impact on nursing home residents [34]. In this 
study, the proportions of CO2 and TVOC, as well as PM2.5 and HCHO, are consistent, 
but only TVOC and HCHO are statistically significant. The reason could be the 
interconnection between indoor environmental indicators (e.g. HCHO negatively 
correlated with indoor temperature in summer) or specific activity causes indicators to 
increase (e.g. cooking) [219]. People with dementia’s tolerance ranges of these air 
quality indicators still need to be explored. 
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Fig. 4.7 The percentage of indoor environmental conditions when changed behaviours 

were observed. 

This chapter specifically focuses on the relationship between two factors (changed 
behaviours and indoor environment) of the triadic reciprocal causation model [50]. The 
findings reveal that indoor environmental factors (temperature, TVOC, HCHO, and 
activities of other residents) influenced participants’ changed behaviours, and the 
behaviour patterns showed differently in the indoor spaces. Personal factors, such as 
dementia stage and illness, also influence the occurrences, ranges, and locations of 
changed behaviours to some extent. However, limitations exist in this study, including 
the scale of the nursing home, data collection period, and number of participants, which 
need to be extended and addressed in future research. We observed other changed 
behaviours from the rest of the residents (e.g. screaming and depression). As they were 
not participants in the study, their information was not included. Limited sampling sites 
and participants meant that the relationships between indoor environmental indicators, 
activities, locations, and behaviours could hardly be assessed quantitatively and did not 
allow for more general conclusions to be drawn. Considering the heterogeneity of older 
adults and nursing home conditions, collecting data from more residents living in 
different nursing homes may bring new challenges for data analysis. People with 
dementia may have different sensations of indoor environmental changes, and there is 
no exact perception range of the parameter changes for this group [32,197]. Thus, we 
categorised and analysed the indoor environmental data according to both observation 
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records and standard deviations of the sensor data for Fisher’s exact tests. Furthermore, 
we had no permission to observe participants at night to check if they had sleep 
disturbance and restlessness. Some behaviours with no obvious characteristics (e.g. 
apathy) were excluded from data collection and discussion. Protecting privacy when 
using the fly-on-the-wall observation method is essential. Participants habitually 
returned to their bedrooms for napping after lunch and locked the door. In this case, we 
needed care professionals’ help to check the participants’ conditions since they were 
familiar with and brought minimum interference. Moreover, existing research found a 
high incidence of wandering behaviour around dinner time [220,221], but the changed 
behaviours more frequently appeared in this study before lunch (nine records of 11:30 
to 12:00). Food and medication could also be stimulations, which trigger the changed 
behaviour but were considered out of the scope of this study. Last, we only collected 
data during the summer, given that in newly built buildings, it is more difficult to 
maintain comfortable parameters in the summer (e.g. overheating) than in the winter. 
We observed very similar indoor parameters in this nursing home in other seasons. 

4.5 Conclusion 

This chapter was conducted in a small-scaled nursing home in the Netherlands to collect 
indoor environmental data, contextual data, and details of participants’ changed 
behaviours. Its objective was to explore the relevance of environmental and contextual 
factors with the occurrences and locations of changed behaviours. Although the 
excellent building thermal properties and facility operation, the indoor air temperature, 
humidity, and air quality parameters deviations were small, the room conditions of 
temperature, TVOC, and HCHO levels could be factors influencing where the changed 
behaviours were exhibited. However, we also found that the changed behaviour was 
significantly related to the clothing levels, the number of people present in the space, 
and their main activities when it happened. Besides the individuals’ health conditions, 
the floor plan and spatial layout impact residents’ activity ranges to some extent. If 
conditions allow, future research is suggested to focus on behavioural changes amongst 
people with dementia who live in a variable indoor environment, such as older non-
renovated buildings, to explore the appropriate indoor environmental conditions that 
could help to reduce changed behaviours and improve their living quality. Because the 
changed behaviours of people with dementia are not eliminated by being with others or 
living in well-maintained indoor environments, the recommendation for nursing home 
design is to increase the visibility of the indoor spaces and avoid setting common areas 
at corners. Caregivers are suggested to pay more attention to the edge of common 
spaces if older adults stay there for a long time. Changed behaviours are likely to be 
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exhibited in these overlooked spaces, which need to be distinguished to prevent serious 
consequences. 
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Chapter 5                                                              
Social Housing Renovation for Healthy Ageing: 
An Empathic Design Approach for Creating 
Immersive Environments through Virtual Reality  
 

Abstract 
With the increasing ageing population, there is a shortage of suitable housing stock for 
the ageing group. One effective way is to renovate the existing housing to improve 
older adults’ living qualities and independence. The development of innovative 
technologies (e.g. virtual reality) and design approaches (e.g. empathic design) can 
provide new strategies for housing renovation practices. However, the knowledge of 
integrating innovative technologies and design approaches remains notably limited, 
with the potential value yet to be fully recognised. This chapter explores and validates 
an approach that synergises virtual reality technologies and empathic design within a 
senior social housing renovation practice, which focuses on three primary aspects: a) 
translating the data of user requirements and housing assessment into digital models by 
the empathic design approach, b) developing immersive virtual environments to 
illustrate design variations, and c) evaluating the renovation design with stakeholders 
using virtual reality devices. The data analysis of the interview, questionnaire, and 
experimentation recording revealed that using virtual reality technologies to show 
customised design scenarios enhances stakeholder engagement and improves the 
effectiveness of the design process, especially for older adults. Some practical 
implications on virtual reality application, model design, and empathic approach are 
provided. 
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5.1 Innovative Approaches for Architectural Design 

According to the latest report of the Central Bureau of Statistics of the Netherlands 
(CBS), on 1 January 2023, the Netherlands had 3,601,167 inhabitants aged 65 years 
and over, representing 20.2 % of the population [222]. This percentage is expected to 
increase to 26% in 2035 [223]. One of the concerns related to population ageing is the 
issue of ageing-in-place, remaining in individuals’ homes and communities safely, 
independently, and comfortably, regardless of age, income, or ability level [224]. 
Existing studies suggest that supportive services and features, such as home 
modification and assistive technologies, can improve older adults’ ability to remain at 
home and promote independence [225,226]. However, over 40,000 Dutch households 
aged 65 and above still live in an ‘unsuitable’ home environment [8]. Indoor barriers 
and hazards are potential safety threats (e.g. staircase), and even large-sized houses 
could increase the difficulties of their daily lives [227,228]. Thus, the availability of 
home renovation programmes, which can help older adults adjust their homes to meet 
their needs, is an important factor for living quality and independence [229,230]. 
However, traditional design approaches do not intuitively show the renovation benefits 
after construction. Considering time and costs, home renovation is not always accepted, 
even if necessary [135]. Furthermore, most existing guidelines for home renovation 
design reflect a standardised and singular plan. In contrast, personalised and customised 
design based on older adults’ real living conditions always raises their empathy [231]. 
The empathic design, a user-centred approach that focuses on the user's feelings toward 
design, is rarely applied in housing renovation projects [48]. 

Virtual reality (VR) technology plays an essential role in the technical application of 
architectural design and research, and it has the potential to be an excellent medium for 
presenting the immersive experience of scenarios designed to be built in the real world 
[39,135,232,233]. It also allows manipulations of built environments that could not 
effectively be implemented in the real world, which differs from videos, photographs, 
and sketches [234]. The advantages of using VR technologies in architectural design 
include [39,235–238]: 1) Enhanced visualisation: VR allows architects and designers 
to create immersive 3D visualisations of architectural plans; 2) Cognitive engagement: 
VR can be used to stimulate cognitive engagement by offering interactive experiences; 
3) Accessibility testing: VR test accessibility challenges in design scenarios, which is 
essential for older adults who may have mobility or sensory impairments. 4) Stress 
reduction: VR is a tool to reduce the stress and anxiety of modifying individuals’ living 
spaces, provides a safe and familiar environment for them to adapt to proposed 
architectural changes; and 5) User assessment: Stakeholders can assess the feasibility 
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of design concepts by using VR on how well the ideas addressed in the virtual 
environments. 

Integrating VR with empathic-designed models could provide new architectural design 
and research directions. Current studies mostly focus on urban development and 3D 
city modelling [239]. The knowledge of leveraging these tools specifically on the 
building scale is limited. In the architectural heritage research, Bevilacqua et al. used 
three case studies to illustrate the reconstructive digital modelling and the prototype of 
the application of VR. They proposed digital replicas to perceive and understand the 
close relationship between the physical environment of historical buildings and viewers 
with VR and Augmented Reality (AR) [240]. Kalantari et al. developed and tested a 
hybrid physical/digital toolset, ‘Ph2D’, for architectural prototyping as an innovative 
tool for the design process. It allowed adjustments in a physical floorplan model to be 
mirrored and analysed in a digital platform [43]. Najafi et al. have begun to explore 
using VR in conjunction with healthy ageing principles, assessing age-friendly 
community designs. However, the full potential to improve the quality of life for older 
adults has yet to be fully realised [241]. Hou et al. have delved into the emotional 
impacts of facility environments on older adults [242]. There is still a pressing need for 
holistic approaches that combine these technological innovations with senior housing 
design. 

In various studies on social housing and older users, VR technologies were often 
utilised as tools to assess and analyse the home environment, including the size of the 
rooms, the furniture, and the width of the doors. These assessments were aimed at 
identifying structural changes that could be made to enhance the accessibility of the 
older adults’ homes and also to help select suitable assistive equipment [232]. Although 
VR technology can provide virtual environments that are almost close to the real 
environment, it should focus more on simulating human actions or real conditions 
rather than on the quality of the rendering [243]. Existing studies show fewer mistakes 
and better results if older adults participate in the decision-making and design processes 
[39]. However, in the field of housing renovation for the ageing population, there is a 
lack of empirical evidence regarding the best design practices for home settings 
[244,245]. By including older adults as co-researchers, designers can gain valuable 
insights into their needs and preferences, which inform the design of more inclusive 
and effective living environments. This chapter seeks to fill this gap, providing new 
insights into using VR technology to create more immersive and empathic 
environments for older residents in social housing. It is structured in three distinct 
phases: the initial phase was focused on assessing the current condition of the social 
housing in the case study and identifying the residents’ requirements for renovation. 
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The subsequent phase developed immersive virtual environments and scenarios to 
illustrate design variations. The last phase aimed to gauge the stakeholders’ satisfaction 
and acceptance of the renovation design approach demonstrated through VR. The 
outcomes of this chapter are anticipated to provide insights for devising an optimal 
design approach to support creating healthy ageing environments.  

5.2 The Research Process on Social Housing Renovation Practice 

5.2.1 Case Study 

 
Fig. 5.1 The site plan of the case study. 

The subject of this case study is a residential compound in south Eindhoven, the 
Netherlands, comprising a block of four apartment buildings constructed during the 
1970s (the marked area in Fig. 5.1 shows the location of one building demolished in 
2020). These structures are interconnected via corridors, facilitating pedestrian 
circulation and interpersonal interactions among the inhabitants. The central courtyard, 
interspersed with verdant shrubbery and plane trees, serves as a communal space for 
the residents. Approximately 140 individuals live in this residential compound. Most 
of them are over 65 and intent on maintaining their independence for as long as possible. 
Each five-storey building contains forty residential units, complemented by two 
staircases, an elevator, and auxiliary spaces in the basement, including storage areas 
and lounges for social gatherings. The apartments are of two distinct dimensions, with 
interior spaces measuring 52 m² (two-room flat) and 75 m² (three-room flat), 
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respectively, and feature varying balcony sizes contingent upon their specific locations 
(Fig. 5.2). The apartments are oriented along an east-west axis, offering advantageous 
views. 

 

Fig. 5.2 Two apartment types on one floor (Source: Arctitektnburo van de Kerkhof).  

5.2.2 Participants Recruitment  

The participants were involved in two research phases. Five senior residents (Group 
Residents) were recruited through an ethically approved recruitment process. They 
voluntarily participated in the study and were healthy and living independently (four 
males and one female, between 63 and 82 years old). Before starting, they were 
informed of the research background, methods, and objectives and signed the consent 
forms to participate in the interview and VR experimentation. Group Designers include 
five younger people (designers and the project consultant between 28 and 42 years old). 
They were invited to participate in the VR experimentation. 

5.2.3 Research Design  

The chapter followed the empathic design framework [38] and the smart home 
modification process [135] that used mixed methods for data collection, modelling, and 
data analysis. The process is shown in Fig. 5.3: 
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Fig. 5.3 The methodological framework. 

5.2.4 Housing Assessment and Residents’ Requirement Investigation 

To explore the social housing features and residents’ requirements for renovation to 
promote healthy living, this chapter started with the housing assessment and in-depth 
interviews with Group Residents. The method was based on the Architectural and 
Psycho-environmental Retrofitting Assessment Method (APRAM) and Housing 
Enabler (HE). APRAM is useful for building renovation and employs multiple 
dimensions of analysis to obtain a comprehensive diagnosis. The diagnosis combines 
an objective dimension, which comes from the technical results of architectural 
inspections, and a subjective dimension that gathers the social perceptions of residents 
[246]. HE is an instrument widely used for housing accessibility assessment and 
analysis, especially in older adults’ homes [247]. The interviews also considered five 
critical factors pertinent to ageing-in-place: building layout, accessibility, comfort, 
security and health, and use and control, as outlined in existing literature [248,249]. 
Group Residents expressed their satisfaction levels with their living environments, 
articulated issues of the residential building, and conveyed their expectations for 
addressing these challenges. Additionally, details of room layouts and furniture 
characteristics, documented through photographs and sketches, were gathered during 
these interviews, providing the basis for creating detailed digital models. 
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5.2.5 Digital Modelling and Scenario Preparation 

The data collected from the housing assessment and interviews were translated and 
associated with drawings from the architectural firm (Arctitektnburo van de Kerkhof) 
and measurements of the sites to elaborate the digital model of the studied residential 
compound. Four components of the current residential compound were developed: 1) 
the existing residential buildings and connecting corridors, 2) the interior of five 
interviewees’ apartments, 3) the landscaped features of the residential compound, 
including slopes, pathways, trees, and benches, and 4) the adjacent streets and the 
broader environment. Creating an accurate model aims to provide empathic 
environments for participants. Emphasis was placed on accurately replicating the 
residences of Group Residents, encompassing spatial configurations, furnishings, and 
textural details, to facilitate the comparison among the renovation options. Twenty 
renovation scenarios were developed based on the current residential compound 
prototype (see section 5.3). The modelling process utilised SketchUp and Blender 
software platforms, which support various file format interactions.  

The completed digital model was imported into Unity, a robust and versatile game 
development engine. Key features of Unity, including real-time lighting and shadow 
effects, facilitated the creation of a visually immersive and dynamic virtual 
environment that accurately mirrors the physical counterpart [250]. Unity’s diverse 
camera angles and perspectives enabled users to intuitively navigate the virtual space, 
gaining a thorough understanding of design details and spatial relationships [251]. 
Unity also allowed for the seamless integration of sound and other sensory elements, 
such as haptics, enhancing the realism and engagement of the VR experience [250–
252]. The Extended Reality (XR) and Android Software Development Kit (SDK) were 
used to develop smooth interactivity within the virtual environment, incorporating user 
input from various sources such as touch, buttons, and cross-platform VR controllers 
[253,254]. The Universal Render Pipeline (URP) was utilised to render the final models. 
Its rendering capabilities ensured compatibility across different VR platforms while 
offering scalability, customisation, and a rich feature set.  

User communication was facilitated through Oculus Quest 2, a standalone VR headset. 
It enables positional tracking in space by offering a per-eye resolution of 1832 * 1920 
pixels and supporting 6 degrees of freedom tracking. Its immersive capabilities, ease of 
use, and ergonomic design minimise physical discomfort, crucial for maintaining 
engagement among users who may be more sensitive to the physical demands of VR 
technology. Considering the safety of senior residents, the VR experimentation was 
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designed to employ a sitting mode, allowing them to explore the content while seated 
and eliminating the need to stand or move around [233]. 

5.2.6 VR Experimentation 

During the validation phase, ten participants (Group Residents and Group Designers) 
were convened to engage in the VR experience to collect their feedback. This involved 
the utilisation of the VR headset to navigate virtual tours, showcasing both the common 
areas and individual apartments pre- and post-renovation. All the participants were 
informed about the experimentation plan and objectives. They signed the consent forms 
and understood they could stop the test anytime. Before using VR headsets, we used 
posters to explain variations of renovation design to start the conversation (Fig. 5.4). 
Participants discussed the scenarios that they were interested in experiencing with 
researchers. Experiencing each scenario was around 6 minutes, as the existing study 
suggested range [255]. They viewed the selected scenarios alternately and could have 
rest in between. 

 

Fig. 5.4. Poster introduction. 

The experimentation process was designed as one participant wearing the VR headset 
and the view in VR projecting on a screen for the rest of the people (Fig. 5.5). The tour 
commenced at the main entrance of the residential building model, leading the 
participants into the lobby. By selecting their apartment number in front of the elevator, 
they will be teleported to the front of their apartments. Considering that the usage of 
VR controllers could be complicated for older adults when they were wearing the VR 
headset, researchers helped them switch the cameras to navigate the VR tour. Several 
teleport spots were set in the corridor, hallway, living room, balcony, bedroom, and 
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bathroom of the digital models. Participants can tell researchers they would like to 
move forward or back. During this process, they were free to share ideas and comments, 
such as which design they liked or disliked and their remarks. The conversations were 
recorded. Subsequently, each participant filled out a questionnaire developed based on 
the Technology Acceptance Model (TAM) [256]. The questionnaire was designed 
using a 5-point Likert scale ranging from ‘strongly agree’ to ‘strongly disagree’, 
including perceived usefulness (e.g. using VR helps me to understand the renovation 
design), perceived ease of use (e.g. I find it is easy to use VR to communicate the design 
ideas with designers), attitude toward using (e.g. I think it is interesting to make the 
objects in VR environments more interactive), and intention to use (e.g. I tend to use 
VR of the future project updating). The questionnaires were associated with the audio 
recording transcriptions for data analysis. 

 

Fig. 5.5 VR Experimentation of Group Residents (left) and Group Designers (right). 

5.2.7 Data Analysis  

As Fig. 5.3 shows, the data were mainly collected in two phases. The first phase 
included interviews and a literature review conducted for digital modelling, generating 
design guidelines, and renovation variation design; in the second phase, VR 
experimentation, we collected questionnaires and discussions by handwritten and audio 
recordings to gain insight into user evaluation. The interviews were recorded using an 
audio recorder, and the VR experimentation process was recorded using computer 
devices. All data were transcribed using MS Word for narrative analysis and descriptive 
analysis. 

Verbatim transcripts are the unfiltered representation of reality. In order to make sense 
of them, they require classification [257]. To achieve this, the transcription of the 
interviews and the discussions during VR experimentation were classified by themes. 
The interviewed themes were classified into two main parts: housing physical 
conditions and indoor comfort. The data analysis of discussion content associated with 
questionnaire results generated seven themes: the comfort of using VR, ease of 
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understanding, ease of communicating, scenario interactivity, empathy of customised 
design, acceptance of technology/approach, and overall satisfaction. These themes are 
discussed and supported by verbatim extracts from the data to highlight important 
issues. The aim is to use results to enhance and optimise the renovation design. 

5.3 Renovation Design and Evaluation 

5.3.1 The Results of the Housing Assessment and Interviews 

The renovation design and modelling specifically focused on the residential building 
and apartment interiors, and the investigation of the exterior surroundings was excluded. 
By analysing the data collected from interviews and housing assessment, the problems 
and requirements for renovation were mainly concentrated on the architectural design 
level. 

The common areas of the residential buildings had no accessibility problems. The 
design of entrance spaces, door width, stairs, walking surfaces, and handrails was well-
designed for older adults’ usage according to assessment checklists. Each entrance hall 
was equipped with an elevator, some benches for rest near the letterboxes, and the doors 
were easily opened or closed (Fig. 5.6). 

 

Fig. 5.6 The common area of one residential building. 
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Problems in the interviewees’ apartments were listed in Tables 5.1 and 5.2. For instance, 
the hallway is narrow (less than 1.2 m in width) and dark, which could be hazardous 
for older adults, especially at night. In the I-shaped kitchen, the spaces for operation 
and the cupboards for tableware are insufficient, and interviewees would prefer an L-
shaped kitchen. The bathroom layout of the apartment (Type B) was L-shaped. The 
space was too narrow to turn around with a wheelchair or walker (the width of some 
areas was less than 0.9 m). Most residents put a washing machine at the corner and 
blocked the path. The accessibility problem existed in one interviewee’s bedroom. It 
was crowded, and only on one side of the bed a space over 0.9 m was kept. The privacy 
issues in the balcony were reported by 3 of 5 interviewees (the transparent material and 
insufficient height of partitions in balconies). The problems in Table 5.1, related to 
spatial layout, accessibility, and architectural elements, were considered for renovation 
design based on established design guidelines [258–261]. 

Table 5.1 Problems with building layout and accessibility of housing assessment and 
interview. 

Problems Housing assessment by 
researchers (APRAM and HE) 

Reported by 
interviewees (count) 

Hallway 

• Narrow and dark Yes 2 

Kitchen 

• Insufficient operation spaces Yes 3 

Bathroom 

• Inappropriate design for laundry Yes 3 

• Insufficient manoeuvring spaces Yes 5 

Bedroom 

• Low accessibility for people with 
mobility limitations 

Yes (in one room) 1 

Balcony   

• Privacy Yes 3 

• Sun shading Yes 2 

General 

Insufficient spaces for indoor activity, 
white goods, or storage  

No 3 

Controls and operable hardware Yes 3 

Note. Yes: the researcher found the according to the assessment tools; No: the researcher didn’t 
find. 



Chapter 5 Social Housing Renovation for Healthy Ageing 

90 
 

According to the housing assessment and interview, some problems related to building 
insulation and indoor comfort were also found or reported (Table 5.2). Two 
interviewees reported that their rooms were too bright during the summer day. Three 
of them complained that the indoor temperature was sometimes hot in summer or cold 
in winter. The residents thought that the old windows and heating system were the 
reasons for the poor thermal environment. Most interviewees also had problems with 
the noise from the old pipelines or neighbours. The ventilation in the kitchen was not 
operating well because of the outlet location and low fan speed. The smells lingered in 
the rooms if the windows were not open.  

Table 5.2 Problems with building insulation and indoor comfort of housing assessment 
and interview. 

Problems Housing assessment by 
researchers (APRAM and HE) 

Reported by 
interviewees (count) 

Light environment 

• Too bright or dark during the 
daytime 

No 2 

Thermal environment 

• Window insulation No 3 

• Heating control Yes 3 

Noise  

• From pipeline No 1 

• For neighbours No 4 

Air quality 

• Ventilation operation Yes  3 

Note. Yes: the researcher found the according to the assessment tools; No: the researcher didn’t 
find. 

5.3.2 Design Variations for VR Experimentation 

According to the collected data, we used the empathic design approach to remodel the 
entire residential compound and five detailed apartments of interviewees. The digital 
model of the room layout, texture, furniture, ornaments, and outdoor environment was 
made as realistic as possible for the actual apartment (see Fig. 5.7). The aim is to 
provide senior residents with home-like environments and reduce their strangeness 
during the experimentation. 
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Fig. 5.7 Current indoor scene (left) and empathic designed digital model in Unity 
(right). 

The renovation design variations were based on digital models of the interviewees’ 
apartments and their specific home settings (Fig. 5.8). Variation A is designed based 
on the drawing of the architectural firm responsible for the project, which will likely be 
used for future construction. Researchers designed variation B according to the 
solutions to problems listed in Table 5.1 and renovation design guidelines. The design 
process considered different interviewee’s requirements and their focus on building 
layout and accessibility problems. So, the variations for each interviewee are slightly 
different. In variation B, the kitchen is L-shaped for more operation spaces. A minimum 
turning radius of 1.5 m within the living room, bedroom, and bathroom space. 
Adjustments in the kitchen and bathroom include reducing the heights of worktops and 
basins to 0.8 m. The shower stall is larger than 0.9 m x 0.9 m and outfitted with seats 
and handrails, facilitating ease of use for older adults and considering the possibility of 
transition from wheelchairs. Additionally, shower doors are designed to open from the 
outside in emergencies. As interviewees require, the door between the bathroom and 
bedroom has been replaced with sliding doors. In the bedroom, maintain a minimum 
gap of 0.9 m between the bed and surrounding walls or furniture to ensure easy access. 
The living room, bedroom, and balcony, which received fewer complaints, largely 
retain their current layouts. The main differences between the variations are the 
bathroom and storage room layout. Except for variation A, the hallway is opened to 
make a brighter and more accessible kitchen space. 
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Fig. 5.8 The variations of renovation design. 

Variation C was designed to solve the specific requirement of Table 5.1, which more 
than half of the interviewees reported: insufficient indoor spaces. The original external 
walls and windows of the living room and bedroom were replaced by sliding doors. 
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The balcony was sealed by glass windows. Residents can flexibly use the balcony space 
according to the weather and season as a part of indoor or semi-outdoor space. 
Furthermore, the storage space merged with the bathroom, making the space larger, 
which increased the accessibility. 

Variation D deepened variation B to improve indoor environment control (Table 5.1) 
and indoor comfort (Table 5.2), which also considered the situation of older adults 
having mobility or cognitive limitations in future ageing stages. The wall between the 
living room and bedroom was removed to simplify the space’s complexity and improve 
visibility. This plan incorporated smart technology interactions (animations were used 
in the VR to show how the interaction would work), such as an automated lighting 
system that activates upon entry and deactivates upon exit, a smart system for people 
with dementia that uses projectors to display time and symbols on walls, reminding 
older adults to prepare meals (left picture in Fig. 5.9) and take medications (right picture 
in Fig. 5.9) [262], and a smart housekeeper with embedded sensors and switches 
control`s the ventilation and heating systems with which the real-time indoor 
temperature, relative humidity, air quality parameters, and outdoor weather is shown 
on the TV or tablets. Although creating these smart home scenarios increased the design 
complexity, it does not require additional operation during the VR experience. 
Participants just need to enter a space to activate the animation of the smart environment. 

 

Fig. 5.9 The animation of the smart system for older adults. 

As a result, we designed four variations for each interviewee’s apartment with detailed 
scenarios or animations. Meanwhile, each variation used the empathic design approach 
that adapted to individuals’ different preferences and existing decoration styles. 
Twenty-seven VR scenarios were created: five original apartments and four variations 
of each apartment (25 total), one original entrance hall, and one renovated entrance hall. 
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5.3.3 VR Experimentation and Results 

We employed a mixed method to collect and analyse the data from the VR 
experimentation (audio recording and logfile of the discussion during the 
experimentation) and participants’ self-reporting (questionnaire). The results can be 
grouped into the following dimensions: a) the quality of the design and immersive 
environments, b) the evaluation of the design approach with VR application, and c) the 
experimentation experience.  

The experimentation process lasted for a total time of 4.5 hours. The first 0.5 hours 
were devoted to introducing renovation design variations and a VR tutorial. Then, 3.5 
hours were dedicated to experimentation and group discussion (Fig. 5.5). The average 
experimentation length of Group Residents was about 18 minutes, and Group Designers 
was about 24 minutes. Group Residents started by viewing the entrance hall and the 
individual’s apartment. Group Designers selected one apartment to start the experience. 
Most participants selected two or three variations and viewed them using the VR 
headset (Table 5.3). In the end, participants completed the questionnaire and gave 
feedback within 0.5 hours. 

Table 5.3 The scenarios experienced by participants. 

Variation selected Original Layout Variation A Variation B Variation C Variation D 

Group Residents 5 2 3 3 2 

Group Designers 5 3 4 3 5 

The transcription of participants’ discussion and questionnaire results show that the 
digital models created by the empathic design approach and presented by VR 
technologies have impacts on the experience: 

1) Comfort of using VR: The comfort includes the comfort level with the VR devices 
and the experience with immersive environments. Based on the observation and 
participants’ responses, all of them were relaxed and adapted to use the headset and 
controllers after the tutorial. They didn’t report any discomfort from the VR experience. 
However, the time spent using VR varied between individuals, with Group Residents 
going through one or two scenarios needing a break, whilst most participants of Group 
Designers could use the VR device longer. Both groups chose to stop their experience 
process when they felt they were reaching their stamina and comfort thresholds. 

‘I’m fine with wearing the VR headset and don’t feel dizzy yet. But I think it would be 
good to rest after viewing the scenario.’-one participant of Group Residents. 
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2) Easy to understand: All participants agreed that the design shown in the VR was 
more straightforward than the posters. The design can be easily understood when seeing 
the three-dimensional spaces, furniture, and ornaments. By switching the pre- and post-
renovation scenarios, they compared the differences in spatial changes, added elements, 
and evaluated the designs. Following the empathic design approach, the variations of 
each apartment use the same furniture, ornament, textures, and individual decoration 
style that the participants of Group Residents can concentrate on the design level. 
Designers also better understood residents’ living habits, room conditions, and design 
preferences through the process. 

‘VR as a means for demonstrating the renovation plan is an improvement and easier to 
understand than presenting by floorplans.’-one participant of Group Residents. 

3) Easy to communicate: Except for one participant of Group Residents, the rest rated 
VR as more intuitive for illustrating renovation designs than architectural drawings. 
During the experimentation, a monitor linked to the VR device simultaneously showed 
what people saw in the headset. All the participants were involved in discussions about 
their opinions on renovation design. Meanwhile, researchers or designers made simple 
adjustments to models according to the discussion that can optimise the design on-site. 

‘Through the screen, seeing what the resident sees in VR is a different experience. The 
problem he is pointing out and describing in VR is clear for me to know where to 
improve. I also can explain timely when he misunderstood the design.’-one participant 
of Group Designers. 

4) Scenario interactivity: In the immersive environment, the interactions include the 
elevator panel in the entrances, doors, and smart living environment animations. Group 
Designers showed more enthusiasm, hoping to make quick adjustments or decorate the 
existing arrangement, such as moving furniture, adding building components, or 
changing textures. Attitudes of Group Residents were slightly different. Most preferred 
interactivity in VR, such as interacting with more objects, whilst only one was resistant. 
In addition, although the experimentation was set in a sitting mode, participants 
intended to use the walking mode to explore more spaces and check the model details 
freely. 

‘The sitting mode is a restriction for me. I understand it is for my safety, but I am 
curious about some areas I cannot walk into and check more details. Now I have to 
imagine it. I think it would also be interesting if I could make some changes in the model 
myself.’-one participant of Group Residents. 
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5) Feeling empathy for customised design: Group Residents lived in the residential 
compound for over ten years and were sensitive to slight differences between real-world 
settings and the virtual environments, even recognised the bedroom wall colour being 
light grey rather than white. The participants agreed that the empathic design approach 
enhanced their sense of substitution and familiarity. The familiar settings allowed them 
to perceive the impact of the renovation on their living environment. However, some 
‘inaccurate’ furniture details, textures, light environments, and shadows have been 
reported that influenced the immersion. Moreover, two designers familiar with the 
project also felt disturbed by the undulatory floor textures. Although these slight 
imperfections had little effect on the design illustration, they still influenced the VR 
experience. 

‘The empathic-designed environment is more understandable for me. I feel it more 
customised because I see my own things in the room.’-one participant of Group 
Residents. 

6) Acceptance of technology/approach: VR and the empathic design approach have 
relatively higher acceptance in the two groups. Participants expressed the hope of 
continuing to use VR to evaluate empathetic designed scenarios in future project 
updates. They also had different concerns of disagreement. The main barrier for senior 
residents was the unfamiliarity with VR technology and operation. When discussing 
some scenarios, we found that senior residents were not easily pointed at the right 
objects because the controllers were hard to control. Designers thought that the 
empathic design approach needed to spend more time on the customisation of each 
household. 

‘I think the customised design is helpful for clients to understand the changes in 
renovation designs. But I’m not sure how long the modelling will take, such as making 
those antique wooden furniture, which looks important for the owner.’-one participant 
of Group Designers. 

7) Overall satisfaction: Through the observation and questionnaire results, most 
participants were satisfied with the experimentation process. One senior resident rated 
VR as neutral and did not fully accept the VR technology. For many people, especially 
older adults, wearing VR devices, using controllers, and roaming in immersive virtual 
environments were still a burden for them. Although the digital model was made based 
on the reality of the existing buildings and apartments of the case study, there was still 
a gap between the experience effect and the real world due to the textures. Many issues, 
such as light environments, model details, rendering effects, and camera movement 
delay, were reported during the experimentation and were caused by hardware. In the 
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end, Group Residents emphasised the importance of collaborative engagement in the 
activity room of the residential compound, which improved the satisfaction of the 
experimentation. 

Table 5.4 The questionnaire results of two groups. 

VR Experience  Group Strongly 
agree 

Agree Neutral  Disagree Strongly 
disagree 

Comfort of using 
VR  

Residents - 3 2 - - 

Designers - 4 1 - - 

Ease of 
understanding 

Residents 1 4 - - - 

Designers 3 2 - - - 

Ease of 
communicating  

Residents 1 3 1 - - 

Designers 2 3 - - - 

Scenario 
interactivity  

Residents 1 2 1 1 - 

Designers 2 3 - - - 

Empathy of 
customised design 

Residents 1 2 1 1 - 

Designers - 3 - 2 - 

Acceptance of 
technology/approach 

Residents 1 3 - 1 - 

Designers 1 2 1 1 - 

Overall satisfaction 
Residents 2 2 1 - - 

Designers 2 3 - - - 

Table 5.4 shows the responses of two participant groups, including comfort, satisfaction, 
and questions based on TAM. In the experimentation process, we observed that 
participants devoted a large portion of time to discussing the model details. These were 
intertwined with intervals of comparing with reality during discussions (e.g. ‘Do you 
really have the treadmill in your room?’ and ‘This wooden horse in the model is smaller 
than mine in the real world.’). Senior residents had a strong empathy for their home 
models but a weaker empathy for the designs of their neighbours’ homes. In addition, 
although the existing hallway is narrow and dim, they insisted on preserving it due to 
the vernacular characteristics and living habits. Variation C was the favourite amongst 
Group Residents. They cared more about utilising indoor spaces because sealing the 
balcony provided more options for space usage according to weather and season. The 
sliding doors in variation C as ‘movable walls’ decreased the boundaries of rooms and 
provided flexible indoor layouts. In contrast, variation D of smart systems providing 
supportive living environments was welcomed by Group Designers. Different age 
groups considered the practical and economic renovation benefits that can be brought 
to the residents from different perspectives. 
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5.4 Lessons Learned from the VR Experimentation 

In this chapter, we used mixed methods to collect and integrate data into the renovation 
design. Then, we invited stakeholders to experience the designs in VR for their 
feedback on satisfaction and acceptance of the empathic design approach demonstrated 
through VR. The communication recordings and questionnaires can be translated and 
elaborated to refine digital models of the practical project in an iterative design process. 
The findings underscore the importance of empathic design in enhancing user 
experiences in immersive environments. The observation and communication of the 
experimentation process were congruent with the TAM questionnaire responses, 
positing that the perceived ease of use significantly affects technology adoption [263]. 
The chapter corroborated and expanded upon the findings of those who demonstrated 
the positive impact of engaging senior users’ empathy in familiar environments 
[38,264]. Crucially, we further illustrated that such familiarity and empathy not only 
bolster engagement but also cultivate trust in emerging technologies like VR, an 
essential factor for their acceptance and incorporation into everyday life. Furthermore, 
the findings indicate that VR applications intended for this demographic should 
emphasise ease of use, gradual familiarisation, and instinctive manoeuvrability, thereby 
underscoring the principles proposed by Norman [265]. Moreover, three pivotal factors 
are suggested to be taken into account to augment VR experiences for older adults: 

• Familiar environments: As creating familiar virtual environments of empathic 
design, conducting experiments within environments familiar to participants also 
bolsters receptivity and mitigates technological anxiety [233]. This understanding 
is supported by Zhao et al. [266], who discerned that environmental familiarity 
and group participation in VR contexts could yield positive outcomes and 
cultivate a supportive atmosphere for older users. Moreover, it is observed that 
positioning VR experiments within the familiar boundaries of the participants’ 
own living spaces significantly increases their trust in the experimental process, 
especially for those experiencing VR technologies for the first time. It is 
emphasised that the selection of recognisable settings plays a crucial role in 
boosting participants’ confidence, thus enabling their participation in the VR 
experiment from a stance of heightened openness. 

• Familiar participants: Compared to individual tests, incorporating grouped 
older adults into VR experimentation has shown the potential to enhance 
participation degree and confidence [267]. The findings show that older adults 
with friends or neighbours in group settings cultivate a supportive atmosphere that 
mitigates technology-related apprehension. The empathic design could reinforce 
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familiarity and relaxation because they have empathy in their shared living 
environment, facilitating communication and improving the efficacy of the 
experimentation process. 

• Familiar communication ways: The findings indicate that communication 
between designers and residents during the VR experience effectively facilitates 
the project. We found that participants preferred speaking rather than textual 
communication. They chose to communicate in familiar ways, such as using the 
local language. These familiarities are vital for the empathic designed 
environment and VR experiences, and the perception of the surrounding presence, 
the subtleties of the environmental changes, and the characteristics of the VR 
devices also influence the zeal for communication [236].  

The inclusion of older adults in studies of virtual environments has been a challenge. 
Some of them had difficulty with using innovative technologies. Consequently, there is 
a lack of knowledge regarding the potential of immersive and engaging virtual 
technologies to enhance older adults’ lives [268]. The current research method has 
some limitations. Most residents reside in apartments with similar layouts, and a 
standardised design approach disregarding individual preferences in texture, furniture, 
and decoration could result in a lack of empathy and a diversion of attention. We 
designed and modelled according to each senior resident through empathic design, but 
it does not cause empathy for others. We observed that Group Residents focused on the 
renovation scenarios for their homes and emphasised personal needs and spatial 
arrangements. In contrast, Group Designers exhibited a greater concern for specific 
furniture and textures, thereby overlooking the essence of the design because the 
models and scenarios were not specifically designed for them. Despite being instructed 
that the dimensions and location of items within the VR were based on the current 
settings of the apartments, the participants still spent significant time exploring the 
realism of the floor plan scale and the size of furniture items in the context of scenarios. 
They deemed this important because they believed the empathic design for immersive 
environments would hold little value to either party without correct scales and sizes 
[269]. Moreover, adding certain items of furniture or equipment (e.g., treadmills) was 
considered a part of privacy, whereas incorporating indoor plants and green spaces gave 
them a feeling of relaxation [270]. Customised modelling and variations of renovation 
design need to entail a significant investment of time in the renovation design process 
to consider each senior resident’s actual circumstances appropriately, which is the main 
reason for the limited number of participants involved in this chapter. The empathic 
design approach could provide better design quality and communication effectiveness 
whilst being time-consuming and suitable for fewer clients. Thus, there is an urgent 
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requirement for a methodology that effectively merges spatial renovation with 
individual preferences, facilitating the rapid empathic design process. 

The advancement of VR technologies, such as supporting real-time design between 
designers and clients within interactive models, could provide innovative methods for 
architectural design and practical projects. The scale, texture, accuracy, and rendering 
of interactive digital models are often constrained by the limitations of the hardware, 
which also influences the software selection and application. Ideally, the liberty 
afforded by virtual environments for creative exploration enables more efficient design 
or research processes [271]. VR contributes to the communication between designers 
and older adults and can evaluate design concepts at early stages, minimising rework 
and quickly relaying changes to clients [244]. The quality of the design communication 
and data interaction through VR was deemed satisfactory, especially in a relatively 
complex environment [272]. The user experience was reported as enjoyable and met 
with approval from all participants. However, this chapter has many variables and 
involves empathy, aesthetics, and personal subjective preferences. There is a lack of 
scientific data collection and analysis methods, such as measuring spatial preferences 
by analysing participants’ electroencephalogram data [242]. Therefore, more future 
research is needed to establish a quantitative study of experience in complex VR 
environments. 

5.5 Conclusion 

This chapter provides a preliminary exploration of the empathic design approach using 
VR for a social housing renovation project. Drawing on responses from ten participants 
involved in the project, they had relatively similar perspectives and focused on the 
variations of renovation design and VR experiences. Immersive scenarios helped 
stakeholders understand spatial changes, living environment improvements, and 
technology implementation. The insights of designers and senior residents can be used 
as a reference for applying VR to ageing groups: 

• Duration management: Considering older users’ cognitive and physical 
capacities is imperative in determining the optimal duration for VR engagement. 
We noticed a relative engagement threshold, typically around 10 minutes each 
time for wearing the VR headset. Exceeding this may result in fatigue or 
discomfort. Such time limitations are crucial to preserving the attentiveness and 
comfort of older adults, avoiding overstimulation and enhancing the overall VR 
experience. 
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• Mode selection: In designing VR scenarios for older adults, it is essential to 
prioritise comfort and gradual acclimatisation to the virtual environment. While 
ambulatory modes might deepen immersion and navigational skills, it is 
recommended that older users engage in seated navigation to ensure a secure and 
focused experience. This measure is intended to diminish the risk of disorientation 
and discomfort. 

• Preparatory session: It is advisable to conduct a brief, comprehensive 
orientation before older adults engage with VR, preparing them adequately for the 
experience. The introduction of VR scenarios should begin with a familiar, 
pleasant, and simple immersive environment, which facilitates a smooth transition 
from the real to the virtual world. Besides, for complex scenarios, other materials, 
such as posters, are helpful for older users to prepare what they will view in the 
virtual environment, enhancing participant readiness and confidence.  

• Empathic design: Adopting an empathic design approach is crucial as VR 
technology progresses and virtual environments become increasingly realistic. 
This approach involves creating familiar, relatable settings within digital models, 
allowing users to concentrate on the design level rather than being distracted by 
vast, unfamiliar elements. Although empathic design demands more significant 
consideration of individual needs and more extensive time investment, it has the 
potential to yield valuable feedback in the design process. 

Incorporating these considerations is paramount in developing VR experiences for 
older adults. By emphasising empathic design and communication in the design process, 
VR can foster collaboration and understanding between designers and clients. Future 
research is suggested to validate the integration of innovative technologies with 
empathic design in various case studies to improve the housing renovation process and 
quality. 
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6.1 Research Statement 

This PhD research explores and validates the approach to integrating smart 
technologies into home environments for ageing well within the context of the 
increasing ageing population and age-friendly housing shortage in the Netherlands. The 
research is conducted from multiple perspectives, including technology applications, 
indoor environmental quality, changed behaviour, and architectural design. The mixed-
methods data collection and analysis show holistic experience in improving home 
environments for older adults, particularly in nursing homes and social housing. 

Different data types were collected and analysed from previous literature and case 
studies. The knowledge of applying smart technologies in home environments from 
existing literature was systematically collected from various databases, such as Scopus, 
Web of Science, Engineer Village, Google Scholar, and Crossref, to define the state-
of-the-art and compare the findings. Indoor environmental parameters (temperature, 
humidity, carbon dioxide, total volatile organic compound, formaldehyde, particulate 
matter, and illuminance) were monitored by sensors. The residents’ demographic 
information, comfort, daily routines, and behaviours were collected quantitatively with 
questionnaires (proxies’ responses of care professionals and residents’ guardians), 
observations, and nursing reports. The building facility management, residents’ daily 
activities, and requirements were collected through semi-structured interviews. 
Building characteristics were collected with checklists, field surveys, drawings of the 
buildings, and photographs. All these data were utilised to map the essential elements 
for healthy ageing environments, including technology applications and interactions 
between human factors, indoor environmental factors, and behavioural factors. From 
case studies and practical projects, these factors were studied consecutively from the 
perspectives of the designer, caregiver, and older adults. The collected data was 
analysed using various techniques corresponding to the sub-questions, including 
descriptive statistics, Fisher's exact tests, narrative analysis, and descriptive analysis. A 
complete and in-depth understanding of home renovation on a broad range of different 
types of variables. 

This chapter presents the conclusions and recommendations derived from the thesis. 
Firstly, the sub-questions are answered, followed by the answer to the main question. 
Then, the limitations of this research are discussed, and finally, the recommendations 
for future research are presented. 
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6.2 Overview of the Research Questions and Contributions 

This thesis is elaborated into four sub-research questions. Discussed below are the brief 
responses to the four sub-questions, which are also refined as four interconnected 
strands representing the main contributions of the PhD research. Next, research findings 
are discussed to answer the main question: How can smart technologies be integrated 
into home settings to enhance older adults’ living qualities? 

6.2.1 Sub-question (Chapter 2) 

- How are state-of-the-art design strategies and technologies used in smart 
home studies and projects to support older adults ageing-in-place? 

This chapter summarised the state-of-the-art design strategies and technologies used in 
home renovation for ageing-in-place, illustrating the technology application scenario in 
home settings. Identifying possible knowledge gaps in the relative research projects is 
essential. Therefore, a systematic literature review based on 33 of 2594 articles presents 
three perspectives: the framework of the smart home environment for ageing-in-place, 
the home modification process, and problems and countermeasures of independent 
living.   

Creating age-friendly home environments involves conventional modifications (e.g. 
walk-in showers) for safety and technology implementation (e.g. fall detection sensors 
embedded in housing structures). Assistive technologies, from low-tech gadgets to 
home automation, aid older adults in independent living. Information and 
Communication Technology facilitates interactive management of assistive technology, 
including e-health and telecare. Ambient assisted living, a subset of ambient 
intelligence, integrates Information and Communication Technology and sensors for 
older adults’ needs. The Internet of Things transforms physical components into smart 
ones, linking older adults, their environments, and health information. Smart homes 
with sensors and actuators monitor inhabitants’ living environments to enhance their 
living experience. Intelligence is crucial in smart homes, advancing from data 
processing to intelligent interaction.  

The home renovation process for senior households integrates technologies with 
physical adjustments. The process typically follows four phases: home assessment, 
technology selection, design strategy, and user evaluation. Home assessment tools 
range from traditional checklists to advanced virtual reality technologies, focusing on 
identifying hazards and user requirements. Technology selection considers older adults' 
diverse needs and preferences as well as technology acceptance, usability, and 
compatibility of their home structures. Design strategies are provided by current 
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research on how to design or install smart technologies or systems according to various 
housing conditions. User evaluation validates renovation effectiveness and guides 
future practices, often utilising frameworks of existing acceptance models and 
evaluation tools. Challenges include standardising smart technology interoperability 
and ensuring user-centred design. Despite limitations, these approaches offer valuable 
insights into creating age-friendly environments. 

Hazards in domestic environments need to be addressed, particularly related to falls and 
accessibility. Existing research predominantly focuses on fall prevention and the 
technical accessibility of devices while neglecting the growing need to address the 
physical accessibility and mobility challenges of older adults. Technologies like virtual 
reality for personalised accessibility assessments and simulating technology application 
scenarios can assist in the design process. Addressing hazards and enhancing 
accessibility is vital for supporting older adults’ independence and safety in their homes. 

6.2.2 Sub-question (Chapters 3 and 4) 

To find how indoor environmental and contextual factors affect older adults’ comfort, 
activities, and behaviours, case studies were conducted in a Dutch nursing home from 
2020 to 2022. Environmental sensors were deployed in the central living rooms and 
participants’ bedrooms to monitor indoor environmental parameters. In Chapter 3, the 
building characteristics were collected through drawings, building inspection, and a 
semi-structured interview with the nursing home manager. The perceptions of nursing 
home residents were collected from an online questionnaire poxily answered by 39 care 
professionals and residents’ guardians. The questionnaire included demographic 
information, indoor comfort, satisfaction with indoor environmental quality, and 
environmental control. Chapter 4 investigated the influences of indoor environmental 
and contextual factors on when, where, and how the changed behaviours occurred. Ten 
participants’ behaviours, activities, and room conditions were observed and analysed. 
This chapter explored, translated, and elaborated the triadic reciprocal causation model  
(human, behaviour, and environment) by sensors [50]. 

- How can sensor technologies be applied to collect environmental data and 
information on older adults’ comfort, activities, and living conditions? 

Chapter 3 explores the method of using sensors to assist in ageing care by analysing 
indoor environmental quality in a Dutch nursing home. Integrating sensor data with 
caregiver feedback assesses residents’ comfort, highlighting disparities in indoor 
environmental parameters among residents with varying degrees of dementia severity. 
Building design, facility management, and heating influence indoor environmental 
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quality and residents’ well-being. Indoor air quality, particularly carbon dioxide, total 
volatile organic compounds, and particulate matter, are noted, with implications for 
residents’ respiratory health. Additionally, indoor relative humidity poses challenges, 
with dry environments prevailing during the heating season, potentially exacerbating 
respiratory symptoms. Thermal comfort and lighting are also crucial, with residents 
preferring warmer temperatures in winter and adequate lighting to mitigate mood 
disturbances. Sensor placement and maintenance present challenges, necessitating non-
intrusive monitoring technologies for accurate data collection. This chapter underscores 
the importance of understanding residents’ living conditions, suggests personalised 
interventions based on indoor environmental data, and offers knowledge of care facility 
management.  

- How do indoor environmental and contextual factors influence the 
behavioural changes of older adults? 

Chapter 4 examines the influence of indoor environmental and contextual factors on 
changed behaviours (wandering, hallucination, and agitation) of people with dementia 
in the nursing home. Data on changed behaviour (the types, timeslots, and locations) 
were collected and analysed alongside indoor environmental conditions and 
participants’ activities through fly-on-the-wall observation. The heatmap charts were 
made to show conditions of changed behaviour exhibited with the building layout and 
spatial characteristics. Although the nursing home boasted high-quality construction 
and maintenance, indoor environmental parameters (temperature, total volatile organic 
compound, and formaldehyde) correlated with changed behaviours. Additionally, 
factors such as clothing levels, the presence of other residents, and ongoing activities 
influenced behavioural changes. The findings suggest that spatial layout plays a 
significant role in residents’ daily activities and living environments. 
Recommendations for nursing home design include increasing visibility in indoor 
spaces and avoiding corner spaces in common areas to prevent overlooked spaces 
where changed behaviours might occur. It is essential to understand the impact of 
variable indoor environments on behavioural changes amongst people with dementia, 
with potential implications for improving living quality and care strategies in nursing 
homes. 

6.2.3 Sub-question (Chapter 5) 

- How can innovative technologies and design approaches be used in the 
housing renovation design process to meet the requirements of older adults 
for healthy ageing? 
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Chapter 5 elaborates and validates the application of innovative technologies in the 
social housing renovation design process, mainly focusing on enhancing user 
experiences for older adults through empathic design and virtual reality. The findings 
emphasise the importance of providing familiar and immersive environments for older 
users and extend previous research by emphasising empathy feeling and group 
engagement to cultivate trust and reduce technological anxiety among them. Simplicity 
in interaction modalities, user-centred design principles, and customisable design are 
suggested. Moreover, familiarity with the environments, participants, and ways of 
communicating in the design process is highlighted. This chapter facilitates technology 
adoption among older adults by addressing these considerations, ultimately 
contributing to a more effective and age-friendly approach to improve design processes 
and fostering senior residents’ participation, understanding, and acceptance of home 
renovation. 

6.3 Answer to the Main Research Question 

- How can smart technologies be integrated into home settings to enhance 
older adults’ living qualities? 

Integrating smart technologies into (nursing) home settings holds immense potential 
for enhancing the living qualities of older adults and supporting healthy ageing. By 
leveraging state-of-the-art design strategies and smart technologies, customisable 
solutions can be developed to address older adults’ specific needs and preferences. 
These solutions encompass a range of technological interventions, from traditional 
modifications to smart technology applications. Additionally, insights from studies 
examining indoor environments in a Dutch nursing home shed light on the complex 
interactions between environmental factors, indoor comfort, and behaviour changes, 
providing guidance for crafting age-friendly environments.  

The study into the application of the empathic design framework and virtual reality for 
the social housing renovation project shows user-centred importance. The 
communication between older adults and designers during the design process is crucial 
for the design process and facilitating technology acceptance.  

In conclusion, integrating smart technologies into home settings requires a holistic 
approach that considers not only technological solutions but also the physical 
environment, indoor environmental quality, residents’ comfort, living habits, and 
preferences. Addressing these considerations makes it possible to create supportive 
environments for ageing well and enhance older adults’ living qualities. 
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6.4 Limitations 

This PhD research focuses on crafting healthy home environments for older adults, 
from the design concept to the practical project. However, the effects of design 
strategies and technology implementations are still under development. Several 
limitations remain in gaining more comprehensive insights. 

The scope of this research is limited to simple home settings, which only partially 
represent the diversity of building types and complex technology applications. The 
domain of smart home design and renovation is nascent and interdisciplinary. Its 
development needs more research and experimentation to provide scientific evidence. 
The limited literature is from different research fields, and the application stages and 
target groups of smart technologies are also very diverse, so there is a lack of systematic 
methods and guidelines. Furthermore, a growing number of innovative technology 
terms have emerged in recent years, which cannot be fully included in this research. A 
basic design framework for smart home renovation is delineated in this research, 
encompassing the knowledge of technology applications in a nursing home and social 
housing renovation project. However, the validation of this framework requires further 
empirical validation and practical implementation. 

The case studies of Chapters 3 and 4 were conducted during the COVID pandemic and 
encountered many challenges, including sample scale, absence of direct feedback from 
people with dementia, and non-concurrent data collection. To address these issues, care 
professionals and residents’ guardians proxy answered questionnaires for nursing home 
residents. Responses revealed discrepancies between groups, such as contrasting 
satisfaction levels reported by guardians and care professionals. The accuracy of 
feedback from guardians, particularly regarding people with dementia, was 
compromised by potential communication challenges. Limited participants and 
sampling sites could hardly be assessed quantitatively and did not allow for more 
general conclusions to be drawn. In Chapter 4, observations at night were not permitted, 
and data on sleep disturbance and restlessness recorded in the nurse report was not 
collected. Protecting residents’ privacy is important when using the observation method, 
and assistance from care professionals is usually needed.  

In the practical phase, research method limitations still exist in the design process, 
particularly regarding differing preferences between senior residents and designers. In 
the empathic designed virtual environment, the residents prioritise personal needs and 
spatial arrangements, whilst designers could be distracted by specific furniture and 
textures, overlooking essential design elements. Traditional design approaches may 
neglect individual preferences, leading to a lack of empathy and diverting attention. 
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Customisable designs that are unique to individuals require significant time investment, 
limiting the size of participants. Moreover, the scenarios presented by virtual reality 
offer creative exploration opportunities, but software limitations influence their realism 
on detail rendering. Virtual reality can enhance the design process by providing more 
intuitive solutions and eliciting valuable input from participants. However, there needs 
to be more reference in quantifying the effects of complex immersive environments, 
particularly concerning empathy, aesthetics, and subjective preferences.  

6.5 Recommendations for Future Research 

The application of smart technologies in domestic environments is increasing, but the 
device operations and interactions with users, especially older adults, are much more 
complex in actual living scenarios. To better enhance the effectiveness of smart 
technology implementation in senior households, it is necessary to focus on user-
centred design approaches. This includes creating customised, empathic, and more 
realistic scenarios, considering individual and environmental factors, and applying 
appropriate design strategies and technologies for specific use scenarios. By 
continuously optimising and deepening these approaches, the feasibility and 
effectiveness of smart homes can be better used and verified in real life. Therefore, 
further research can focus on smart technology standardisation, user-centred design, 
and data usage.  

6.5.1 Smart Technology Standardisation  

Currently, the incompatibility between smart technologies, building structures, and 
system platforms is hindering its application and promotion. To ensure smart 
technology can be widely used in home environments, it is necessary to establish 
standards, such as the standardisation of the devices, standardisation of data formats, 
compatibility with platforms and building components, consistency of installation 
process, and consideration of the collaboration between product models and building 
models (e.g. Building Information Model). Only by establishing a unified standard can 
the development and application of smart technology be better promoted, which is also 
beneficial for designers and users.  

6.5.2 User-centred Design  

User-centred design is essential in design studies, and further investigation is still 
needed to explore more efficient methods. Combining emerging technologies such as 
augmented reality, virtual reality, and artificial intelligence could contribute to the 
collaboration between designers, researchers, and older adults on home renovation 
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design. Furthermore, machine learning can be utilised to understand users’ 
requirements based on their data and assist designers with complex projects.  

6.5.3 Data usage  

Many existing studies and projects deploy smart technologies in (nursing) home 
environments, and it’s essential to delve into how data, particularly environmental and 
health data collected by these technologies, can offer valuable insights into their lives. 
On the one hand, these technologies can track older adults’ activities like movement 
patterns, indoor environmental parameter variations, or even changes in energy 
consumption, providing clues about their daily routines, health conditions, and overall 
well-being. Caregivers can use the data to understand their habits, detect deviations 
from their usual behaviour, which might indicate health issues or emergencies, and 
adjust their caregiving approach accordingly. On the other hand, technology usage 
should address the technical aspects of data storage and security. As more personal data 
is collected through technology devices, it becomes paramount to ensure its safe storage 
and protection from unauthorised access. This involves exploring encryption methods, 
powerful authentication mechanisms, and secure data storage protocols to safeguard 
sensitive information. By addressing these technical challenges, trust can be built 
among older adults, their caregivers, and technology developers, encouraging wider 
adoption of smart technology solutions and promoting better care outcomes. 
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Appendices 

Appendix A: Summary of Studies That Investigated Smart 
Technology and Home Modification 

Article Country/ 
region 

Contribution 
category 

Technology 
involved 

Specific tools 
and 
technologies 
used/provided 

Method (n 
=participants) 

Technology 
application 
stage 

Focus (ageing) 

Ahrentzen 
and Tural, 
2015 

United 
States 

Design 
strategy 

AT N/A Literature 
review, 
qualitative and 
mixed-
methods 
studies 

Living lab Oder adults’ 
sedentary 
behaviour and 
active living 

Behr et al., 
2010 

United 
States 

Design 
strategy 

SH BlueNode 
system 

Case study Pilot 
project 

Quality of life 

Bishop et 
al., 2015 

United 
States 

User 
evaluation 

AT Multiple 
Sclerosis 
Impact Scale-
29 (MSIS-29) 

Questionnaire 
survey and 
logistic 
regression 
analysis 
(n=5082) 

Widespread 
application 

The prevalence 
of and need for 
housing 
modifications 
and devices 
among multiple 
sclerosis (MS) 
group 

Bitterman 
and Shach-
Pinsly, 
2015 

Israel Design 
strategy 

SH N/A Literature 
review 

Living lab Design 
requirements for 
older people 

Braubach 
and Power, 
2011 

Europe Home 
assessment/ 

design 
strategy 

AT N/A Literature 
review and 
data analysis 
(the Large 
Analysis and 
Review of 
European 
housing and 
health Status 
project)  

N/A Risk of accidents 
(fall risk) 

Carnemolla
, 2018 

Australia User 
evaluation 

SH and IoT Human/Activi
ty/Space/Tech
nology HAST 
model 

Literature 
review and 
case study 
(n=3) 

Concept The IoT 
application in 
built 
environment and 
caregiving  
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Article Country/ 
region 

Contribution 
category 

Technology 
involved 

Specific tools 
and 
technologies 
used/provided 

Method (n 
=participants) 

Technology 
application 
stage 

Focus (ageing) 

Chabot et 
al., 2019 

United 
States 

Technology 
selection 

ST Cognitive and 
visual 
assessment 
tests 

Literature 
review 

N/A Selecting 
appropriate 
technology for 
older people 

Chase et 
al., 2012 

United 
States 

Home 
assessment/us
er evaluation 

AT N/A Literature 
review 

Living lab Fall prevention 

Cho and 
Kim, 2014 

Republic 
of Korea 

User 
evaluation 

AT User interface 
design 
principle 
framework  

Literature 
review and 
case study 

Widespread 
application 

User interface 
and user 
experience  

De Vries et 
al., 2012 

Netherla
nds 

Design 
strategy 

ST Smart-BIM  Prototype 
testing 

Prototype Participatory 
design 

Durick and 
Linda 
Leung, 
2018 

Australia Design 
strategy 

SH Interactive 
architectural 
components 

Literature 
review 

Concept User-centred 
design 
approaches 

Emily, 
2014 

United 
States 

Technology 
selection 

AT N/A Literature 
review 

N/A The use of 
assistive 
technology 

Engineer et 
al., 2018 

United 
States 

Design 
strategy 

IoT N/A Literature 
review 

N/A Interior design 
on well-being 
and longevity of 
older adults 

Gabriel et 
al., 2014 

Australia Design 
strategy 

AT N/A Literature 
review and 
interview 

N/A Housing and 
support needs of 
people with 
dementia 

Golant, 
2017 

United 
States 

Technology 
selection 

ST Technology 
acceptance 
models  

Literature 
review 

N/A Technology 
acceptance 

Güttler et 
al., 2015 

Germany Design 
strategy 

AAL Robotic 
architectural 
components 

Living lab 
experiment 

Concept/Pr
ototype/livi
ng lab 

Activities of 
daily living 

Haak et al., 
2015 

Europe Home 
assessment 

ICT ICT tool, HE 
instrument, 
and person-
environment 
fit model  

Research 
circle 
methodology 
(n=61) 

Concept Accessibility/hou
sing provision 

Horowitz et 
al., 2013 

United 
States 

Home 
assessment 

AT HSSAT 
checklist 

Case study 
(n=28) 

N/A Home safety (fall 
risk) 
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Article Country/ 
region 

Contribution 
category 

Technology 
involved 

Specific tools 
and 
technologies 
used/provided 

Method (n 
=participants) 

Technology 
application 
stage 

Focus (ageing) 

Jacelon and 
Hanson, 
2013 

United 
States 

Design 
strategy/user 
evaluation 

SH N/A Literature 
review 

Prototype/li
ving lab 

Oder adults’ 
preference and 
participatory 
design 

Jännes et 
al., 2015 

Finland Technology 
selection 

AT Technology 
map 

Literature 
review, in-
depth and 
semi-
structured 
interviews 
(n=27), and a 
questionnaire 
survey 
(n=515) 

N/A Older people’s 
needs and views 
on technology 

Kerbler, 
2014 

Europe Design 
strategy/user 
evaluation 

ST N/A Literature 
review 

Pilot 
project 

Living 
environment 

Lien et al., 
2015 

United 
States 

User 
evaluation/ho
me assessment 

AT Ecological 
theory of 
aging (ETA), 
HE 
instrument, 
and election, 
optimization, 
and 
compensation 
(SOC) model 

Quantitative 
data collection 
and qualitative 
interviews 
(n=50) 

N/A Accessibility and 
usability of the 
home 
environment, 
adaptive 
environmental 
behaviours 

Linner et 
al., 2015 

Germany Design 
strategy 

AAL Robotic 
micro-rooms 
(RmRs) 

Field study Prototype Activities of 
daily living 

Lo Bianco 
et al., 2016 

Australia Home 
assessment/ 

design 
strategy 

AT Augmented 
reality 
technology 

Semi-
structured 
interviews 
(n=10) 

Prototype Fall prevention 

Lyons et 
al., 2010 

New 
Zealand 

Design 
strategy 

SH Use Cases Case study 
(n=4) 

N/A Activities of 
daily living and 
abnormal 
behaviours 

Mackenzie 
et al., 2015 

Australia User 
evaluation 

AT N/A Semi-
structured 
interviews 
(N=202) 

N/A Housing needs, 
experiences, and 
expectations of 
older people 
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Article Country/ 
region 

Contribution 
category 

Technology 
involved 

Specific tools 
and 
technologies 
used/provided 

Method (n 
=participants) 

Technology 
application 
stage 

Focus (ageing) 

Moretti et 
al., 2013 

New 
Zealand 

Design 
strategy 

SH Monnit 
sensors 

Case study 
(n=1) 

Pilot 
project 

Technology 
application and 
data integrity 

Moussaoui 
et al., 2012 

France Home 
assessment 

AT Virtual reality 
technology 

Simulation 
techniques of 
mobile and 
manipulation 
robotics 

Concept Accessibility 

Normie, 
2011 

United 
States 

Technology 
selection 

ST N/A Literature 
review 

Prototype/li
ving lab 

Technology 
interventions and 
applications 

Ocepek et 
al., 2013 

Slovenia User 
evaluation 

AT The Canadian 
Occupational 
Performance 
Measure 
(COPM) and 
the Functional 
Independence 
Measure 
(FIM) 

A quantitative 
quasi-
experimental 
study (N=59) 

Pilot 
project 

The effect of 
treatments in the 
Smart Home 
IRIS 

Pynoos et 
al., 2010 

United 
States 

Home 
assessment 

AT Home 
assessment 
checklists and 
instruments 

Literature 
review 

N/A Fall prevention 

Renaut et 
al., 2015 

France User 
evaluation 

AT N/A A thematic 
analysis of 
qualitative 
interviews 
(n=28) 

Widespread 
application 

Adaptations in 
the home 
environment 

Röcker and 
Ziefle, 
2011 

Germany Design 
strategy 

AAL An interactive 
environment 
with a large-
scale 
interactive 
wall and a 
smart floor 

Literature 
review 

Concept Usability and 
technology 
acceptance  
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Appendix B: Questionnaire (for care professionals) 

PART 1: basic information 

1. What is your position? 

2. How long have you been working at the care home?  

1) Less than 1 year 

2) 1-3 years 

3) 3-5 years 

4) Over 5 years 

3. What is your work area? 

1) First floor 

2) Second floor 

3) The entire building 

4. Do you work shifts? If so, when do you work in working days? 

1) Day shift 

2) Night shift 

3) It varies 

5. How much time do you approximately spend in the bedrooms with each client every 
day? 

6. How much is the average amount of time the residents spend outdoors one day when 
the weather suffices in summer? 

1) Less than 1 hour 

2) 1-2 hours 

3) 2-3 hours 

4) More than 4 hours 

7. How much is the average amount of time the residents spend outdoors one day when 
the weather suffices in winter? 

1) Less than 1 hour 
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2) 1-2 hours 

3) 2-3 hours 

4) More than 4 hours 

8. Which is the favourite place of the residents in summer? 

1) Bedroom 

2) Central living room 

3) Activity room 

4) Garden  

5) Terrace 

6) Corridor 

7) Other  

9. Which is the favourite place of the residents in winter? 

1) Bedroom 

2) Central living room 

3) Activity room 

4) Garden  

5) Terrace 

6) Corridor 

7) Other  

PART 2: self-perception (please fill in questions according to your own opinion) 

10. What is your thermal comfort in bedrooms during the summer? (how does the room 
feel?) 

Cold             Neutral              Hot 

1      2      3      4      5      6      7 

11. What is your thermal comfort in the central living room during the summer? (how 
does the room feel?) 

Cold             Neutral              Hot 
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1       2       3      4      5      6      7 

12. What is your thermal comfort in bedrooms during the winter? (how does the room 
feel?) 

Cold              Neutral              Hot 

1       2       3      4      5      6      7 

13. What is your thermal comfort in the central living room during the winter? (how 
does the room feel?) 

Cold              Neutral             Hot 

1       2       3      4      5      6      7 

14. How is the luminance in bedrooms? 

1) Most of the rooms are dark 

2) Most of the rooms are moderate 

3) Most of the rooms are light 

4) Some rooms are dark and some rooms are light 

5) Other 

15. How is the luminance in the central living room? 

Very dark     Neutral         Very light 

1      2      3      4      5      6      7 

16. Please mark the following statements if they are true when you stay in bedrooms: 

1) I can clearly hear the noise coming from outside 

2) I can hear a faint noise coming from outside 

3) I cannot hear any noise coming from outside 

17. Please mark the following statements if they are true when you stay in bedrooms: 

1) I can clearly hear the noise coming from other rooms 

2) I can hear a faint noise coming from other rooms 

3) I cannot hear any noise coming from other rooms 

18. How is the indoor air quality in bedrooms? 
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Very fresh    Neutral          Very stale 

1      2      3      4      5      6      7 

19. How is the indoor air quality in the central living room? (multiple-choice) 

1) Fresh 

2) Neutral 

3) Stale 

4) Odours during the cooking time 

5) Other odours (e.g. mouldy) 

20. How would you rate the humidity level in summer? 

Very dry      Neutral         Very humid 

1      2      3      4      5      6      7 

21. How would you rate the humidity level in winter? 

Very dry      Neutral         Very humid 

1      2      3      4      5      6      7 

22. Do you open windows in the bedrooms?  

1) No 

2) Yes 

If yes, when do you open the windows, and how many hours do you schedule the 
bedroom window open on a summer day? 

If yes, when do you open the windows, and how many hours do you schedule the 
bedroom window open on a winter day? 

23. What are the main reasons to open the window? (multiple-choice)  

1) I feel the room is too warm 

2) I feel the air is stuffy 

3) There is a bad odour 

4) I feel the room is too humid 

5) I feel the room is too dry  
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6) The resident wants fresh air 

7) The resident is too warm 

8) I open it as a routine 

9) Other  

24. When do you close it? (multiple-choice) 

1) I feel the room is too cold 

2) The resident is too cold 

3) In the night 

4) When the resident leaves the room 

5) When the resident returns to the room 

6) The weather changes 

7) Other 

25. What do you think of the central ventilation systems? (multiple-choice) 

1) Very satisfied 

2) It is noisy sometimes 

3) Turn it down at night 

4) Turn it down when I feel cold 

5) Turn it up during the cooking/shower 

6) Turn it up when I feel hot 

7) Other 

26. Are you satisfied with the indoor environment of the care home? 

Very unsatisfied   Moderate   Very satisfied 

1         2         3         4         5         6         7 

27. Do you have any suggestions or comments to improve the indoor environment for 
older people? 
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Appendix C: Questionnaire (for nursing home residents’ guardians) 

PART 1: basic information 

1. What is the room number of your family? 

2. How old is your family? 

3. What is the gender of your family? 

1) Male 

2) Female 

3) Other 

4. How long is your family living at the care home?  

1) Less than 3 months 

2) 3-6 months 

3) 7-12 months 

4) 1-2 years 

5) More than 2 years 

5. How often do you visit the care home? 

1) Every day 

2) About twice per week 

3) About once per week 

4) About once every two weeks 

5) About once per month 

6. How long are your visits? 

1) Less than 1 hour 

2) 1 hour 

3) 2 hours 

4) More than 2 hours 

7. Have your visiting routine changed due to Covid-19? How? 
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1) Yes, I visited less 

2) Yes, I visited more 

3) No 

PART 2: self-perception (please fill in questions according to your own opinion) 

8. What is your thermal comfort in the bedroom during the summer? (how does the 
room feel?) 

Cold             Neutral             Hot 

1      2      3      4      5      6      7 

9. What is your thermal comfort in the bedroom during the winter? (how does the room 
feel?) 

Cold             Neutral              Hot 

1      2      3      4      5      6      7 

10. How would you rate the indoor luminance in the bedroom? 

Very dark     Neutral         Very light 

1      2      3      4      5      6      7 

11. Please mark the following statements if they are true: 

1) I can clearly hear the noise coming from outside 

2) I can hear a faint noise coming from outside 

3) I cannot hear any noise coming from outside 

12. Please mark the following statements if they are true: 

1) I can clearly hear the noise coming from other rooms 

2) I can hear a faint noise coming from other rooms 

3) I cannot hear any noise coming from other rooms 

13. How is the indoor air quality in the bedroom? (multiple-choice) 

1) Fresh 

2) Neutral 

3) Stale 
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4) Odours during the cooking time 

5) Other doors (e.g., mouldy) 

14. How would you rate the humidity level in the summer? 

Very dry      Neutral        Very humid 

1      2      3      4      5      6      7 

15. How would you rate the humidity level in the winter? 

Very dry      Neutral        Very humid 

1      2      3      4      5      6      7 

16. Are you satisfied with the indoor environment of the care home? 

Very unsatisfied    Neutral            Very satisfied 

1         2         3         4         5         6         7 

17. Do you adjust the indoor environment when you enter the bedroom (e.g., open the 
window/curtain, turn on the light, turn up the heating, etc.)? 

1) No  

2) Yes 

If yes, what do you usually do? 

PART 3: your family’s perception (please fill in the questions about your family’s 
comfort, we know you probably are not sure of these answers, but try to fill them in 
according to your knowledge) 

18. In your opinion, what is the thermal comfort of your family in the bedroom during 
the summer? (how does the room feel to them?) 

Cold            Neutral              Hot 

1      2      3      4      5      6      7 

19. In your opinion, what is the thermal comfort of your family in the bedroom during 
the winter? (how does the room feel to them?) 

Cold            Neutral              Hot 

1      2      3      4      5      6      7 

20. In your opinion, what is the preference of your family for indoor luminance? 
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Very dark     Neutral        Very light 

1      2      3      4      5      6      7 

21. Please mark the following statements if you heard from your family: 

1) He or she can clearly hear the noise coming from outside 

2) He or she can hear a faint noise coming from outside 

3) He or she cannot hear any noise coming from outside 

22. Please mark the following statements if you heard from your family: 

1) He or she can clearly hear the noise coming from other rooms 

2) He or she can hear a faint noise coming from other rooms 

3) He or she cannot hear any noise coming from other rooms 

23. In your opinion, how does your family rate the indoor air quality in the bedroom? 
(multiple-choice) 

1) Fresh 

2) Neutral 

3) Stale 

4) Odours during the cooking time 

5) Other doors (e.g., mouldy) 

24. In your opinion, how does your family rate the humidity level in the summer? 

Very dry      Neutral        Very humid 

1      2      3      4      5      6      7 

25. In your opinion, how does your family rate the humidity level in the winter? 

Very dry      Neutral        Very humid 

1      2      3      4      5      6      7 

26. Which is the favourite space of your family in the building in summer? 

1) Their bedrooms 

2) Central living room 

3) Activity room 
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4) Corridor 

5) Garden 

6) Terrace 

7) Other  

27. Which is the favourite space of your family in the building in winter? 

1) Their bedrooms 

2) Central living room 

3) Activity room 

4) Corridor 

5) Garden 

6) Terrace 

7) Other 
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Appendix D: Interview Questions (for social housing residents) 

1. May I know your age (and your partner’s)? 
2. When did you move to this residential compound?  
3. How long do you normally stay at home every day?  
4. What do you think about the building facilities (e.g. elevator, heating system, 

extractor, boiler, etc.)? Could you elaborate on your daily experiences using these 
systems? 

5. How would you rate the temperature in your home? (e.g. too hot during summer 
or too cold during winter) 

6. How would you rate the air quality in your home? (e.g. Is the air too dry or humid 
at times? Do you have trouble with mould in the bathroom or kitchen? 

7. How often and when do you open windows? Do you often smell odours coming 
from inside or outside your home? 

8. How would you rate the natural light during the daytime? Do you think the natural 
light is enough for your daily activities?  

9. Do you experience disturbance due to noise coming from outside or your 
neighbours? Can you elaborate when and how does it affect you?  

10. Do you experience any inconvenience when you move around your home or the 
community (e.g., common areas or corridors)? Could you elaborate on your 
experiences? (what and where) 

11. From your perspective, what improvements could be made to your home? 
12. Could you tell us what your daily schedule looks like? (when you get up in the 

morning, have dinner, go shopping, etc.) 
13. Do you exercise every day? What activities do you like (e.g. walking, biking)?  
14. Do you need assistance with your daily activities (e.g. housework, room cleaning)? 

Who provides this assistance?  
15. Which room do you spend most of the day in? What type of activities do you carry 

out there? 
16. What is your opinion about your home layout? (e.g. walking around or getting 

something) Could you show me some of the issues you have with the layout? 
17. Could you show me how to prepare for a shower/bath? 
18. Could you show me how you prepare dinner?  
19. Do you think the floor is slippery with water on it? Have you ever slipped? 
20. How do you use the balcony?  
21. Do you have any complaints about the rooms? (e.g. the summer sunshine is so 

early and intense that I cannot sleep well) 
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22. What is your favourite space in your home? And in the residential compound? 
23. Do you do any activities in outdoor spaces near the building? Can you elaborate? 
24. How often do you communicate with your family or friends? By which method? 
25. What would you do if you felt sick or had a health emergency? Do you have a 

plan? 
26. Are you concerned about energy savings? If yes, do you do something to save 

energy at home? 
27. Have you noticed any potential hazards in your home and neighbourhood? 
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Appendix E: The Program Code of the Smart System Animation for 
People with Dementia 

using UnityEngine; 

 

public class GuidingEnvironment : MonoBehaviour 

{ 

    public GameObject objectToTurnOn; 

    public GameObject objectToTurnOff; 

    public KeyCode toggleKey = KeyCode.Space; 

 

    private bool isObjectOn = true; // Track the state of objectToTurnOn 

 

    private void Update() 

    { 

        if (Input.GetKeyDown(toggleKey)) 

        { 

            ToggleObjects(); 

        } 

    } 

    public void ToggleObjects() 

    { 

        if (isObjectOn) 

        { 

            if (objectToTurnOn != null) 

            { 

                objectToTurnOn.SetActive(false); 

            } 

 

            if (objectToTurnOff != null) 

            { 

                objectToTurnOff.SetActive(true); 
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            } 

        } 

        else 

        { 

            if (objectToTurnOn != null) 

            { 

                objectToTurnOn.SetActive(true); 

            } 

 

            if (objectToTurnOff != null) 

            { 

                objectToTurnOff.SetActive(false); 

            } 

        } 

        isObjectOn = !isObjectOn; 

    } 

} 
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