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Abstract: This study aimed to identify: (i) the relevant applications based on information technolo-
gies and requiring smart cities’ infrastructure to facilitate the mobility of older adults in URBAN
SPACES; (ii) the type of data being used by the proposed applications; (iii) the maturity level of
these applications; and (iv) the barriers TO their dissemination. An electronic search was conducted
on Web of Science, Scopus, and IEEE Xplore databases, combining relevant keywords. Then, titles
and abstracts were screened against inclusion and exclusion criteria, and the full texts of the eligible
articles were retrieved and screened for inclusion. A total of 28 articles were included. These articles
report smart cities’ applications to facilitate the mobility of older adults using different types of
sensing devices. The number of included articles is reduced when compared with the total number
of articles related to smart cities, which means that the mobility of older adults it is still a not sig-
nificant topic within the research on smart cities’. Although most of the included studies aimed the
implementation of specific applications, these were still in an early stage of development, without
the assessment of potential end-users. This is an important research gap since it makes difficult
the creation of market-oriented solutions. Another research gap is the integration of knowledge
generated by other research topics related to smart cities and smart mobility. Consequently, important
issues (e.g., user privacy, data standardization and integration, Internet of Things implementation,
and sensors’ characteristics) were poorly addressed by the included studies.

Keywords: smart city; older adults; mobility; systematic review

1. Introduction

Population ageing is taking place worldwide. In most countries, people live longer
and, overall, in better health conditions than before. Coping with such a demographic shift
has become a major issue for public policies and has gained attention from international
institutions [1,2].

Currently, the ideal political paradigm considered for the care of older adults is
that they should continue living in the community rather than being forced to move to
residential care units because of their cognitive and physical limitations. Though not recent,
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it is within this context that the concepts such as ageing in place [3] or active ageing [4,5]
have been developed. According to these concepts, the maintenance of patterns of activities
and values typical of middle age can optimize opportunities for social participation, health
conditions, and the safety of the individuals as they age [5–8]. This depends not only on
the characteristics of the individuals but also on environmental factors [9], such as, for
instance, urban infrastructures and services.

The Ageing in Cities Report from the Organisation of Economic Cooperation and
Development (OECD) states that “designing policies that address ageing issues requires
a deep understanding of local circumstances, including communities’ economic assets,
history and culture. ( . . . ) Cities need to pay more attention to local circumstances
to understand ageing, and its impact. They are especially well-equipped to address
the issue, given their long experience of working with local communities and profound
understanding of local problems” [10] p. 18.

The World Health Organization (WHO) age-friendly cities and communities’ ap-
proach [11] is in line with this concern. Following the idea that an age-friendly city is as a
place where older adults are actively involved, valued, and supported with infrastructure
and services that accommodate their needs, the WHO produced a guide identifying the key
characteristics of an age-friendly environment in terms of service provision (e.g., healthcare
services or transportation), built environment (e.g., housing, outdoor spaces, or buildings),
and social aspects (e.g., civic, or social participation) [12]. Based on the experience, the
WHO provides guidance [13] to ensure that research and initiatives held at country and
regional levels on topics relevant to healthy ageing can be widely shared.

Although ageing societies pose diverse challenges, they also provide a large set of
opportunities that society can benefit from [10]. Such opportunities include new devel-
opments in technology and innovation. In fact, due to technological advances in the last
couple of decades, the use of smart technologies is increasingly considered an important
means to promote active ageing [1,14]. Therefore, many researchers aimed to develop
new services based on Information Technologies (IT), such as Ambient Assisted Living
(AAL) [15–17], to enable older adults to achieve their full potential in terms of physical,
social, and mental wellbeing.

Additionally, due to the technological developments, during the last few years the
smart city paradigm has been the object of great attention from different sectors: scientific
journals publish specific issues on this topic, local governments fight to label their city
as such, firms advertise smart cities’ solutions, and international and national programs
aim to promote adequate implementations [18]. In this respect, several initiatives of the
European Commission, namely the Digital Agenda (one of the seven pillars of the Europe
2020 Strategy) and the Smart Cities and Communities initiative, aimed at bringing together
cities, industry, and citizens through more sustainable integrated solutions [19].

1.1. Objective and Contributions

Systematic reviews allow us not only to answer clearly formulated questions, using
systematic methods, but also to critically evaluate and synthesize results from multiple
studies, thus consolidating knowledge and identifying gaps in a given research field.

Concretely, the systematic review reported in this article aimed to identify relevant
IT-based applications requiring smart cities’ infrastructure to facilitate the mobility of
older adults in the urban space and, consequently, their participation and inclusion in the
community as full citizens.

To the best of our knowledge, the systematic review literature reported by this article
constitutes the first review that covers the mobility of older adults supported by smart
cities’ infrastructure. It aims to make the following contributions in terms of smart city ap-
plications to facilitate the mobility of older adults: (i) review of the main recently published
research; (ii) identification and discussion of relevant applications; (iii) typification of the
applications being developed; (iv) identification of current approaches to use sensors and
smart city data to support the mobility of older adults; (v) analysis of the maturity level of
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the reported applications; (vi) discussion about the main results and contributions of the
current research; (vii) identification of the barriers for the dissemination of the identified
applications; and (viii) identification of research gaps. These contributions might be useful
to inform smart cities’ stakeholders about state-of-the-art solutions with impacts on active
ageing and the gaps of the current research.

1.2. Smart Cities and Smart Mobility

A set of characteristics has been identified as relevant in the context of smart cities [20,21]:
smart governance, smart economy, smart environment, smart people, smart living, and
smart mobility.

Smart mobility includes local, national, and international accessibility, and the avail-
ability of communication infrastructure or sustainable and safe transport systems and
is aligned with the United Nations (UN) Sustainable Development Goals [22,23]. Smart
mobility is often seen as related to the use of IT to adequately orchestrate services designed
to improve urban mobility [24]. In this respect, a wide range of information services
can be foreseen, such as intelligent transportation systems [25–28] or algorithms to infer
mobility patterns [29,30]. These information services might contribute to the reduction of
air and noise pollution, traffic congestion, and travel costs, while increasing individuals’
safety [24,31,32].

Moreover, smart mobility might facilitate older adults’ activities and participation,
in line with the goals of active ageing and age-friendly cities and communities’ ap-
proaches [13]. In its baseline report for the decade of healthy ageing, the WHO states
that “engagement of older people and municipalities can steer the use of digital technol-
ogy to support enabling environments—and reduce the digital divide between older and
younger people” [1] p. 67, pointing out Chicago as a good example of a city in which the
labels of Age-Friendly and Smart City have been brought together.

1.3. An Overview of Related Reviews

Several articles published in scientific journals [33–65] reported different types of
reviews, including systematic literature reviews, related to various aspects of smart cities’
implementation, including data analytics [33–37], systems architectures [38], data secu-
rity [39–41], data security and Internet of Things (IoT) [42–44], IoT [45], ontologies [46],
healthcare [47–49], energy efficiency [50], citizenship [51], smart city indicators [52], mobil-
ity [53–58] and age-friendly initiatives [59–65].

Looking specifically for reviews related to mobility or age-friendly initiatives (Table 1),
is possible to conclude that the state-of-art studies did not aim to analyze relevant IT-based
applications requiring smart cities’ infrastructures to facilitate the mobility of older adults.

In turn, concerning age-friendly initiatives, the state-of-the-art reviews aimed to
study aspects as the impact of smart cities in different countries [60–62], barriers to the
implementation of age-friendly concepts in smart cities [59], the role of IT and the barriers
and stressors for age and disability-friendly communities [65], and the impact of IT on the
quality of life of older adults [63]. Finally, one article [64] is a narrative review on the role of
mobility digital ecosystems for age-friendly urban public transport. However, this narrative
review (not a systematic review), instead of performing a quantitative evidence-based
analysis of empirical studies, aimed to present a discussion on how transport technology
and transport mobility practices might contribute to the promotion of mobility rights of
older adults and age-friendly mobility [64].

The article is outlined as follows. In Section 2, the proposed research questions and
methods are detailed. The results are presented in Section 3. Finally, the discussion and
answers to the research questions are presented in Section 4, and general conclusions are
presented in Section 5.
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Table 1. State-of-the-art reviews related to smart city mobility and age-friendly initiatives.

Topic Reference Title Year

Mobility [53]
Emerging big data sources for public transport
planning: a systematic review on current state of art
and future research directions.

2019

[54] Smart parking: a literature review from the
technological perspective. 2019

[55] The quality of smart mobility: a systematic review. 2020

[56] A systematic review of urban navigation systems for
visually impaired people. 2021

[57] Enabling technologies for urban smart mobility: recent
trends, opportunities and challenges. 2021

[58] Barriers and risks of Mobility-as-a-Service (MaaS)
adoption in cities: a systematic review of the literature. 2021

Age-friendly
initiatives [59]

Implementation of age-friendly initiatives in smart
cities: probing the barriers through a
systematic review.

2020

[60] Smart and age-friendly cities in Romania: an overview
of public policy and practice. 2020

[61]
Smart and age-friendly cities in Russia: an
exploratory study of attitudes, perceptions, quality of
life and health information needs.

2020

[62]

Smart and age-friendly communities in Poland: an
analysis of institutional and individual conditions for
a new concept of smart development of ageing
communities.

2020

[63] Quality of life framework for personalised ageing: a
systematic review of ICT solutions. 2020

[64] The role of mobility digital ecosystems for age-friendly
urban public transport: a narrative literature review. 2020

[65] Use of connected technologies to assess barriers and
stressors for age and disability-friendly communities. 2021

2. Materials and Methods

This systematic review followed the guidelines of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) [66]. To achieve its objectives the
following research questions were formulated:

• RQ1—What are the relevant smart city IT-based applications to facilitate the mobility
of older adults?

• RQ2—What type of data (i.e., sensors and city data) are being used to support the
proposed applications?

• RQ3—What are the maturity levels of the solutions being reported?
• RQ4—What are the barriers for the dissemination of the solutions that were identified?

Boolean queries were prepared to include all the articles that have in their titles,
abstract or keywords a reference to smart city (i.e., one of the following expressions ‘Smart
City’, ‘Smartcity’, ‘Smart-city’, ‘Smart Cities’, ‘Smartcities’ or ‘Smart-cities’) together with
at least one of the following terms: ‘Elderly’, ‘Older’, ‘Senior’, ‘Ageing’ or ‘Aging’. The
resources considered to be searched were two general databases, Web of Science and
Scopus, and one specific technological database, IEEE Xplore. The literature search was
concluded in April 2021.

As inclusion criterion, the authors aimed to include all the articles that reported
evidence of explicit use of IT-based application requiring smart cities’ infrastructures to
facilitate the mobility of older adults.

Considering the exclusion criteria, the authors aimed to exclude all the articles not
published in English, without abstract or without access to full text. Furthermore, the
authors also aimed to exclude all the articles that reported overviews, reviews and applica-
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tions that do not explicitly require smart cities’ infrastructures, or that were not relevant for
the specific aim of this study.

The selection of the articles was performed in three steps:

• First, the authors removed the duplicates and the articles without abstract.
• The abstracts of the retrieved articles were screened against inclusion and exclusion

criteria to exclude non relevant articles. When from the title and abstract of an article
it was not possible to take a decision, the article was considered for the next step (i.e.,
full text screening).

• The full texts of the eligible articles were retrieved and screened for inclusion.

Then, the full texts of the included articles were analyzed and classified using a
synthesis process based on the method proposed by Ghapanchi and Aurum [67] (i.e., terms
and definitions used in the included articles were identified to create a primary list of
application domains, which was afterwards refined by further analyses).

Data from each included article were extracted using a standardized form including:
(i) article authors, title, and year of publication; (ii) aim of the study being reported; (iii)
details of the applications being reported; (iv) details of the applied research methods; (v)
methods applied for the assessment of the proposed applications; (vi) results; and (vii)
author’s interpretations.

In all the steps the articles were reviewed by at least two authors and any disagreement
was discussed and resolved by consensus.

3. Results

Figure 1 presents the PRISMA flowchart of this systematic review.
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A total of 1801 articles were retrieved from the initial search on Web of Science
(718 articles), Scopus (869 article) and IEEE Xplore (214 articles).

The initial step of the screening phase (i.e., step 1) yielded 1351 articles by removing
the duplicates (348 articles) or the articles without abstracts (102 articles).
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Based on abstracts (i.e., step 2), 390 articles were removed since they were not pub-
lished in English, or they were overviews or reviews, editorials, prefaces, and announce-
ments of special issues, workshops, or books. Moreover, 920 articles were removed because
they did not report evidence of the explicit use of IT-based applications requiring smart
cities’ infrastructures to facilitate the mobility of older adults.

Finally, the full texts of the remaining 41 articles were screened (i.e., step 3) and
13 articles were excluded because they did not meet the inclusion criteria. Therefore,
28 articles [68–95] were included in this systematic review.

Of these 28 articles, some reported the same research projects: articles [79,80,85,87,88]
were related to a Portuguese funded project called SmartWalk; articles [73,77] were related
to a European funded project called City4Age; and articles [78,93] reported on the same
application.

Considering the articles included for this systematic review, 18 were published in
conference proceedings [68–70,72–74,79–87,89,91,92] and ten were published in scientific
journals [71,75–78,88,90,93–95].

In terms of publication years, the included articles were published between 2013 (i.e.,
two articles [68,69]) and 2021 (i.e., one article [95]). The diagram in Figure 2 demonstrates
that the trend of the development of IT-based applications requiring smart cities’ infras-
tructures to facilitate the mobility of older adults is increasing, and more than two-thirds of
the articles (i.e., 19 articles [77–95]) were published in the last four years.
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Figure 3 reveals the country of origin for all primary studies. Europe (in particular,
Portugal, six articles [79,80,85,87,88], and Spain, five articles [68,73,75–77]) contributed the
largest number of articles (i.e., 20 articles [68–73,75–80,83–85,87–89,92,93]). In turn, Asia
contributed five articles [74,81,82,90,91], North America (i.e., United States of America)
contributed two articles [86,94] and South America (i.e., Brazil) contributed one article [95].

3.1. Quality of the Retrieved Studies

In addition to general inclusion and exclusion criteria, it is considered critical to assess
the quality of primary studies. Therefore, the 28 articles were evaluated against a set of
study quality assessment questions listed in Table 2, which were adopted and adjusted
from other studies [96–98]. Two of the authors independently answered the questions
according to binary scale (i.e., 1 for Yes or 0 for No) and any disagreements were resolved
through discussion until consensus was reached.
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Table 2. Study quality assessment questions.

# Study Quality Assessment Questions

Q1 Are the objectives and aims of the study clearly identified?
Q2 Is the context of the study clearly stated?
Q3 Does the research methods support the aims of the study?
Q4 Has the study an adequate description of the technologies being used?
Q5 Is there a clear statement of the findings?
Q6 Are limitations of the study discussed explicitly?
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As can be seen in Figure 4, all studies state the aims and objectives of the conducted
research (Q1). In turn, only three articles explicitly included the limitations of the respective
studies (Q6). Additionally, only nine articles conveniently described the research methods
(Q3). The results for the remainder three questions varied from 23 (Q2 and Q5) to 19 (Q4).
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3.2. Application Domains

Based on the analysis of the included articles, the following application domains
were considered: (i) requirements and development platforms; (ii) accessibility; (iii) lo-
calization; (iv) mobility assistance; (v) health conditions monitoring; (vi) promotion of
healthy lifestyles; and (vii) data analytics. Table 3 presents the classification of the 28
included articles.

Table 3. Classification of the included articles.

Application Domains Reference Title Year

Requirements and
development platforms [68] Towards ambient assisted cities and citizens. 2013

[76] GAWA—manager for accessibility wayfinding apps. 2017
[89] Age and the city: the case of smart mobility. 2020

Accessibility [71] A service-oriented approach to crowdsensing for accessible smart mobility
scenarios. 2016

[83] IoE accessible bus stop: an initial concept. 2018

Localization [72] A genetic-based localization algorithm for elderly people in smart cities. 2016

[81] OmimamoriNet: an outdoor positioning system based on Wi-SUN FAN
network. 2018

[82] GPS trajectories based personalized safe geofence for elders with dementia. 2018

Mobility assistance [69] DisAssist: An Internet of Things and Mobile Communications platform
for Disabled Parking Space Management. 2013

[70] On combining crowdsourcing, sensing and open data for an accessible
smart city. 2014

[86] Smart mobility for seniors through the urban connector. 2019

[91] Beyond walking: improving urban mobility equity in the age of
information. 2020

[95] Towards a collaborative model to assist people with disabilities and the
elderly people in smart assistive cities. 2021

Health conditions
monitoring [73] An architecture for combining open data with sensors’ data for effective

prevention of MCI and frailty in elderly people. 2017
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3.2.1. Requirements and Development Platforms

Three articles were focused on the mobility requirements of older adults and IT
platforms to help the development of new applications [68,76,89].

Sourbati [89] discussed the older adults’ mobility practice in smart city environments
as a phenomenon at the intersection of age, IT, and data, and aimed to study transport
mobilities of older adults and mobility practices interactions with smart cities’ IT services.
The analysis highlighted age-bias in inherited transport systems, gaps in available data
about older adults’ mobility practices and IT use, and opportunities for more inclusive
(and sustainable) smart transport. Moreover, based on the discussion of the older adults’
mobility practices, the author presented the features of a journey planning application [89].

In turn, Lopez-de-Ipina et al. [68] proposed a proof-of-concept platform for ambient
assisted cities able to sense the city to promote the creation of an ecosystem of user-centric
applications to help older adults in their daily activities, considering their disabilities. This
platform was developed within a research project, and the authors reported a work-in-
progress and explained how they brought together the achievements of earlier works.

Finally, Rodriguez-Sánchez and Martinez-Romo [76] presented a platform to provide
a universal and accessible solution to manage wayfinding applications that focuses on indi-
viduals with disabilities in outdoor and indoor environments. The platform is composed
by different subsystems to perform user profiles management, accessibility data manage-
ment, routes management and accessible application generation. The Assisted Multimodal
Wayfinding Application was presented a case study: it can be installed on older adults’
smartphones or wearable devices and combines text, maps, auditory, augmented reality,
and tactile feedback to provide indoor and outdoor guidance considering personal factors
(e.g., disabilities, impairments, or languages) [76].

The authors reported an accessibility guidelines validation and a prototype evalu-
ation [76]. In terms of accessibility guidelines, the authors followed the Web Content
Accessibility Guidelines (WCAG), version 2.0, and obtained the maximum level. In turn,
the prototype was evaluated by a group of 20 participants (11 males and nine females,
aged from 20 to 75), which were divided into the following categories: users without a
disability (eight), blind users (three), limited vision users (four), deaf users (three) and
wheelchair users (two). This evaluation was composed by three experiments: one for
testing the application using Android devices, another for testing the application using iOS
devices and the third one for testing the web interface. The evaluation methods include
direct observation and questionnaires [76]. According to the results, the application could
be used for supporting daily living activities [76].

3.2.2. Accessibility

Two articles [71,83] were considered as proposing applications to improve the accessi-
bility of urban spaces.

Rodrigues et al. [83] proposed a smart bus stop, which would integrate all the features
from the existing bus stops, as well as intelligent features to allow its adaptation to different
users’ needs. The authors reported an initial stage of the project and only the conceptual
architecture was presented.

In turn, Mirri et al. [71] presented the design of an infrastructure called Smart Mobility
for All (SMAll) aiming to support the mobility of impaired individuals within urban
environments. Since a mobile user can be at the same time a consumer and a provider
of the sensing services, the authors proposed both participatory sensing (i.e., mobile
users actively engage in sensing activities by manually determining how, when, what,
and where to sense) and opportunistic sensing (i.e., fully automated sensing activities
without the involvement of the users) to collect that about the accessibility conditions
of the urban spaces exploiting, for example, Radio-Frequency Identification (RFID) and
Global Positioning System (GPS). Moreover, the crowdsensing data were aggregated with
other data sources including official data about the transport infrastructure (e.g., static
features and real-time information versus planned timetables). To prove the effectiveness
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of the approach, the authors considered two scenarios illustrating urban accessibility issues
involving a wheelchair user and an older adult.

3.2.3. Localization

Three articles [72,81,82] were considered within the scope of applications to determine
the localization of older adults.

Considering that the city should provide outdoor monitoring for older adults while
promoting their ability to perform leisure activities, the final aim of the study reported
by Liouane et al. [72] was to ensure a localization service for older adults that should be
provided in time and when it is necessary. According to the authors, they took advantage
of the IoT paradigm for collecting heterogeneous data that are broadcast in the city. The
assessment of the location performance was performed through a set of experimental
simulations using the MATLAB environment.

Chen et al. [81] presented an outdoor positioning system that might be used to protect
older adults, via estimating their locations in a city. Particularly, locations were estimated
using machine learning algorithms from the data measured at multiple base-stations that
are densely deployed over a city to construct an ad hoc network. A prototype system
consisting of nine base-stations was deployed on a university campus to conduct an experi-
ment to validate the proposed approach in terms of the performance of the communication
networks and machine learning algorithms.

Lin et al. [82] argued that wandering is among the most problematic, dangerous, and
frequent behaviors of individuals with dementia and that frequent wanders are more
vulnerable to experiencing adverse events than the healthy ones, ranging from falling,
getting lost, elopement or boundary transgression to emotional distress. To minimize
wandering-related adverse consequences, the authors proposed a geofence based in a
virtual boundary delineated around an area of interest that can be created with a variety
of different technologies, such as WiFi, cellular mobile, RFID and GPS. Moreover, a data
mining-based approach was used to construct a personalized safe geofence by mining
older adults’ historical GPS trajectories. In terms of validation, an open dataset of older
adults’ GPS traces was used and, according to the authors, the qualitative results showed
that the method is workable for constructing personalized safe geofences by mining older
adults’ GPS trajectories [82].

3.2.4. Mobility Assistance

Considering the articles related to mobility assistance, Lambrinos and Dosis [69]
focused on an application to enhance the parking experience from the perspective of
impaired individuals, while four articles [70,86,91,95] reported studies aiming to support
older adults when moving in the city.

Lambrinos and Dosis [69] proposed a smart parking management system called
DisAssist which takes advantage of the capabilities of mobile devices to allow users to
find, reserve and access real-time parking availability information obtained via machine-to-
machine communications.

Mirri et al. [70] proposed a system that exploits real time data provided by bus
operating companies combined with data produced by sensors and crowdsourcing data to
provide routes tailored to older adults’ specific needs. The users might access two mobile
applications: mobile Pervasive Accessibility Social Sensing (mPASS) and WhenMyBus. The
first collects data about urban accessibility and provides older adults with personalized
and accessible pedestrian paths and maps, while the second aims to support older adults
who travel by bus in the city by providing real time information about transport availability
and accessibility facilities.

The important features of these applications are the integration of data produced by
sensors (i.e., gyroscope, accelerometer, and GPS) and data gathered via crowdsourcing
by users, together with official accessibility reviews conducted by experts. The authors
argued that although any instance of the crowdsourced and sensed data may be unreliable,
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aggregating a large amount of information related to the urban area makes the data more
trustworthy (i.e., an error made by a single sensor, or a single user, become less significant
as the volume of data increases). Additionally, the data quality might be increased when
considering their aggregation with accessibility reviews conducted by experts.

Badii et al. [91] described a concept based on various technologies, including location-
based services, augmented reality, and crowdsourcing. Specifically, a smartphone applica-
tion prototype was developed to support wheelchair users with a customized information
service. The important features of the system are path navigation and public participation.
Path navigation is focused on individuals who find moving difficult (especially those who
use wheelchairs) and aimed to provide an effective and accurate map information service
and travel route planning, with two path navigation modes (i.e., wheelchair and walking).
In turn, public participation allows users to take photos and upload the improper public
facilities around them, such as a broken blind path, a broken elevator, and a damaged or
blocked ramp. The positioning information of the photos can be uploaded to the urban
management platform, providing data for urban management and maintenance.

Vargas-Acosta et al. [86] presented the Urban Connector, a mobile application that
provides relevant information about city services to assist older adults during their travels
within a city and to mitigate their risks (e.g., being caught in traffic congestion, getting lost,
or being involved in a crash). Based on the recommendations followed in the design of the
Urban Connector, an Android-native prototype has been developed, which was tested for
a period of 30 days with a group of 38 older adults as early adopters.

Finally, Matos et al. [95] proposed the SafeFollowing application to provide collab-
orative support for individuals with disabilities and older adults in adverse situations
from qualified agents and volunteers. In concrete, the SafeFollowing mobile application
allows users to ask for assistance by sending a notification to agents and volunteers who
are nearby. The SafeFollowing evaluation consisted of two scenarios (i.e., a situation in
which an older adult receives special care provided by an agent, and a situation in which
an agent helps a wheelchair user). After performing tests on the above SafeFollowing
scenarios, a questionnaire based on the Technology Acceptance Model was used to gather
the opinions of the participants.

3.2.5. Health Conditions Monitoring

Four articles [73,77,84,94] described solutions aiming to monitor the health conditions
of older adults when moving in the urban spaces.

Lee et al. [94] proposed a wearable biosensor (i.e., a smart watch) and hotspot analysis-
based framework to continuously monitor older adults’ interactions with the built envi-
ronment aiming to support interventions to minimize stressful interactions. To test the
proposed framework, stress hotspots were detected based on the data related to 30 older
adults, which were collected during two weeks of their daily trips. The detected stress
hotspots were then investigated by site inspections and interviews with subjects. According
to the authors, the proposed sensing framework strengthens the smart city paradigm and
can be a basis for optimizing interventions to improve the mobility of older adults.

Through highlighting the importance of integrating social resources into the core of
what a smart city is, the ideas presented in [73,77], which took part in the same project
(City4Age), were related to the use technologies for the prevention of mild cognitive
impairment and frailty in older adults.

Open data services available in the smart city technological infrastructure together
with data collected by wearables, smart phones and sensors were used to track the users
within the city, including visited points of interest and some activities performed, such as
visiting a family member, and their usage of public transportation (e.g., buses or railway
trains). The authors claimed that this tracking is useful to build a comprehensive and
predictive picture of older adults’ wellbeing and health conditions, aiming to sustain better
health outcomes and deliver early interventions to anticipate needs [73,77].
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Medrano-Gil et al. [77] reported the cocreation framework used for the Madrid
City4Age pilot, which involved informal interviews with representatives of public trans-
port organizations and a manager from a private older adults’ care service, as well as
structured interviews with a manager of day centers and home care services and the people
responsible for social services of a municipality of fifty thousand inhabitants. In turn, [73]
described the architecture supporting an innovative approach for interfacing open data
from smart cities (e.g., public transportation or weather conditions) with data acquired
(e.g., walking or enter home) via multiple sensors, namely GPS, Bluetooth Low Energy
(BLE) beacons, smartphones, and smart wristbands.

A similar solution was presented in article [84], which described a smartphone-based
prototype for remote and non-invasive older adults’ monitoring. In the described imple-
mentation, a smartwatch with a heart rate monitor and a tri-axial accelerometer was used
to determine if a dangerous situation is occurring (e.g., abrupt changes of the heart rate or
a sudden acceleration, followed by a state of quiet that might be a sign of fall or fainting).

3.2.6. Promotion of Healthy Lifestyles

Eight articles focused the promotion of healthy lifestyles [75,78–80,85,87,88,93].
Article [75] reported a context-aware recommender application that offers personal-

ized recommendations of exercise routes to older adults according to their health conditions
and real-time information from a smart city. The application has predefined routes and
recommends the best route based on a memory-based method that employs neighborhood
search (i.e., to determine groups of similar individuals) and information acquired from the
smart city infrastructure such as air quality, ultraviolet radiation, wind speed, temperature,
or precipitation. The older adults can then select the best course according to their profile
(e.g., age, effort, or distance) and can inform the application about unexpected situations
that could affect other users. Moreover, they can also propose new routes. The application
was configured for two cities and first tested with simulated users whose age distribution
and medical statistics followed the reports of the WHO and the World Heart Federation.
Later, an experiment was conducted to verify that the quality of the recommendations
provided by the system were similar to those obtained by simulation.

A similar approach was followed by the SmartWalk project that was described by
five articles [79,80,85,87,88]. The objective of the SmartWalk project was to implement a
platform to promote physical activity by older adults, through the suggestion of routes that
met both the individual requirements in terms of physical activity and personal preferences.
The choice of routes is made by a healthcare professional that considers the individual
health conditions. The vision and general architecture of the SmartWalk project was
presented in two articles [79,88], while a set of personas and scenarios that were developed
to help the systematization of the system functional requirements was presented in [80].
Moreover, the algorithm to determine the routes was described in [85] and the SmartWalk
application was presented in [87].

Finally, articles [78,93] were related to the project Smart City Active Mobile Phone
Intervention (SCAMPI), which evaluates an application to promote physical activity to-
gether with data acquisition related to behavior, mode of travel, duration, and speed. The
application collects data in real time on location and travel speed using GPS. Moreover,
accelerometers are used to provide an objective assessment of physical activity.

Ek et al. [78] presented the design of a two-arm parallel randomized controlled trial to
assess the application promoting physical activity selected for SCAMPI trial in terms of
monitoring behavior change towards active transport. The primary outcome is moderate-
to-vigorous intensity physical activity, while secondary outcomes include time spent in
active transportation, perceptions about active transportation and health related quality of
life. In turn, Lindqvist et al. [93] presented a qualitative study that aimed to examine the
acceptance and user experience of the referred application promoting physical activity.
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3.2.7. Data Analytics

Concerning the application of data analytics, three articles [74,90,92] were identified.
The studies aimed to process data to determine activities and behaviors of older adults in
the urban space.

The study presented in [74] adopts a smartphone-based mobile application as a tool
to better understand the daily activity of older adults. Using the smartphone sensor
information collected through the mobile application, the authors intended to prove that it
is possible to identify the points of interest of older adults in Singapore.

In turn, in the study reported by [90], a large volume of smart card data was used to
determine the public transport travel behavior of older adults in Beijing, China, that were
classified as long, medium, and short bus-travelers considering their objective mobility
characteristics. According to the authors, the findings might be used to tailored mobility
policies of the cities.

The research reported in [92] aimed to understand the older adults’ means of traveling
considering contextual data and data coming from the smartphones. The correct classifica-
tion of transportation can be also used for providing suggestions in the context of public or
private transportation.

3.3. Types of Data Being Used

Since smart city technological platforms aim to promote automated and intelligent
processes based on the analysis of vast quantities of data, data gathering is an important
issue for the proposed applications. According to the included studies, the data acquired
from the smart city infrastructure were complemented with continuous data gathered by
personal sensors that are gradually being pushed into the market (Table 4).

Table 4. Types of data being used by the proposed applications.

Types of Sensors NotSpecified Location Movement and
Speed

Using
Transport

Physiological
Parameters

Points of
Interest

Presence of
Vehicles Air Quality Weather

Conditions Illumination

Smartphone’s sensors
Unspecified [68] [92] [73,77,92] [93]
Gyroscopes and
accelerometers [70,71]

Global Positioning
System [79,80,82,87,88] [70,71,73,77,93] [73,77] [73,74,76,77]

Bluetooth Low Energy
beacons [73,77] [73,77] [73,76,77]

Wearables
Body Area Network [72] [73,79,80,87,88]
Smartwatch [84,94]

Sensors of deployed in
the cities
Unspecified [68] [70] [75,80,88] [75,80,88] [80]
Magnetic sensors [69]
Radio-Frequency
Identification [71,82]

QR-Code [76]

As shown in Figure 5, 18 of the examined articles indicated the use of personal sensors
or sensors from the smart city infrastructures to gather different types of data. Sixteen
articles referred to the use of personal sensors (e.g., sensors deployed in the older adults’
smartphones or wearables), and nine articles referred to the use of sensors deployed in the
city. Only seven articles referred to the use of both personal sensors and sensors from the
smart city structure.

Looking at the technological details presented by the articles, ten articles consid-
ered the concept of IoT, although just two articles referred to the protocols being used.
Mechanisms to aggregate data from different sensors and to guarantee the quality of
these data were presented in two articles, while five articles mentioned the need for data
interoperability, although just one referred to how interoperability can be achieved.

In turn, 16 articles referred to concerns related to the privacy, integrity and confiden-
tiality of the data gathered by personal sensors, but only one described the implementation
of mechanisms for data protection.
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In addition to the data gathered by the sensors, several articles reported the integra-
tion of open data from the smart city (Table 5), namely publicly available accessibility
information [68], transport infrastructures [68–71,73,77,78], real-time data about public
transport [70,71] and points of interest in the city [76].

Table 5. Open data from the smart city.

Type of Data References

Accessibility of the city [68]

Transport infrastructures
Roads [85]
Parking [69,71]
Public transport [68,70,71,73,77]
Scheduled data (e.g., buses) [70,71]
Shared transport [71]

Real-time transport data
Real-time data of public transport [70,71]

Touristic features [76]

Moreover, seven articles [70,71,74,75,86,91,95] reported the implementation of crowd-
sourcing mechanisms (Table 6).

Table 6. Articles reporting crowdsourcing.

References Aims

[70] To determine urban accessibility (i.e., barriers and facilities).
[71] To determine urban accessibility (i.e., barriers and facilities).
[74] To identify the points of interest among the older adults.
[75] To determine the route’s status.
[86] To identify recommended places.
[91] To determine problems of walking environments.
[95] To support the coverage of individuals with disabilities.

3.4. Maturity Level

In terms of the development of applications, it is important distinguish the differ-
ent development phases, each one with a different maturity level (e.g., requirements,
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analysis, design and implementation, testing, and evolution or maintenance). As can
be seen in Table 7 and Figure 6, a significant percentage of the included studies aiming
to develop smart cities’ applications to support the mobility of older adults were still
in an early development phase (i.e., description of concepts or architectures). In turn,
11 articles [72,74,76,81,82,85,86,90,92,93,95] reported proof-of concept prototypes. Four of
these articles [76,86,93,95] reported the participation of older adults for the qualitative
evaluation of the prototypes, although the measured outcomes were poorly described, and
the number of participants was small. Finally, one article [94] reported the assessment of
prototypes in a real-life scenario.

Table 7. Maturity level of the proposed solutions.

Maturity Level References

Concepts for further development [77,78,80,83,91]
Architectures [68–71,73,75,79,84,87–89]
Proof-of-concept prototypes [72,74,76,81,82,85,86,90,92,93,95]
Assessments in real-life scenarios [94]
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In the study reported in article [94], which aimed to develop a wearable biosensor
and hotspot analysis-based framework to continuously monitor the older adults’ stressful
interactions with the built environment, it was conducted a pilot. Thirty older adults
participated in various types of data collection, including controlled route and daily trips,
so that stress hotspots could be identified. As a result, the authors concluded that hotspot
analysis with wearable biosensors can detect spatiotemporal stressful interactions between
the older adults and the built environment.

4. Discussion

Looking for the first research question (i.e., the relevant smart city applications to facil-
itate the mobility of older adults), seven application domains emerged from this systematic
review: (i) requirements and development platforms (three articles); (ii) accessibility (two
articles); (iii) localization (three articles); (iv) mobility assistance (five articles); (v) health
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conditions monitoring (four articles); (vi) promotion of healthy lifestyles (eight articles);
and (vii) data analytics (three articles).

These results are in line with current concerns related to the improvement of en-
vironmental factors [9], including urban infrastructure and services, to facilitate active
ageing [10,11] and the promotion of the wellbeing of older adults [99], and show that smart
cities, if well-equipped to address the needs of their older adults, might facilitate their
mobility [10,11].

In terms of the type of data being used by the proposed applications (i.e., the sec-
ond research question), the different articles reported the use of data acquired from the
smart city infrastructure, such as air quality, weather conditions, or light conditions and
open data available in the smart city databases, namely static data (e.g., city accessibility,
transport infrastructures and touristic points of interest), and real-time data about public
transport. On the other hand, sensors deployed in the older adults’ smartphones and
wearables were used to acquire continuous monitoring data to determine localization,
movement, speed, points of interest, or utilization of public transport, as well as to monitor
physiological parameters. Moreover, one fourth of the articles reported the implementation
of crowdsensing mechanisms.

Using sensors to constantly monitor individuals has the potential to put them at risk.
Therefore, secure data transmission and the guarantee that the stored data would only
be accessed by individuals who are authorized are important requirements [39–41]. If
these requirements are not satisfied, data such as the location of an individual at a given
time might be used for nefarious purposes (e.g., to know when and for how long the
individuals are out of their homes). Despite the importance of data privacy, integrity, and
confidentiality, just one of the included articles described mechanisms to guarantee data
protection. This can be considered a major barrier for the dissemination of the applications
being developed and future work must pay special attention to privacy and security issues
when using emerging sensor technologies.

Considering the need to use huge amounts of data from different sources, interoper-
ability and data quality, standardization and aggregation are key aspects [46]. However,
these aspects are almost absent in the studies reported by the included articles, which also
negatively impacts the dissemination of the applications.

Concerning the maturity level of the applications being reported (i.e., the third research
question), most of the included articles generally tended to describe technological solutions,
which were still far from consolidated solutions.

Twenty-seven articles proposed concepts for further development, defined architec-
tures, or presented prototypes that were developed to demonstrate the feasibility of the
concepts. Four articles reported the participation of older adults in the evaluation of the
prototypes, although the experimental setups had limitations in terms of the measured
outcomes, and the number of participants. Only one article reported the assessment of
the proposed application in a real-life scenario. It is worth emphasizing the importance of
going beyond technological determinism and, accordingly, to consider the impact on the
target users.

This low maturity level is an important drawback when comparing the included
studies with similar research using different approaches. For instance, in terms of the
monitoring of health conditions and the promotion of healthy lifestyles, the scientific
literature reports relevant research studies based on robust methods and involving a
significant number of participants to assess the impact of mobile health applications
(e.g., [100,101]).

Therefore, concerning the fourth research question (i.e., what are the barriers for the
dissemination of the solutions that were identified?), it is possible to conclude that the
lack of assessment in real-life scenarios, together with a set of unsolved aspects related to
the data being used (i.e., data privacy, integrity, and confidentiality, data interoperability,
data aggregation, and data quality) constitute major barriers for the dissemination of smart
cities’ applications to facilitate the mobility of older adults.
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5. Conclusions

The study reported by this article aimed to review smart city applications to facilitate
the mobility of older adults. Relevant application domains were identified, including
requirements and development platforms, accessibility, localization, mobility assistance,
health conditions monitoring, promotion of healthy lifestyles, and data analytics.

The results show that there is an ongoing effort to take advantage of the smart cities’
paradigm to make cities more age-friendly by facilitating the mobility of older adults,
namely by using a diversity of sensing data provided by a broad range of sensors. However,
issues such as user privacy, data standardization and integration, and sensors’ character-
istics were poorly addressed. The results also show that there is a lack of maturity of the
developed applications, which constitutes a major barrier to their dissemination. Moreover,
it is foreseen that the number of articles related to the topic will increase in the future, since
the research effort increased over the years: the oldest articles that were included were
published in 2013 and more than two-thirds of the included articles were published in the
last four years.

According to the study protocol (e.g., search keywords and inclusion and exclusion
criteria) this review only considered the research related to smart cities’ applications specif-
ically focused on facilitating the mobility of older adults. However, older adults constitute
a heterogeneous population group with different needs, life experiences, expectations,
and personal factors, which means that, when needed, there are older adults able to use
applications developed for the general population. In this respect, one of the limitations
of this study is related to the fact that there are other smart cities’ applications and ser-
vices developed for the general population that can be used by older adults to facilitate
their mobility (e.g., pedestrian mobility [102], multi-modal routes’ support [103], smart
parking [54], traffic management [104], assistance to drivers [105,106], intelligent transport
systems [25,105,106], or mobility as a service [38,58]). Moreover, it should be noted that
this review did not consider other possible studies aiming to facilitate the mobility of older
adults without being supported in smart city infrastructures, nor articles whose primary
focus was not the use of IT (e.g., [107]). Additionally, the review did not consider articles
published after March 2021.

Moreover, is always possible to point out limitations about both the chosen keywords
and the databases that were used in the research. Likewise, since most articles were
published in conference proceedings, there will certainly be similar articles that have not
been included because they were presented in non-indexed conferences. It should also be
noted that the grey literature was not considered in this review and that this can be seen as
a gap of some significance.

Despite these limitations, in methodological terms, the authors tried to follow rigorous
procedures for the articles’ selection and data extraction, so that the results are relevant
for identifying IT-based applications requiring smart cities’ infrastructures to facilitate the
mobility of older adults, which may contribute to future developments.

Based on the findings of this systematic literature review, it is possible to conclude
that most of the identified studies supported older adults’ requirements, which means that
there is a trend in the research of practical solutions. However, only one article reported an
experimental set-up to assess the proposal solution in a real-life scenario. The remainder
articles proposed concepts, architectures, and proof-of-concept prototypes. Four proof-of-
concept prototypes were validated by older adults, but the respective experimental designs
exhibit limitations.

The technological solutions should respond to user needs and not the other way
around. As such, it is possible to conclude that the assessment of the smart cities’ appli-
cations should be emphasized, as well as the use of robust methodological approaches.
Robust evidence is required to show that new developments are valid, reliable, cost-
effective, and able to make a difference. Collecting this evidence requires considerable
resources to integrate new applications into real life conditions, to be used by many users
for long periods of time [108].
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Since this review identified a research trend to develop practical solutions and a
considerable investment is being made to bring together smart city stakeholders, including
industry, to create market-ready solutions [19], the low maturity level of the developments
is a major gap on the current research related to IT-based applications requiring smart cities’
infrastructures to facilitate the mobility of older adults.

Together with sustainable and environmentally friendly mobility, mobility-as-a-service,
traffic management, namely using different data analytics techniques [33–37], and au-
tonomous vehicles are important concerns in the current smart mobility research [57].
Surprisingly, these topics are almost absent in the set of the included studies. Moreover,
other relevant topics of the smart cities’ research, such as user privacy, data standardization
and integration, IoT implementation, and sensors’ characteristics, are poorly addressed by
the included studies. Therefore, according to the results, another research gap emerged,
which is related to the difficulty of incorporating into the specific topic of this systematic
review, the knowledge generated by the research related to other topics related to smart
cities. Since smart cities are digital ecosystems resulting from a combination of business
models and innovation to transform the cities’ processes, structures, and strategies [38],
researchers should consider these ecosystems to promote a comprehensive view and to
take advantage of all relevant smart cities’ developments.

After this systematic review, it is possible to conclude that some attention should be
given to the fact that the total number of included articles is not very representative within
the total number of articles related to smart cities. Furthermore, most of the included articles
were published in conference proceedings. Therefore, the implementation of smart cities
is still not largely imbued within the active ageing domain, as can be seen in other topics
(e.g., AAL [15–17]). Therefore, IT-based applications requiring smart cities’ infrastructure
to facilitate the mobility of older adults still represent a relevant research opportunity.
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