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Preface

The UN Convention on the Rights of Persons with Disabilities (PwDs), article 9, defines
(Information and Communication Technology) ICT accessibility as an important part
of accessibility rights [1]. The World Health Organization (WHO) estimates that one
billion persons live with disabilities, and that 80% of those live in developing nations,
where infirmity and disabilities are real drivers of exclusion and poverty [2].Moreover, as
stated by the WHO the number of people with disability is dramatically increasing, due
to demographic trends and increases in chronic health conditions, among other causes
[2]. What’s more is that people with disabilities are disproportionately affected by the
COVID-19 pandemic.

ICTs have a crucial role to play. In fact, that technologies and services are accessible
is not merely a basic human right, but ICTs have the potential to bring a real difference to
the quality of life of people living with difficult or debilitating conditions or disabilities.
ICTs are advancing exponentially, while their cost is plummeting. Nevertheless, health
care demand is rising, accessible technologies and services are required, and the costs
continue to rise. This calls for additional research and adoption of technologies that can
help to meet these challenges, since ICT for Health, Accessibility and Wellbeing still
continues to lag behind.

This research calls for the design, implementation, user-centered evaluation and
standardization of new and future inclusive and sustainable technologies that bene-
fit all: healthy people, people with disabilities or other impairments, people having
chronic diseases, etc. This calls for multi- and interdisciplinary research at the interface
between Information and Communication Technologies, Biomedical, Neuro-cognitive,
and Experimental research, which puts users with disabilities at the epicenter and aims
to engage in a co-creation and co-design approach. Specifically, the focus should be
placed on user-oriented design and innovation, as well as user-centered evaluation. New
intuitive ways of human-computer interaction (e.g., augmented and virtual reality, nat-
ural language processing) and user feedback and acceptance are among the primary
factors that need to be examined in order to propose more intuitive and user-tailored ICT
solutions.

Therefore, the conference proceedings present state-of-the-art multi- and interdis-
ciplinary research in ICT for Health, Accessibility and Wellbeing. This very exciting
volume promises to deliver to the readers a broad view of how ICTs can be applied to
address challenges in terms of health, accessibility and wellbeing, with accepted papers
that showcase research and development of different ICTs and their application in vari-
ous end-user domains, e.g., older adults, people with dementia, stroke patients. Finally,
the technical program was further strengthened with two keynote talks delivered by
Eduardo Fernández Jover on enhancing the functional visual abilities of blind individu-
als with brain implants, and Virginio Cantoni on new technologies and the support and
accessibility of cultural heritage.



vi Preface

Part of the Series “ICT for Societal Challenges”, the IC-IHAW 2022 conference
brings together academics, industry experts, and education leaders from all over the
world to discuss an incredibly wide array of topics, includingmachine learning, robotics,
augmented reality, natural language processing to address problems for older adults,
people with dementia, stroke patients, to name a few.

The conference received a total of 33 papers, with the submitting authors originating
from 19 countries from all parts of the globe including Europe, Africa, Asia, USA
and Canada. From the submitted papers, 14 papers were accepted for presentation and
publication in the Springer Conference proceedings, yielding an acceptance rate of 42%.
Every paper went through a rigorous review process, in which each paper received at
least two expert Single-blind reviews, whereas most of the papers received more than
three reviews.

The Technical Program of IC-IHAW 2022 consisted of five sessions (Visual impair-
ment and ICT for mobility, ICT for seniors assistance, ICT and student health, ICT and
wellbeing, ICT and health prevention), which were presented as a virtual event.

George Angelos Papadopoulos
Achilleas Achilleos
Edwige Pissaloux
Ramiro Velázquez

References
1. https://www.un.org/development/desa/disabilities/convention-on-the-rights-of-persons-with-
disabilities/article-9-accessibility.html

2. https://www.who.int/news-room/fact-sheets/detail/disability-and-health

https://www.un.org/development/desa/disabilities/convention-on-the-rights-of-persons-with-disabilities/article-9-accessibility.html
https://www.who.int/news-room/fact-sheets/detail/disability-and-health


Organization

Program Chairs

Honorary General Chair

Edwige Pissaloux University of Rouen Normandy, France

General Chair

George A. Papadopoulos University of Cyprus, Cyprus

Scientific Vice-chair

Achilleas Achilleos Frederick University, Cyprus

Publications Chair

Ramiro Velázquez Universidad Panamericana, Mexico

Finance Chair

Petros Stratis EasyConferences LTD, Cyprus

Program Committee

Cherkaoui Abdeljabbar ENSA de Tanger, Morocco
Chekry Abderrahman Cadi Ayyad University, Morocco
Samaher Al-Janabi University of Babylon, Iraq
Khalid Amechnoue ENSA de Tanger, Morocco
Serrat Amel Lamosi Université des Sciences et de la Technologie

d’Oran, Algeria
Shahin Amiriparian University of Augsburg, Germany
Athanasios Anastasiou National Technical University of Athens, Greece
Peter Anderberg Blekinge Institute of Technology, Sweden
Jennifer Bassement Living-Lab Label-Âge Centre Hospitalier de

Valenciennes, France



viii Organization

Chris Beaumont University of Tokyo, Japan
Said Bettayeb University of Houston Clear Lake, USA
Matteo Bianchi University of Pisa, Italy
Marietjie Botes University of Luxembourg, Luxembourg
Fatma Bouhlel University of Sfax, Tunisia
Aoued Boukelif Djillali Liabès University of Sidi Bel-Abbès,

Algeria
Lydia Bouzar-Benlabiod Ecole nationale supérieure d’informatique (ESI),

Algeria
Lejdel Brahim University of El Oued, Algeria
Michal Bujacz Lodz University of Technology, Poland
Miguel Carrasco Universidad Adolfo Ibañez, Chile
Abdelfatteh Cherif Faculté des sciences de Monastir, Tunisia
Fisnik Dalipi Linnaeus University, Sweden
Javier de la Torre Costa Psico Smart Apps (Psious), Spain
Abdelhak Djoudi Centre de Développement des Energies

Renouvelables, Algeria
Abdelkader Doudou Mohammed First University, Morocco
Elena Doynikova SPC RAS, Russia
Mehdi El Arbi Institut Supérieur de Biotechnologie de Sfax,

Tunisia
Said El Beid Université Caddi Ayyad, Morocco
Abderrahmane Ezzahout ENSIAS, Morocco
Yousef Farhaoui Moulay Ismail University, Morocco
Mexhid Ferati Linnaeus University, Sweden
Xavier Fonseca Polytechnic Institute of Porto, Portugal
Bodin Franck Université de Lille, France
Claudia Garzón Universidad de La Sabana, Colombia
Simon Gay LCIS, Université Grenoble Alpes, France
Abdelghani Ghomari University Oran 1 Ahmed Ben Bella, Algeria
Sophie Grimme Bauhaus-Universität Weimar, Germany
Ali H. University of Babylon, Iraq
Amir Hajjam El Hassani Université de Technologie de Belfort

Montbéliard, France
Firkhan Ali Hamid Ali UTHM, Malaysia
Islam Hassani University of Blida1, Algeria
Christiana Ioannou Frederick University, Cyprus
Dan Istrate UTC – Le Laboratoire BMBI, France
Dimitrios Karras Technological Educational Institute of Chalkida,

Greece
Avgi Kollakidou University of Southern Denmark, Denmark
Christophe Kolski Univ. Polytechnique Hauts-de-France, France



Organization ix
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Fall Detection Combining Android
Accelerometer and Step Counting Virtual

Sensors

Jeppe Tinghøj Honoré, Rune Dalsenni Rask, and Stefan Rahr Wagner(B)

Department of Electrical and Computer Engineering, Aarhus University,
Finlandsgade 22, 8200 Aarhus, Denmark

sw@ece.au.dk
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Abstract. INTRODUCTION: Falls constitute a significant threat to
older adults. Several approaches aimed at automatically detecting falls
exist. Smartphones are widespread and can serve as a low-cost pervasive
platform for automated fall detection. Existing fall detection apps are
highly sensitive, but often suffers from sub-optimal specificity which can
result in many false positives.

OBJECTIVES: The aim of this study was to investigate whether the
built-in pedometer virtual sensor on the Android smartphone platform
can be used to increase specificity and thereby achieve higher accuracy
in an accelerometer-based Android fall detection application.

METHODS: An existing open threshold-based accelerometer algo-
rithm was combined with the standard Android virtual sensor pedometer
algorithm for detecting walking in the postfall phase. In a range of exper-
iments, falls were simulated using a combination of a test mannequin and
test participants, in order to determine the sensitivity and specificity of
the solution.

RESULTS: All simulated falls were detected with 100% sensitivity.
By counting postfall subsequent steps using the Android pedometer vir-
tual sensor, the specificity of the application was increased to 100% in
all scenarios.

CONCLUSION: The combination of accelerometer and pedometer
sensors was found feasible to use for increasing the specificity of existing
open fall detection algorithms.

Keywords: Fall detection · Smart phone · Accelerometer · Pedometer

1 Introduction

The ageing of the world’s population is becoming one of the most significant
social transformations of our time [1]. The number of people aged 65 years or
above is projected to grow from nine percent in 2019 to nearly 12% in 2030.
The number of people aged 80 years or over is expected to be nearly tripled by
2050 [2].
c© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
G. A. Papadopoulos et al. (Eds.): IHAW 2022, CCIS 1799, pp. 3–16, 2023.
https://doi.org/10.1007/978-3-031-29548-5_1
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Based on these demographic changes, many countries are adopting healthy
ageing policies to help elderly living an active and independent life [3].

Age is one of the key risk factors for fall accidents, and elderly people are
the most exposed. Each year, more than 30% of people above the age of 65 falls,
and in half of the cases, falls are recurrent [4].

In a systematic review of fall definitions and measuring methods, some of
the adjectives to describe falls are ‘unintentional’, ‘unexpected’, ‘sudden’ and
‘unplanned’ which all state an element of surprise for the participant. Two com-
mon definitions are from the WHO (i) and the Kellogg Group (ii) [5–7].

(i) A fall is defined as an event which results in a person coming to rest inad-
vertently on the ground or floor or other lower level.

(ii) A fall is an event which results in a person coming to rest inadvertently
on the ground or other lower level and other than as a consequence of the
following: sustaining a violent blow, loss of consciousness, sudden onset of
paralysis, as in a stroke, an epileptic seizure.

Falls have been proven to have a high correlation with mortality, morbidity,
functionality and premature nursing home admissions [8,9].

Some of the health-related consequences include fractures, soft tissue injuries,
longstanding pain and functional impairment which lead to reduced quality of
life [10].

In a study by Bergland et al., 51% of the falls resulted in an injury, of which
24% were considered severe. Thirteen percent of the falls resulted in fractures.
The researchers further suggest that the inability to get up from the floor was
the most influential risk factor for fall-related severe injuries [11].

According to the report, How dangerous are falls in old people at home?,
50% of those who were lying on the floor longer than one hour died within the
following six months [12]. Fleming et al. investigated fall reports and found that
in 54% of the cases, the individual was found on the floor. Of the 60% involved
individuals, 80% of the participants were unable to get up from the floor, and
30% had lain on the floor for at least one hour. A lie of one hour or more is often
referred to as a “long lie” [13–15].

The impact of long lies is the motivation behind automated information and
communication technology systems which can detect and react to the actual
fall event occurring. The main objective of an automated fall detection system
is to automatically detect when a fall event has occurred. Fall detection sys-
tems seek to discriminate between fall events and activity of daily living (ADL)
events. This is challenging as some ADL events, like sitting down from a stand-
ing position in a chair or on a bed, or running or walking at high speeds, have
similarities to falls which often results in lower specificity of the fall detection
system. Robust fall detectors have the potential to detect the falls early and
avoid the severe consequences of long lies while avoiding false positives. To sum-
marize, falls that go undetected increases suffering and the risk of more severe
infections and death, while an excessive number of false alarms can lead to eco-
nomic loss and caregivers rejecting the system [16]. Studies have investigated a
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Fig. 1. A fall divided into the phases proposed by Noury et al. Source: Own work.

variety of approaches, including cameras, ambient sensors and wearable devices
such as smartphones and smartwatches with mixed results [16].

Noury et al. proposed protocols for the evaluation of fall detection algorithms.
For categorising the algorithms, they divide falls into four phases: the prefall
phase, the critical phase, the postfall phase and the recovery phase. Figure 1
illustrates the phases based on the proposed protocol. In the prefall phase, the
person performs the usual ADL where sudden movements that should be dis-
tinguished from a fall may happen. In the critical phase, the person is subject
to a sudden movement of the body toward the ground with a small (T1–T0 =
300–500 ms) duration ending in a fall. In the postfall phase, the person is lying
on the floor inactively, and this phase should preferably not last longer than an
hour (T2–T1 < 1h). The recovery phase consists of the person getting up from
the floor on his own or with help [17].

2 Related Work

Fall detection systems can be grouped into camera-based, ambient device-based,
wearable device-based and sensor fusion-based systems [18,19].

Ambient device-based systems often consist of a variety of sensors which are
deployed in the environment. This means that the subject does not need to wear
a device. However, the system is limited to the placement of the sensors, whereas
the most common are floor sensors, microphones and pressure sensors [16].

Camera-based systems typically consist of a video camera monitoring the
home of the elderly in combination with computer vision algorithms which can
detect falls based on the video feed [20]. In a review from 2013, the included
camera-based systems started with an object detection followed by feature
extraction to have sufficient discriminative power to identify fall events. Ulti-
mately, a large variety of different classifiers were used to determine the fall
event [16].
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Wearable devices are worn by the person as accessories, embedded in clothing,
implanted in the user’s body or even tattooed on the skin [21]. The majority
of fall detection systems within this area use accelerometer sensors while some
incorporate other sensor types such as gyroscopes [16].

Sensor fusion combines multiple physical sensors to achieve higher accuracy
than the individual sensors are capable of [22].

2.1 Accelerometer-Based Devices

Accelerometer-based devices are a subgroup of wearable devices and are a
major area for detection of the critical phase of a fall [16]. Igual et al. groups
accelerometer-based systems into two categories [16]:

(i) Threshold-based method (TBM) where a fall is reported when the acceler-
ation peaks, valleys or exceeds predefined thresholds

(ii) Machine learning-based method (MLM) which uses machine learning tech-
niques to classify and report a fall

In 2005, Lindemann et al. integrated an accelerometer-based fall detector
into a hearing aid-housing which was fixed behind the ear. The TBM achieved
100% sensitivity and a self-stated “high” specificity [23].

Also, Bourke et al. explored a TBM with a tri-axial accelerometer for fall
detection. With both young and elderly subjects, the authors investigated the
ability to discriminate between falls and ADLand achieved a specificity of 83.3–
100% [24].

Li et al. based a system on accelerometers and gyroscopes, which sought
to recognise static postures and the dynamic transitions between the postures
where fall is an unintentional transition to a lying state [25].

Kerdegari et al. used an MLM and classified acceleration data using 6,962
instances and 29 attributes with different machine learning algorithms. Multi-
layer perceptron classified 90.15% of the instances correctly where the primitive
learning scheme ZeroR managed to classify 66.49% correctly [26].

Özdemir investigated the optimal sensor placement of accelerometer, gyro-
scope and magnetometer sensors by combing 378 combinations of sensor place-
ments and machine learning techniques. They concluded that the best sensitivity
was accomplished with sensors being placed in the waist region with 99.96% sen-
sitivity and 99.76% specificity although the wrist is highly preferred for today’s
wearable applications and achieved 94.92% accuracy [27]. Ntanasis et al. reached
the same conclusion and also highlighted the thigh as an optimal location [28].

Kangas et al. tested different body placements for a 3-axis accelerometer
sensor with different types of falls, including forward, backward and lateral fall
directions. The authors concluded that an accelerometer placed on the waist or
the head achieved 97–98% sensitivity and 100% specificity, and concluded that
a simple algorithm is sufficient in these cases [29].
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2.2 Smartphone-Systems

While most sensors tend to introduce additional objects in the homes of the
elderly, many elderly people already own a smartphone [30].

In 2018, it was reported that 73% of people between 65–74 years and 42%
between 75–89 years in Denmark possessed a smartphone, and most of them
used it for internet access [31]. Emergency calls and alarms were some of
the most attractive potentials of cell phones for the elderly people who were
often more likely to see the phone as a safety device opposed to seeing it
as a social communication device [32,33]. Due to widespread availability and
decreasing prices for smartphones, the number of smartphone-based fall detec-
tion approaches has increased in the literature, while the number of prototypes
based on special-purpose hardware has decreased [30]. These properties come
with evident advantages. Smartphone applications can operate almost every-
where because of the availability, and most current smartphones already inte-
grate not only the required hardware in terms of accelerometers and gyroscopes
but also cameras, microphones, digital compasses and GPS units [34].

Zhuang et al. compared different mobile operating systems for a fall detection
application, including Windows Phone, Symbian, and Android and decided to
use Android due to its multitasking capabilities and accessible integration to the
system components which led to decreased implementation efforts [35]. In 2010,
Dai et al. proposed PerFallD as, according to themselves, the first pervasive fall
detection system utilising mobile phones as the platform. The authors imple-
mented a prototype on an Android G1 phone, which considered the values of
the total acceleration of the phone and the absolute vertical acceleration during
a time window. The performance of the prototype was evaluated with both a
mannequin and test participants. It was afterwards compared with existing solu-
tions. Using a TBM with 15 test participants, the prototype achieved an average
sensitivity of 91.3% and an average specificity of 97.3% while also highlighting
the waist as the optimal position. When using a mannequin, the results showed
a slightly lower specificity of 97.2% [36].

He et al. used the same approach and classified body motions into five dif-
ferent patterns, i.e. vertical activity, lying, sitting or static standing, horizontal
activity and fall. The authors found it to be a problem that the smartphone
was worn in the pocket rather than attached on the waist because its loose
attachment in the pocket might introduce mechanical movement [37].

Tran et al. used machine learning techniques to classify falls by implementing
a self-learning mechanism with user interactions to avoid false alarms. The proto-
type was tested with 92 volunteering students who performed four activities: sit-
ting, jumping, walking and falling. The authors concluded that the experiments
yielded better results in terms of accuracy than the most downloaded commercial
applications with a sensitivity of 60.5% and a specificity of 94.8% [38].
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3 Scope and Objectives

As shown, there is a large body of existing work on creating fall detection algo-
rithms using smartphones. This includes freely available existing open fall detec-
tion algorithms as well as studies on using the Android platform on a smart-
phone to execute these algorithms [29]. However, to the best of our knowledge,
our study is the first to investigate the potential of combining existing open
fall detection algorithms, running on a standard Android smartphone combined
with step counting of the user measured by the built-in virtual sensor pedome-
ter of the Android platform in order to lower the false positive rate and thereby
increase the specificity of the system. In addition, no open source fall detection
apps for Android was found in our related work survey. Open source can be
important if the service is to be used as part of a greater ecosystem of sensors
and services, rather than as a stand-alone app.

The aim of this study was to investigate whether the built-in pedometer vir-
tual sensor on the Android smartphone platform can be used to increase speci-
ficity and thereby achieve higher accuracy in an accelerometer-based Android
fall detection application.

4 Materials and Methods

The study uses the Java programming language to build an Android “fall detec-
tor evaluation app” in order to facilitate our experiments. The app utilized two
of the Android platform’s virtual sensors: The “Accelerometer sensor” and the
“Step counting sensor”.

In order to mitigate “device bias”, two typical Android phones were used
simultaneously during all experiment: The Google Pixel 4, Google, US and the
Nexus 5X, LG, South Korea.

The fall detection evaluation app detects fall events by combining sensor
data from the accelerometer and the pedometer sensors. Initially, the application
detects a fall motion followed by monitoring the user’s steps. If steps are detected
subsequently, the fall motion is discarded. However, if no steps are detected
within a given grace period, the fall motion will be identified as a fall event and
thus be reported.

The detection of fall motions are based on the paper Comparison of
low-complexity fall detection algorithms for body attached accelerometers that
proposed three low-complexity fall detection algorithms for body attached
accelerometers. All three algorithms are threshold based and combine the iden-
tification of drop, impact, posture and velocity in different ways to detect fall
events [29].

The fall detection algorithm in our study implements one of these
accelerometer-based approaches to identify a drop and the subsequent impact
to detect fall motions. The magnitude of a “resultant vector” (RV) is calculated
based on the acceleration force data from the three coordinate axes as shown
in Eq. (1) where x, y and z are the acceleration in the x-, y-, and z-planes,
respectively.
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|RV| =
√

x2 + y2 + z2 (1)

When the phone is in a stationary position, the magnitude of the RV is
approximately 1 g, and when the phone is in free fall, the RV has a magnitude
of 0 g. Since RV is the summation of the accelerations in all three dimensions,
the orientation of the phone has no impact on the result. A drop is identified
when the magnitude of RV gets below 0.6 g, and an impact is identified when the
magnitude is higher than 2.0 g. A fall motion is detected, when a drop occurs,
followed by an impact within one second.

To investigate the performance of the fall detection application when combin-
ing pedometer and accelerometer data, five test scenarios were defined (S1–S5).

Scenario S1 and S2 investigated whether the algorithm could detect the fall
event correctly based on the postfall phase. Simulated falls were performed using
a test mannequin, as it is not considered ethical to use human participants due
to the risk of potential injury during the fall. The mannequin consisted of a body
based on 60 kg boxing bag with an attached plastic head. Running the research
application, both Android smartphones were placed in the two pockets of the
pullover. In both scenarios, the authors manoeuvred the mannequin according
to the scenarios’ respective protocols.

Scenarios S3, S4 and S5 studied selected misclassifications of fall motions
during ADL events. In these scenarios, human test participants were used rather
than the mannequin, as there were no risks associated with these scenarios.

In scenarios S3 to S5, participants carried the smartphones with the test
software installed, one in each front pocket, while performing the procedures.
The chair used in scenarios S3 and S5 was 47 cm from the floor to the seat and
cushioned. In scenario S4, a bed with a height of 43 cm from the floor to the top
of the mattress was used.
The specific protocol of the scenarios S1-S5 were:

S1: Simulated fall using test mannequin without recovery in the postfall phase,
where the test mannequin remains lying on the ground.
S2: Simulated fall using test mannequin followed by a recovery phase, where the
test mannequin is able to recover immediately after a fall and continues walking
where the mannequin is picked up and carried by a facilitator.
S3: Sitting down in chair scenario. Test participant sits down on a chair in order
to test the prevalence of false positive fall events during this type of activity.
S4: Lying down in bed scenario. The participant lies down on a bed in order to
test the prevalence of false positive fall events during this type activity.
S5: Rising up from chair scenario. The participant rises from a chair in order to
test the prevalence of false positive fall events during this type of activity.

5 Results

The group of participants consisted of two male and two female subjects, aged
25, 29, 56 and 64 years. Authors acted as test facilitators.
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Table 1 presents the results from scenario S1, where a true positive is repre-
senting the algorithm detecting a fall event, and a false negative represents the
cases where it did not detect a fall event.

Table 1. Results of scenario S1 which show the sensitivity of the fall detection algo-
rithm on two Android smartphones, the Nexus 5X from LG and the Pixel 5 from
Google. For all scenarios, 100% sensitivity was secured.

Scenario Specificity Model True Positive False Negative

S1 100% Pixel 7 0

S1 100% Nexus 5X 7 0

S1 100% Total 14 0

Table 2 presents the results for scenarios S2 to S5. A true negative was regis-
tered when no fall events were detected, and a false positive was registered when
a fall event was detected.

Table 2. Results of scenarios S2–S5, showing the specificity of the fall detection algo-
rithm on a Nexus 5X, LG and a Pixel 5, Google. For all scenarios, 100% sensitivity
was secured.

Scenario Specificity Model True Positive False Negative

S2 100% Pixel 7 0

100% Nexus 5X 7 0

Total 14 0

S3 97.5% Pixel 38 2

96.25% Nexus 5X 39 1

Total 77 3

S4 90% Pixel 35 5

88.5% Nexus 5X 36 4

Total 71 9

S5 100% Pixel 40 0

100% Nexus 5X 40 0

Total 80 0

6 Discussion

As seen in Table 1, the algorithm achieved a sensitivity of 100% in all test cases
in scenario S1, which means that it was capable of classifying all falls correctly.
Both smartphones returned the same outcome of 0 false negatives. At first glance,
it is positive that the algorithm is capable of detecting all falls, but it may also
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indicate that it is hypersensitive, because the threshold is set too low. A low
threshold can lead to a high number of false positives. However, one could argue
that this is suitable for the use scenarios, as false positives should be sorted out
by looking at subsequent events in the postfall and recovery phases.

The high sensitivity may also be related to the use of a mannequin which can
lead to a significantly higher impact. In real-life scenarios, more diverse falls are
to be expected, which may go undetected and thus result in a lower sensitivity.

The results from the scenarios S2, S3, S4, and S5 are shown in Table 2.
Scenario S2 achieved 100% specificity for all test cases which means that if
minimum seven subsequent steps are detected within the given period, which
can span from 30 to 90 s after a fall motion detection, the algorithm is able to
discard the fall motion as a false positive. Due to implementation details, the
non-deterministic timespan can affect the reproducibility in a negative direction.

The high specificity of our study is likely associated with the limited number
of scenarios selected. Preferably, a broader range of activities should be investi-
gated in future studies.

Scenarios S3, S4, and S5 achieved more diverse results than S1 and S2. The
algorithm was able to correctly discriminate between a fall and standing up
from a chair with 100% specificity. S3 achieved a total specificity of 96.25% with
just one false positive on the Nexus 5X. S4 also shows promising results that
span from 87.5% specificity on the Pixel phone to 90% specificity on the Nexus
5X. These results show high performance in discriminating between falls and
sitting and lying down. However, when a person is sitting or lying down, it is
appropriate to assume that subsequent steps will be absent. This can be due to
the fact that the user is not moving, but also that the smartphone may be placed
in a stationary position. These situations can potentially lead to a false-positive
fall detection in the fall detection algorithm.

The specificity may also be affected by the diversity amongst the test partici-
pants. In scenarios S3, S4 and S5, a non-homogeneous group of participants with
differences in age, gender, weight, and height were recruited. The results may
express that the algorithm does not suit all individuals. However, no correlation
could be found between the individual test subjects and false positives.

The first scenario S1 evaluated the sensitivity of the fall detection algorithm
on the Android application by placing a smartphone on the upper body region
of the mannequin. The mannequin was held in an upright position followed by a
backward free fall with no subsequent movement. The use of a mannequin comes
with the significant advantage that a fall can be performed without restrictions
to avoid injuries to human test participants. However, one disadvantage is that
a mannequin does not perform actions like injury-avoiding initiatives during the
falls, which can make the impact higher than if a human was falling. This could
potentially lead to a higher sensitivity compared to a real-world scenario. Thus,
the algorithm threshold in the implemented TBM is more likely to be exceeded
and produce a fall event. The use of a mannequin makes the experiments repro-
ducible as the same specific mannequin can be used to replicate experiments
multiple times.
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Alwan et al. also used an anthropomorphic mannequin with similar mass
and mass distribution to a human to perform falls from an upright position
and while attempting to get out of a wheelchair. The authors obtained a high
accuracy of 100%, which strengthens the hypothesis that the use of mannequins
could lead to higher sensitivity [39]. The study by Alwan et al. detected falls
based on floor vibrations and is thus also subject to the high impact with the
use of a mannequin which makes the study comparable to our study. Optimally,
we would use real-world fall data which could lead to a decreased sensitivity.

Also, the threshold should be tested with persons of different genders, ages,
weights, heights and with different fall histories and assistive devices, as sug-
gested by Klenk et al. [40]. The landing surface should also be taken into
account for comparison as many studies use a soft landing surface, whereas
this study used solid ground. According to Kangas et al., multiple impact peaks
were present in real-world falls, and the use of landing surface may affect the
results. Often the researchers use a soft landing surface like a mattress to avoid
injuries of the subjects, but this approach lowers the impact of the fall [41].

Also, due to the design of the mannequin, the mobile phones were placed
at a position on the mannequin torso which could potentially be higher than if
worn by elderly people, e.g. if placed in a pocket in their trousers, which means
that the free-falling time could be artificially increased during our experiments
when compared to actual fall events. A different free-falling time would lead
to different acceleration characteristics which could influence the time aspect of
the algorithm. In the implemented fall detection algorithm, the maximum time
from free-fall detection to impact is one second if a fall is to be detected, but
no lower limit is provided in the algorithm. A higher placement likely leads to
an increased impact force due to the higher velocity, and thus lower placement
could lead to reduced sensitivity. Dai et al. investigated different placements of a
smartphone-based accelerometer with a similar algorithm as used in our study;
however, the study by Dai et al. also included gyroscope values. The results are
inconsistent with these considerations. When the smartphone was placed on the
waist in a backward fall, the false-negative percentage was 5.5% while placement
on the waist and thigh achieved respectively 2.4% and 2.6% [36]. The differences
in the results compared to our study may come from different thresholds and
sampling frequencies.Thus, it seems evident that there is a need to calibrate for
the height of the user, as well as for placement strategy.

The types of falls are heavily restricted while performing with a mannequin.
In this study, the mannequin was set only to fall backwards with a quarter
circle rotation. In the study by Dai et al., the results showed a lower accuracy
when the mannequin was exposed to lateral and backward falls as compared to
forward falls, which indicates that different fall directions should be explored in
the future [36].

Also, human-specific falls should be taken into account so that the study
can benefit from more deviating falls, which will include behaviour like trying to
avoid falling and not lying entirely still. In scenario S1, the subject is supposed
to keep lying on the ground. This is relatively simple when using a mannequin,
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however it is reasonable to believe that human participants will keep moving after
a fall, e.g. trying to get up by themselves which could provoke the pedometer
to detect false positive steps. If postfall movements are considered steps, the
system may simply reject the detected fall motion, and the fall detection will
not be transmitted. Our study sought to investigate this particular scenario
using a real person, but it does not consider the situations where a real fall has
happened and thus does not reflect the different postfall behaviours of people.

As mentioned earlier, the use of a mannequin leads to a higher reproducibility,
but it is, however, not the optimal condition, and different results in real-life
environments are to be expected. Again, the absence of real-world data is an
issue and gives a basis for further evaluation. Kangas et al. collected real-life falls
and concluded that the acceleration signals were similar in elderly people’s real-
life falls and experimental falls performed by middle-aged subjects. However, the
authors further conclude that real-life falls provide essential material for further
investigation [41]. The conclusion obtained by Kangas et al. did, however, not
involve a mannequin but speaks for the fact that experiments can be conducted
with people outside the target group.

Scenario S2 used a similar approach but differed from S1 by having the
subject take steps after the fall motion detection. This implies a situation where
the subject either quickly recovered from the floor or simply did not fall although
the fall motion was detected by the fall detection algorithm. Again, the use of
a mannequin poses some issues, because it is not capable of walking. The test
coordinators tried to hold and walk with the mannequin to avoid interacting with
the phones after the fall. To avoid artificial footsteps, the test coordinators could
have performed the steps themselves, but that would require taking the phones
out of the mannequin’s pockets and thereby introduce further bias. People tend
to move differently, both in terms of gaits and speeds, and if a person is in the
recovery phase after a fall, potential injuries can influence the way of moving
[42].

The scenarios S3, S4, and S5 focused on specificity when the subject per-
formed different kinds of ADL. The selected ADL were considered highly rele-
vant for night-time fall incidents, but more ADL with similar characteristics to
falls could be added for future work.

In these scenarios, human test subjects were used. It is common to measure
sensitivity with young people simulating falls while measuring specificity with
elderly people performing ADL [16,24].

Dai et al. evaluated a smartphone approach with human test participants
performing ADL, including walking, jogging, standing and sitting. These results
achieved a false positive percentage of 8.7–11.2% according to the smartphone
placements [36]. This performance is similar to the performance achieved by
scenarios S3 to S5. However, walking and jogging were not included in our study
as falls detected in these ADL are expected to be discarded by the fall detection
algorithm as they include steps, as seen in scenario S2. A potential issue of this
reflection is situations where a fall motion is detected while the user is walking,
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followed by a temporary stationary position of the user. These situations are not
further examined but could lead to false positives.

The furniture used in the experiments might have influenced the results in
different directions. The chair used in the scenarios S3 and S5 had a height
of 47 cm and was cushioned. A smaller chair may lead to a higher impact and
thus lower the specificity. The cushioning causes the opposite by attenuating the
impact. The same considerations apply to the bed in scenario S4.

7 Conclusion

Our results indicate that the chosen open source algorithm was capable of detect-
ing all falls and thus achieve a sensitivity of 100% when tested on two Android-
based smartphones.

We found that the chosen open source algorithm resulted in a substantial
number of false positives when only the accelerometer sensor was taken into
account, resulting in an unacceptable low specificity, which could lead to false
alerts being issued in a real-world setting.

In the S2 scenario where the participants would walk after a detected fall,
the added use of a pedometer virtual sensor as part of the algorithm on an
Android-based fall detection system resulted in a specificity of 100%. However,
this combination of accelerometer and pedometer algorithms still struggles with
situations where a fall is detected but not followed by steps to be counted. These
scenarios include sitting down on a chair and lying down on a bed, where we
only achieved a specificity of 96.25% and 88.5%, respectively.

Thus, more work is needed, including identifying additional scenarios which
need to be studied, and how additional sensors and devices may be used to
increase the specificity of the fall detection system.
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Abstract. This paper proposes an implementation and evaluation in a real-world
environment of a new bio-inspired predictive navigation model for mobility con-
trol, suitable especially for visually impaired people. This model relies on the
interactions between formal models of three types of neurons identified in the
mammals’ brain implied in navigation tasks (namely place cells, grid cells, and
head direction cells) to construct a topological model of the environment under
the form of a decentralized navigation graph. The proposed model, previously
tested in virtual environments, demonstrated a high tolerance to motion drift and
robustness to environment changes. This paper presents an implementation of this
navigation model, based on a stereoscopic camera, and evaluates its possibilities
to map and guide a person in an unknown real environment. The evaluation results
confirm the effectiveness of the proposed bio-inspired navigation model to build
a path map and guide a person through this path, while remaining robust to envi-
ronment changes, and estimating traveled distances with an error rate below 2%
over test paths, up to 100 m. These results open the way toward efficient wearable
assistive devices for visually impaired people navigation.

Keywords: bio-inspired navigation · visual localization · navigation assistive
devices · artificial place cells · artificial grid cells · artificial head direction cells

1 Introduction

The autonomous navigation, indoor and outdoor, is one of the most challenging tasks of
human interaction with space. This task is significantly complex in the case of assistive
navigation, especially in the frame of an autonomous navigation of visually impaired
people (VIP).

Currently, human guide, white cane and dog are most frequently used for assist
the VIP navigation. More recently, several GPS-based applications have been proposed
to assist the VIP independent mobility and orientation through spoken turn-by-turn
applications; they use alsomaps, landmarks and signage [1]. Some applications (e.g., [2–
4]) offer voice guidance based on GPS. However, the precision of GPS localization may
be considerably limited, and the GPS does not work properly in indoor environments.

Current research tries to solve the problem of indoor assistance of VIP independent
navigation and provide an efficient support for wayfinding [5, 6]. The most popular
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solutions are based on indoor infrastructures such asWI-FI, IR/RIFD/Bluetooth beacons,
QR-codes (e.g. airports, museums, etc.), or magnetic signature (e.g. [7]). Such solutions
require the redeployment of specific sensor networks and their maintenance.

Computer vision (CV, e.g., [8]), inertial sensing (IS), and visual-inertial odometry
(VIO, combining CV and IS, e.g., Orb-SLAM3 [9]) avoid this additional equipment
and their spatially limited redeployment. The CV may allow SLAM–based approaches,
useful for robot autonomous navigation. However, constructedmodel of the environment
may have discontinuities due to motion drift, whose resolution is a major challenge in
SLAMapproaches. The IS andVIOdrift over time, especially ifwe consider the irregular
gait of a pedestrian [8], or unexpected obstacles.

Several ICT navigation models propose to overcome the above-mentioned issues
by drawing inspiration from mammals’ navigation, especially after the discovery of
place cells, grid cells and head direction cells in rats’ brain [10–12]. These navigation
models try to mimic the mammals (mainly rats) abilities to map, localize and define
navigation strategies. They integratemore or less accurately the properties of navigation-
specialized neurons to construct robust representations of the environment, but also to
validate biological hypotheses.

Several bio-inspired models of place cells (PC) and grid cells (GC) have been exper-
imentally tested with omnidirectional or pan camera. These models can map and track
position in initially unknown environments, and some of them can maintain a stable
and exploitable model of the environment over long periods [13–17]. These cameras are
however not practical for use as a portable or wearable device.

RatSLAM [18], SeqSLAM [19], and Tang et al. [20] models encode position and
orientation using 3D attractor network of pose cells, mimicking both grid cells and head
direction cells. Pose cells recognize visited places, and estimate position and orienta-
tion data using images memorized during the navigation. These systems are robust to
environmental changes, and able to map very large environments and track positions.
However, these models are constrained to forward-motion only, therefore they cannot
suit for human mobility assistance.

Our bio-inspired navigation model [21] constructs a navigation graph using a model
of PCs allowing to map and navigate in an environment (global navigation), and a model
of GCs and head direction cells (HDC) to localize around a PC and navigate toward
neighbor PCs (local navigation). Considering the environment as a graph makes the
model tolerant to motion drift, as two adjacent PCs are connected in a local model of the
environment. Consequently, such a model is suitable for assistive navigation in dynamic
spaces such as a museum, shopping malls, airports, etc., according to the binary space
partitioning principle [22]. So far, this model was tested in simulated environments
only. This paper proposes an implementation using a stereo camera demonstrating its
feasibility and relevance for navigation in a real environment.

The paper is organized as follows: Sect. 2 summarizes the proposed navigation
model, while Sect. 3 presents an implementation of this model for real environments.
Section 4 defines the test environment and analyses the collected results. Finally, Sect. 5
concludes the paper and proposes some its future extensions.
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2 A Bio-Inspired Navigation Model

This section summarizes the navigation model proposed in [21] and describes its
underlying mechanisms.

2.1 The Environment Context

The navigation model requires a sensory system able to provide a visual context of
the surrounding environment under the form of a list of points defined by a type and a
position in egocentric reference. The context Ct is thus a list of couples (type of element,
position), noted (e,p), characterizing the environment at the instant t.

Several sensors with distance measure capability can be used to obtain such contexts
(e.g., LIDAR, stereo camera, optic flow/odometry measure). The model can use sensors
with limited field of perception but a minimum of 90° is recommended to better differ-
entiate rotation from lateral translations. As we aim at wearable assistive devices, we
only use passive sensors (e.g., stereo camera, Sect. 4.1), as several active sensors (e.g.,
LIDAR) may be dangerous for surrounding people.

2.2 The Place Cell Model

Place cells (PC) [10] are neurons of the hippocampus of mammals’ brain associated with
a specific position in the environment. A PC becomes active when the animal is near the
position associated with this PC.

In our model, a PC P is a structure that records the context observed from a specific
position in space, and recognizes this place when moving in the vicinity of this position,
by comparing the recorded context with the currently observed context Ct. Formally,
a place cell Pi is a structure that records the context Cti observed when creating Pi at
time ti. We note CPi the context recorded by the PC Pi. (with CPi = Cti).

The PC similarity function is a function P: {C}2 → � defining the similarity or
dissimilarity of two contexts. This function is defined by (1):

P(CPi,C
t) =

∑

a∈Cpi ,b∈Ct

id(a, b) × fP(d(a, b)) (1)

where id(a,b)= 1when a and b are points of interests of the same type, and−1 otherwise,
d(a,b) is the distance between a and b, and f P is a decreasing and positive function, where
f P(0) = 1, defining the size of PCs’ receptive fields.

PCs are connected to form a navigation graph, allowing to navigate in the environ-
ment. The ability to move from a PC to another one requires to localize the system
around a PC, but also to define when creating a new PC. To answer these questions, we
drew inspiration from other types of neuron, the Grid Cells and Head Direction Cells.

2.3 Grid and Head Direction Cells Models

Grid cells (GC) are neurons involved in displacement estimation and path integra-
tion [11], mainly found in the entorhinal cortex of mammals’ brain. AGC has a receptive
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field forming the lattice of an infinite hexagonal grid. GCs gather into discrete modules
[23]: in a module, GCs’ receptive fields form lattices of grids with the same orientation
and spacing (distance between lattices), but with different translation offset, making
these receptive fields covering the entire environment. A module thus forms a toroidal
support that integrates movements by repeating itself indefinitely.

Our model draws inspiration from this module principle. The module defines a
relative position (Gi, Gj) between each pair of GCs that it contains. This position is
equivalent to the linear movement allowing to move from Gi to Gj in the module’s
reference.

The principle is the following: the first created PC P0 is associated to a GC Gc. As
the module forms a toroidal surface, any GC can initially be selected, and becomes the
center of the module. Then, P0 sends its context CP0 to the module, and each GC Gj of
the module generates a predicted context CGj = { (e, p’) | (e,p) ∈ CP0, p’ = p + (Gc,
Gj)} that should be observed if moving according to relative position (Gc, Gj). These
contexts CGj are then compared with the observed context Ct using similarity function
(2):

G
(
CGi , Ct) =

∑

a∈CGi ,b∈Ct

id ′(a, b) × fG( d(a, b)) (2)

where id’(a,b) = 1when a and b are points of interests of the same type and 0 otherwise
(dissimilarity is not considered), d(a,b) is the distance between a and b, and f G is a
decreasing and positive function with f G(0) = 1. The function f G defines a narrower
receptive field for GCs than for PCs (see Sect. 4.1 for an example of implementation).
The GCs with the greatest value provide the position of the agent in the PC’s reference.
Figure 1 summarizes this principle.

Fig. 1. Principle of local localization: a) A newly created place cell records the current observed
environmental context and associates itself with a grid cell of the module, which becomes its
center. b) Using the recorded context of the PC, each grid cell predicts the context that should be
observed at its associated position (from center grid cell). c) The predicted contexts are compared
to currently observed environmental context Ct. The grid cells with greatest similarities (here in
green in the module) define the spatial position in the place cell reference.

To handle rotations, the model draws inspiration from Head direction cells
(HDC) [12], which activate when the animal’s head points to a predefined orientation
(in geocentric reference). The model proposes to use a set of HDCs, that are associated
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with a predefined angle φ (the set covering the interval [0; 2π [ uniformly). Each HDC
Hφ generates a “rotated” version of the observed context Ct, by applying a rotation of
angle φ to elements of Ct. These contexts, noted CHφ , are then used instead of Ct to be
compared to generated contexts CG. The couple HDC-GC with the greatest correlation
value G(CHφ , CGi) provides the position and orientation in the PC’s reference.

As the position and orientation of the system relative to a PC can be defined, it is
possible to estimate the position of points of interest of Ct in the reference of the PC.
This makes possible to update the contexts CPi of the PC while moving around it.

2.4 Construction and Exploitation of the Navigation Model

The local tracking principle described in Sect. 2.3 is however limited to the GCmodule’s
coverage. To track beyond the module coverage, the model uses the following principle:
as we defined a center of the toroidal module, we can also define a border (GCs that
are the most distant from the center). Then, when reaching one of these “border GC”,
a new PC is created. This new PC records the current context Ct, and connect itself to
the reached GC and to the previous PC. The border GC becomes the new center of the
module, and GCs’ contexts are updated using the new PC’s context (cf. Fig. 2). Thus,
when moving in the environment, the model regularly creates new PCs, and constructs
a navigation graph reflecting the topology of the environment.

Fig. 2. Creation of a new place cell: as the current PC defines a center in the module, border GCs
can be defined. When reaching such a “border GC”, a new PC is created, recording the current
context Ct, and associates itself with the reached “border” GC. This new PC redefines the center
of the module, allowing to continue the position tracking.

Before creating a new PC, other PCs of the graph compare the current context Ct

with their own recorded contexts. If a PC Pj “recognizes” the current context through a
high similarity (implying that a sufficient amount of points of interests are recognized at
the expected position) then Pj becomes the new active PC and is connected to Pi (using
relative observed position between the PCs) allowing to close a loop in the graph.

The navigation graph can be exploited to join a specific position in the environment: a
pathfinding algorithm defines a sequence S = (P0,…, Pk,…, Pn) of PCs between current
and target positions. Then, by considering the GC connected to the next PC Pk+1, and the
current position on the GCmodule (in the currently active PC Pk reference), it is possible
to define the movement required to reach Pk+1. When approaching Pk+1, it becomes the
new active PC, and the process is repeated to join Pk+2, until reaching Pn.
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3 Adaptation for a Real-World Environment

Using the navigation model in a real-world environment requires to develop a sensory-
system able to generate and provide a context of points of interest that can be recognized
and localized in space. Thus, any sensor that can measure distances, such as a LIDAR
or a stereo camera, can be used. As we aim at developing wearable assistive naviga-
tion devices, we use a stereo camera, as it is a passive sensor (no laser to probe the
environment), and its small size allows discrete devices.

To validate our model in real environment, we propose a first implementation using a
stereo camera. We used a Sony PlayStation 4 stereo camera (Fig. 3) modified to be used
on a PC through standard USB3 port [24]. This device is equipped with two cameras
with a field of view of 85°, and has an exploitable depth perception with a field of view
of 70°. Despite being lower than recommended 90°, this field of view is sufficient for our
tests. Each camera provides a high-resolution image of 1280×800 pixels. The cameras
are however too sensitive to sunlight, limiting the tests to indoor environments.

This section describes the visual system used to generate the environmental context,
and adaptations and parameters of the navigation model.

Fig. 3. The used stereo camera is a Sony PlayStation 4 camera model 1. The camera provides
two 1280 × 800 images. The cable was modified to be used on a standard USB3 port.

3.1 Visual Cues

We propose to use vertical lines in the visual scene as cues. Such elements have multiple
advantages: they are omnipresent in the environment (especially in indoor environments),
and easy to detect. They also facilitate their localization through stereo-vision, and can
be projected as point element on the navigation plane. Moreover, the vertical nature of
these elementmakes the feature invariant to camera height changes. Aswe detect vertical
lines as high changes in intensity level, we propose to define two types of vertical lines
based on gradient direction: light to dark (l2d) and dark to light (d2l).

3.2 Detection of Vertical Lines

We propose a simple and minimalist algorithm to detect vertical structures in the image.
First, images are converted to greyscale images, and an interest value is computed for
each column i ∈ [1, width-3] of one image (both for l2d and d2l lines) (3) and (4):

vl2di =
∑

k∈[−1,1]

∑

j∈[0,800[

1

|k| + 1
× max(pi+k,j − pi+k+2,j, 0) (3)
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vd2li =
∑

k∈[−1,1]

∑

j∈[0,800[

1

|k| + 1
× max(pi+k+2,j − pi+k,j, 0) (4)

where pi,j is a pixel of the image at line j and column i. Note that we only consider one
line in 20, as it is not necessary to use all lines (and it reduces the calculation volume).

Then, the set of lines is defined by columns where vi is greater than a threshold and
is maximum over a certain range n around i (we used a threshold of 2000 and a range
of [i −20, i + 20], offering a good compromise between number and detectability of
lines):

Ll2d = {i|vl2di > threshold , vl2di = max
k∈[i−n,i+n]

vl2dk } (5)

Ld2l = {i|vd2li > threshold , vd2li = max
k∈[i−n,i+n]

vd2lk } (6)

3.3 Localization of Vertical Lines

We use the disparity between images to define the distance of a vertical line in the
environment. First, a set of points of interests is defined: a point (i, j) is a point of interest
if i ∈ Ll2d and pi,j-pi+2,j > 10, or i ∈ Ld2l and pi+2,j-pi,j > 10, indicating that the point
is on a previously detected vertical line; a threshold of 10 offers a good compromise
between number and quality of points of interest.

As we compute the disparity on a limited set of points, we proposed to use an optical
flow algorithm instead of a disparity algorithm; more precisely, we use the function
calcOpticalFlowPyrLK1 of OpenCV library. After calibrating the camera, we can obtain
the coordinate of a points (i,j) of the image in space (7):

z = 6761.6/(disp − 20.5) (7)

x = (i − 640) × z/804

y = (j − 400) × z/804

Points with the same type (l2d or d2l) and column i (i.e. same vertical line) are
gathered. The distance z of a vertical line is defined as the median value of distance of
points composing it, eliminating noisy values. Coordinates (x,z) of lines are converted
into polar coordinates. The result is a set of points {(ek, θk, dk)}k (where e ∈ {l2d, d2l})
forming the environmental context Ct that can be exploited by the navigationmechanism.
Figure 4 shows the main steps of this process.

1 https://docs.opencv.org/3.4/dc/d6b/group__video__track.html#ga473e4b886d0bcc6b65831e
b88ed93323.

https://docs.opencv.org/3.4/dc/d6b/group__video__track.html#ga473e4b886d0bcc6b65831eb88ed93323
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Fig. 4. Image processing. a) Image of the left camera. b) Global light gradient of each column
of image (see (3) and (4)). Top histogram: positive gradients (dark to light); bottom histogram:
negative gradients (light to dark). Local maximums define vertical structures in the scene: in top
left image, red lines show dark to light lines, and green lines show light to dark lines. c) Left image
with points of interests and disparity with right image. The vertical offset is due to a misalignment
between images. Filtered points are not shown. These disparities allow computing positions of
vertical lines in space. d) Projections of vertical lines on floor plane, defining the context Ct.

3.4 Adaptation of the Navigation Model

The model did not require important changes from model used in virtual environ-
ments [21]: indeed, the context obtained with the stereoscopic system has the same
nature than contexts used in simulated environments. However, due to the noisy input,
the estimated position of visual cues, and thus the estimated position in space, is some-
time inconsistent. To limit such variations, we proposed to only consider GCs and HDCs
whose associated position and orientation are close to the current position and orienta-
tion of the system. We thus propose to only considers the current most active GC and
the eight GCs surrounding it, and HDC whose orientation is in a range of [−10°,10°]
around current estimated orientation. Another advantage of this method is that it also
reduces the number of contexts to compare and thus saves computational resources.

Also, the used contexts are not sufficient to recognize an already visited place with a
high certainty. The recognition mechanism, using PCs, was thus deactivated. Section 5
discusses about additionalmechanisms that will be tested to providemore discriminating
cues to perform a place recognition.
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4 Test in a Real Environment

The navigation model was tested and evaluated in an indoor environment. We selected
two environments-tests: a straight corridor, and a building floor allowing to perform
a complete loop. The former allows to evaluate the visual odometry generated by the
navigation system, the robustness and the performances of the model. The later allows
to estimate the motion drift when returning to the starting position.

4.1 Test System and Model Parameters

The camera and laptop were mounted on a trolley, allowing to monitor the system while
maintaining the camera at constant height. The system was tested on a i5-10210U CPU,
and runs in mono-thread configuration. The framerate is limited to 10 frames per second
to reduce battery consumption (see Sect. 4.4 for more details on performances).

The GCmodule is composed of a square matrix of 11×11 GCs, with a spacing set to
20 cm, making the module covering a square of 220 cm by 220 cm. The system contains
a set of 360 HDC, defining a resolution of 1°. Estimated position and orientation are
interpolated from output values of most active GC and HDC to increase the precision.

Cartesian coordinates of points of interest in contexts are converted into polar coordi-
nates. As precision of position decreases with distance, the distances are modified using
a hyperbolic tangent function, making close points more discriminative than distant
elements. The distance of a point of interest pi (from camera) is then defined as:

d
′
i = 200 × tanh(

di
800

) (8)

The distance is thus bounded to the [0, 200[interval, with a value of 100 indicating
a distance of about 4.4 m.

The GC comparison function uses a bounded linear function (9).

G
(
CGi ,CHφ

) =
∑

a∈CGi ,b∈CHφ

id ′(a, b) × max
(
0, 1 − d ′(a, b)/β

)
(9)

with β = 11, making GC’s receptive field slightly larger than the GC spacing.
To analyze the graph of PC, we proposed an observation tool, called global grid,

which consists of the module of GCs repeating itself indefinitely. This grid integrates
the movements measured by the module, allowing to observe the trajectory and project
the PC graph in space. Note that the navigation system cannot access the global grid.

The videos of all experiments presented in this section are available at https://gay
simon.github.io/projects/navig_camera_en.html.

https://gaysimon.github.io/projects/navig_camera_en.html
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4.2 Construction of a Navigation Model

The construction of the navigation graph starts from a preselected position in the envi-
ronment. When the navigation system is initialized, a first PC is created and associated
with a GC of the module (by default, the GC at the center of the module). Then, the
trolley ismoved along a path. Once the destination point is reached, the navigationmodel
is recorded to test guiding possibilities (c.f. Sect. 4.3).

Corridor Environment. The system starts on a side of the corridor. The trolley is then
moved in straight line to the other end of the corridor. The covered distance is 44.9 m.
While navigating, we can observe the system estimating position and orientation around
the current PC using GCs and HDCs’ activity. When reaching a “border” grid cell, a
new PC is created, allowing to continue tracking the position (cf. Fig. 5).

While covering the path, the system created a sequence of 46 PCs. By considering
the distance between the GCs associated to two consecutive PCs, the distance between
starting and ending points measured by the navigation system is 45.16 m (relative error
of 0.58%). Figure 6 provides collected results. The measured distance covered by the
trolley is 45.49 m (slightly higher as the trolley’s trajectory is not a perfect straight line).
The sequence of PCs is not aligned with the GC module because the camera was not
perfectly aligned with the corridor when initializing the first PC.

a) b) cartesian c) polar 

d) e) f)

Fig. 5. a) Input image (left camera). b) Environment context of vertical lines inCartesian reference
(top-view projection). Red points indicate dark to light lines, and green points indicate light to
dark lines. c) Environment context represented in polar reference (used by the navigation system).
d) The module of 11×11 GCs (center square) and the 360 HDC (external ring). Green indicates
cells with high activity, giving the position and orientation around current place cell. Magenta cells
are not computed. e) The global grid is an observation tool that repeats the module indefinitely,
and integrate movements measured by the GC module. This allows to project the PC graph (blue
points) and trajectory (cyan line) in space. The blue squares show the GC module centered on a
PCwhen active, defining the limits of the module’s coverage (the navigation system cannot access
this global grid). f) When reaching the “border” of the module, a new PC is created and connected
to the reached GC, allowing to continue tracking the position. (Color figure online)
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Floor Environment. The system starts from a certain point of the building floor. Then,
a complete tour of the floor is performed, and stops at the starting point. The complete
tour is about 96 m long.

5m (25 GCs) 

Fig. 6. Mapping of the corridor environment (top map). The path is 44.9 m long (blue arrow).
Bottom: PCs are represented on the global grid with blue points. The path is composed of 46 PCs,
with a measured length of 45.16 m (yellow arrow). The cyan line joining PCs shows the trajectory
of the camera in the model. (Color figure online)

The system created 90 PCs during this tour (cf. Fig. 7). By considering the distance
between two consecutive PCs on the GC module, the measured covered distance is
97.27 m. The estimated orientation at the end is 30°, and the position estimation is
9.57 m far from true position. This estimation error is mainly due to error in orientation
estimation, that “open” the graph loop.

We can note that this motion drift is not important in this model: when using a PC
recognition system, the recognition of an already visited place would make the system
simply connecting the PCs by considering the local offset between the two PCs observed
on the module when changing active PC, without requiring to change position of PCs
of the graph on the GC module [21].
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5m (25 GCs) 

Fig. 7. Mapping of the floor environment (left map). The path (blue curve) is 96 m long and
returns to the starting position. Left: graph of PCs projected on the global grid. The graph is
composed of 90 PCs, with a measured length of 97.27 m. As the constructed environment model
consists of a graph of PCs, it is possible to join the first and last PC by recording their relative
positions on the module when changing the active PC, without modifying the whole structure of
the graph. (Color figure online)

4.3 Following a Path in a Navigation Model

The navigation graph is loaded and the trolley is placed at the same starting position than
for graph construction. The system’s displayer indicates the estimated orientation and
position around the current PC, but also the position of the next PC of the graph and its
direction from current position (cf. Fig. 8). Thus, it is possible to reach the next PC by
aligning the system on the provided direction and moving forward. When approaching
the next PC, it becomes the new active PC, allowing to continue to follow the path by
moving toward the new next PC. After following the whole sequence of PCs, the camera
is at the position of the last created PC during graph construction. The guidance could
be performed in both corridor and floor environment.

We can note that, despite the redundancy in the corridor environment, the system is
still able to track the position, due to the sequential aspect of the PCgraph. The navigation
system can also handle and track lateral movements during guidance (cf. Fig. 9). It is
thus possible to deviate slightly from the recorded path, while remaining at GC module
range, making possible to track and guide a pedestrian even when deviating.
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Fig. 8. a) Input image (position just before first turn in floor environment). b) Module of GCs and
HDCs indicating the position and orientation in current PC’s reference. c) Guidance display: left
part is the GC module shifted to place the PC on the center GC (blue square), giving the current
position (most active GC in green) in a more comprehensive way for an external observer, but
also the position of the next PC in the sequence (magenta square). The compass on the right gives
the orientation of the camera (red line) and the orientation of the next PC (green line). Thus, by
aligning the camera orientation with the next PC orientation, and moving forward, it is possible
to reach next PC, and then to cover the sequence of PCs. (Color figure online)

Fig. 9. Measures of lateral movements. a) Same alignment than for graph construction. b) Lateral
movement of 60 cm on left. c) Lateral movement of 40 cm on right.

4.4 Robustness and Performances

Framerate. We measured the execution time both for the vision system and for the
navigation system on the test laptop (i5-10210U CPU), and the camera set to 60 fps.

The vision system requires 16 to 30 ms to operate, depending on the number of
vertical lines in the scene. The navigation system requires less than 2 ms to operate,
thanks to the simplification proposed in Sect. 3.4 (the system needs 25 to 30 ms without
this simplification). The global system can thus operate in less than 32 ms (with an
average of 25 ms in test environments), making possible to run at least at 30 frames per
seconds.

Robustness to Tilt and Roll. We tested the robustness of the system to camera move-
ments. Due to the used points of interests, made of vertical lines, the system is sensitive
to roll movements. The system can however tolerate rolls of ± 10°. The tolerance to tilt
movement more depends on the distance of points of interests, because points from ceil-
ing and floor are eliminated based on their measured height from the navigation plane.
In the corridor environment, the system was successfully tested with tilts up to ± 15°.
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This low tolerance makes the system suitable for mobile systems (e.g. robots). Addi-
tional mechanisms must be implemented to makes the model more reliable for wearable
assistance devices (cf. Sect. 5).

Robustness to Environment Changes. The guidance system was tested in a modified
corridor environment to test its robustness. Several furniture was added or shifted from
mapping configuration (sect. 4.2), as shown in Fig. 10. These changes have no significant
incidences on the tracking system. Indeed, as the model looks for points of interests that
are close to their expected positions, the system is not affected by these changes while
at least half of visible points of interests remains unchanged.

Fig. 10. Guidance mode in original (top) and modified (bottom) environment. Several furni-
ture pieces were added or shifted, to change the configuration of the environment, and thus, the
environmental context (center, here in Cartesian reference). Although a large number of points
of interests are removed, added or shifted, a sufficient amount of points remains close to their
expected position, allowing to track the position of the camera (right).

4.5 Toward an Assistive Wearable Device

We evaluated the possibility to use this navigationmodel as awearable assistance device:
the camera was attached to the front strap of a backpack (see Fig. 11), while the laptop
remains on the trolley, allowing to read the direction to reach next PC.

Due to the low tolerance to tilt and roll, it is necessary for the person to remains
to stand in straight upright position. Then, by following the direction provided by the
navigation system, the corridor path could be performed.
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Fig. 11. The camera is attached to the front strap of a backpack. Even Though the image is less
stable than with the trolley, it was possible to follow the recorded path (bottom).

5 Conclusion and Future Work

We proposed an implementation of a bio-inspired navigation model for a real-world
environment, using a stereo camera, and demonstrated the feasibility and pertinence of
this model to allow the tracking and the guiding of a person or an autonomous system in
an unknown environment. Our tests showed the possibility to map a path in an initially
unknown environment, and to perform this path by following the constructed sequence
of place cells, guided by the local navigation system (grid cells and head-direction cells).

The structure of the environment model, under the form of a graph of local contexts,
makes the navigation system robust to environment changes and redundancy, due to the
sequential aspect of the model allowing to compensate for a low number of visual cues,
but also makes it tolerant to motion drift, as it only considers local positions instead
of a global map. Moreover, the local navigation system can track movements in any
direction, which is an important feature to guide a pedestrian. The obtained spatial
performances allow to expect its possible integration in an assistive device after some
technical improvements.

In future work, we will add a place recognition mechanism to allow the exploration
of non-linear environments, by implementing additional cues such as automatic salient
pattern extraction and recognition. We will also improve the reliability and robustness
of the model, first by adding an IMU to provide additional navigation data when the
number of cues becomes insufficient, and to detect camera tilt and roll, then, by using
multiple modules of GCs of different scales.

Also, we will investigate methods to convey navigation data, through sound or
vibrations, and finally test our navigation system with visually impaired.
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Abstract. Several studies have documented the navigation require-
ments and preferences of people with visual impairments. The primary
methods used in such studies were interviews and surveys. With the same
goal, this study employed a diary-based approach. A person with visual
impairment recorded daily navigation experiences with a smart cane for
three months. These first-person diary entries were analyzed, and the
findings are reported herein. The paper sheds some light on the chal-
lenges people with visual impairments face in navigating an urban city.
The study shows some limitations with smart canes for urban naviga-
tion and suggests that more consideration should be given to the visually
impaired for navigating in public environments.

Keywords: navigation · experience · accessibility · blind · visually
impaired · urban city · smart cane · diary

1 Introduction

One of the challenges faced by people with visual impairments is independent
navigation and mobility. People with visual impairments have been using various
traditional navigation aids such as white canes, guide dogs, and assistance from
sighted human guides [4]. But still, many people could have concerns about
navigation-related activities that intimidate them from going out for social events
and interactions [11].

Independent navigation is sine qua non for a self-sustaining living of human
beings [6]. Subsequently, additional information regarding obstacles and scenes
could make navigation easier and seamless for the visually impaired [3,12]. Var-
ious tools and systems are introduced commercially or as research prototypes
to assist the navigation of the visually impaired [11]. However, many of these
technology-based aids could not fully meet the needs and requirements of indi-
viduals with visual impairments either because of portability-related issues or
the absence of some particular feature support (such as obstacle identification)
[13,19]. Moreover, the usage of such assistive systems is still a moot point on
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how helpful they are or whether they will work as they claim when the user with
visual impairment navigates even in a modern urban city [11].

Several national and state governments worldwide have systems and guide-
lines to provide a universally accessible navigation environment [5]. Moreover,
various associations, such as World Blind Union (WBU), promote various global
campaigns to advocate for inclusive and accessible Urban Development [25].
However, people with visual impairments still face difficulties navigating even
in an urban city [7,22]. In the Sustainable Development Goals (SDGs) 2030
Agenda, the United Nations emphasizes universal and equitable access. All SDGs
are interconnected and hold implications for inclusive, safe, resilient, and sus-
tainable cities, which require improving access to navigation, public transport,
etc. [24].

To understand the distinctive user interface requirements for indoor naviga-
tion, Puikkonen et al. [17] conducted a user study involving 23 visually impaired
participants. This case study presented a few recommendations for the design of
indoor navigation systems. A formative research was conducted by Williams et
al. [26] to learn how people with vision impairments navigate using technology.
The findings from interviews with vision impairments gave insights into every-
day navigation challenges, perspectives about technologies, and the role of social
interactions while navigating. A qualitative study was done in [16] involving 14
people who are legally blind to understand the experiences and strategies used
when navigating a metropolitan area. The study suggested that designers should
be aware that infrastructure shortcomings and environmental factors might be
considered while designing assistive navigational technologies in some geograph-
ical regions.

To develop technologies to support independent navigation for the visually
impaired, it is indispensable to understand the facts and actual issues that users
experience and what behaviors and strategies are used to overcome such prob-
lems [2,18,20]. Several studies reported using white and smart canes in controlled
environments with constrained periods [14,15,23]. For a contextual understand-
ing of user behaviors and experiences over time, it can be not easy to appropri-
ately create scenarios in a lab setting to gather valuable insights in a real-life
environment [10]. These reasons led to choosing a diary-based approach in our
study to understand the navigation challenges faced by a person with visual
impairments in real-life indoor-outdoor environments. In a diary study, partici-
pants self-report data longitudinally or over an extended period ranging from a
few days to even a month or longer. During the defined reporting period, study
participants are asked to keep a diary and log specific information about the
studied activities.

Qualitative data can be collected in several representative ways, including
observations, surveys, and interviews. Nevertheless, people with visual impair-
ment tend to be reluctant to be observed for fear of infringement of privacy
[9]. Furthermore, researchers find observations to be time-consuming. Also, it
is more difficult to collect detailed experiences from surveys than from diaries.
An interview may limit participants’ ability to recall past experiences within a
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limited time frame. Also, interviews might make it hard for them to remember
problems from the experiences to which they have become accustomed [1,8].
The context and period in which data is collected for a diary study make them
unlike other standard user-research methods, such as surveys or usability tests.
Although the diary method is practical for gathering experiences from people
with visual impairment, using it without considering their characteristics could
be inefficient and difficult to generate meaningful findings [9].

Through our diary-based study, the daily navigation experience of a person
who is legally blind navigating an unfamiliar city using one of their familiar
navigation tools, a smart cane, is presented. Recently we have been witnessing
some drastic changes in the urban navigation environment due to the emergence
of micro-transportation amenities such as e-bikes and multitudinous structural
changes to the public environments such as road maintenance and cable works.
In addition to considering all those transitions, this diary-based also reports
challenges faced by the user during navigation with the smart cane, what the
participant thinks to overcome those challenges, and possibilities for further
development of assistive navigation solutions. We believe that the results from
this study can be beneficial while designing and developing a navigation assistant
since it considers the design requirements from the perspective of a visually
impaired based on daily life experiences.

2 Methodology

This study uses the diary method as a first-person research to provide a detailed
account of user behavior, actions, thoughts, and experiences [1,8]. The study is
conducted in an urban environment in the capital city of Oslo, Norway. One of
the authors (now onwards known as participant), who is visually impaired and
unfamiliar with the city, recorded her experiences while traveling around the
city. Although the diary belonged to one of the authors, its contents have been
processed by the individual authors and discussed to prevent misinterpretation
and bias. During the study, the participant used a smart cane as the primary
navigation aid while roaming around. Our diary-based study consists of five
phases [21]:

Planning and Preparation: We defined the focus of the study, routes, and the
timeline of three months in this phase. The route selection was the participant’s
choice, as it comes along during typical daily situations. The participant was
informed that she could use any navigation aid she was familiar with and advised
not to use any other supporting assistance during the period. The smart cane
was thus finalized, and since it came with an associated app, it is also considered
a part of this study.

Pre-study Brief: We had meetings to discuss the details of the study. We
walked through the schedule for the reporting period and discussed expectations.
Created clear and detailed instructions for the study. We discussed some relevant
examples from the literature. Discussed that the main focus should be hindrances
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faced during navigation and positive thoughts about the navigation accessibility
across the city.

Logging Period: We discussed potential options to support effective activity
logging. During our discussion, we agreed on what information the participant
must log without stifling natural variability and differences. For logging, we
agreed to follow the snippet technique, where the participants only record short
snippets of information about activities as they occur. Then, at the end of each
day, or when the participant has time, she elaborates on each snippet by pro-
viding additional details about the activity. The 2-step approach ensures that
relevant information is captured in situ before it is forgotten, without the par-
ticipant having to provide extensive detail at the time of capture, which can
sometimes be inconvenient and unnatural. The participant recorded her experi-
ence in voice snippets using her smartphone during navigation. Then at the end
of each day, these records were elaborated in a document.

Post-study Interview: After the completion of the study, all the data docu-
mented by the participant was evaluated. A follow-up interview was conducted
to discuss logs in detail. If something was unclear, we sought clarity from the
participant by asking for specific details to complete the story.

Data Analysis: The study was conducted over three months, and these studies
are longitudinal and generate a large amount of qualitative data. From these, we
extracted, organized, and analyzed the whole data by including the participant
in the process.

Once the data was organized, we also took demonstration photos in a few
instances to give more clarity to the readers about the experiences encountered
by the participant. The demographic profile of the participant is as follows: The
participant is 32 years old female. Commonly used navigation tools include a
smart cane, a white cane, and a few mobile apps. Everyday navigation tasks
include going to work, home, shopping, visiting restaurants, walking in parks,
attending dance classes, etc.

3 Experiences

This section describes the participant’s major experiences with the smart cane
and various everyday situations where the participant faced challenges while
navigating indoor and outdoor environments in Oslo for three months. The expe-
riences are reported under various headings.

Smart Cane
The participant used WeWALK1 for navigating around. WeWalk is a smart
handle that can be attached to any long cane for navigation assistance. It uses an
ultrasonic sensor to detect obstacles by warning users about impending danger or
obstacles via vibrations. WeWalk also has an associated smartphone app to assist
1 www.wewalk.io/en/.

www.wewalk.io/en/
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in navigation. The participant shared some experiences using WeWALK smart
cane for navigation. According to the participant, WeWALK is not waterproof,
but the leather pouch attached to the handle of WeWALK protects the handle
from bad weather, rain, snow, etc. The participant expressed concerns that the
cane handle was too heavy and oversized, which could disadvantage people with
smaller body physiques. Few illustrations of WeWALK is given in Fig. 1.

Fig. 1. The WeWALK design. The leather pouch is used to protect the sensors from
extreme environmental conditions. The sensors in the handle will vibrate when there
are some obstacles nearby. The participant needs to swipe the smart cane to identify
the obstacles along the path.

Another limitation the participant pointed out about WeWALK is its bat-
tery capacity. The battery life may not be enough to get someone through an
entire day of traveling. This could be overcome by charging through an external
battery that users could carry in their backpacks. However, that could increase
the device’s overall weight, adding more inconvenience to the user. In addition,
the participant observed that the app of the cane consumes a lot of battery
compared to the cane. Half of the smartphone battery goes down in 15 or 20 min
if the app is used.

Sometimes, the vibrations from the cane create confusion for the participant
in identifying obstacles and acting accordingly.

“I’m not sure if the vibrations that I feel in my hands are from the handle
from the sensor for detecting an obstacle or they’re just vibrations from
the bolt from the cane on the pavement. Because it feels like almost the
same vibration, and it’s hard to differentiate it.”

Besides having a few limitations, the smart cane has notable advantages,
according to the participant. The other features supported in the app, such as
a geolocation identifier for the phone and also to save favorite places to visit
regularly, are helpful for the users. Also, it can find the phone if it is connected
to a cane but lost somewhere. Another feature of the cane is the horn that can
be used to warn other pedestrians or animals on the way during navigation.
According to the user, it is possible to adjust the sensitivity of vibrations.
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Walking and Crossing the Street
The participant reports the experience of crossing the roads with traffic signals.
This could be one potential issue that must be considered while designing an
accessible public environment. Figure 2 shows the situation when the participant
is waiting to cross a traffic line. But due to an issue with audio delivery from the
traffic signal point, the participant felt difficulty understanding the green signal
to cross the road.

“Even though there has a traffic light in an intersection, I couldn’t detect
the color change because it has no functioning audio signal.”

Fig. 2. A difficult situation when there is no audio signal from traffic lights while
crossing roads.

Figure 3 shows various instances the participant felt difficulty while navigat-
ing with the smart cane. In one case, the cane got stuck in grill lines. In the
second case, the participant got a hint about an obstacle with vibration from
the smart cane but could not identify the type of obstacle. Here, the participant
wanted to use the trash can but couldn’t use it because of the unavailability of
information in identifying the object. In the third case, the participant feels dif-
ficulty crossing the flower barricade to find a way to get inside a restaurant. But
after spending so much time and touching along the barricade, the participant
managed to resolve the tiresome issue.
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Fig. 3. Challenging situations when the type of obstacles or objects are unknown during
navigation.

Constructions on Roads
The outdoor environments were complex and challenging for the participant.
During the daily navigation, the participant experienced challenges with con-
struction works in pedestrian pathways (see Fig. 4).

“If there is some construction on the road on my path to my destination,
I don’t know exactly how to avoid this construction and to go around.”

Fig. 4. A challenging situation when construction works happen in the middle of the
pathway.

Because of the lack of accessibility guidelines in maintenance/construction
routes, the participant faced few accidents while navigating. The participant
reported that it was difficult for her to detect road signs when there were some
constructions in the area. Because of this, sidewalks were blocked, and she hung
her shoulders in one of the sharp corners of the pathway. Since there were no
serious repercussions, she continued her way home.
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On the Public Transport
The participant also conveys various challenging situations when navigating
around public transportation points. Even though many of those points have
blind trails for easy navigation, there are no accessible directional clues about a
service point, such as ticket vending machines or platforms.

“If it is a mall, railway station, or bus station, if the opening is too big,
then it’s tough to find the path. On the other hand, if I need to find a toilet,
then it is almost impossible to find it without asking people around.”

“It is easy to reach a destination such as a railway station or bus stop with
my cane app. Also, I can know which platform to use to catch my train,
bus, or metro. But it is not easy to find the right platform since there
are no accessibility clues. Also, it was challenging to locate ticket vending
machines.”

Walking in the Park
While walking around parks, sometimes the participant felt lost. Also, when
there were wet leaves around the park which caused a difficult time identifying
the asphalt path for comfortable navigation.

“I remembered that I needed to go to an alley between some trees to get
out of the park. It was tough to keep on the right path because there were
stones on the ground, and I didn’t know if I was on the right path. I tried
to orientate by the sounds made by the card on the road I was walking to,
but there were few of them, and because of the distance, I couldn’t hear
them well. Luckily, someone passed, and I could ask for help to get out of
the ‘trees labyrinth’.”

“It was not my first time going on this route, but there was something
different: it was full of wet leaves on the ground, so there were places
where I could not identify the asphalt/path.”

Hanging Obstacles
The participant experienced difficulties when there were hanging obstacles along
the path. According to the user guides given on the website, WeWALK detects
obstacles at head and chest level (such as low-hanging tree branches and light
poles) and informs it through vibrations. But the participant faced a different
case scenario while passing through hanging obstacles.

“If there is a tree or hanging obstacles, the cane will vibrate, but I don’t
know exactly how tall the obstacle is. And I can’t know the exact position
of the obstacle if it’s hanging. If it’s really on top of my hand, I can put
my hand on my head to save me from getting hit by it.”

The examples images in Fig. 5a and 5b show the inconvenience faced by the
participant and the obstacles that were hit on the head. Figure 5c presents a
similar situation of getting hit by an obstacle with a prolonged part (yellow) not
detected by the smart cane.
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Fig. 5. Challenging situations with hanging obstacles. (Color figure online)

Finding a Restaurant
The participant expressed difficulties in getting inside a shop or restaurant. Even
though she could reach in front of the restaurants with the smart cane, she found
it challenging to find the entrance doors.

Also, the lack of accessible information to identify various obstacles, such as
stairs or elevators, was always exhausting for the participant.

“If I’m entering a building other than my home that is already known, for
example, a new restaurant, I have no idea where the stairs are or where
the elevator is because there was no guidance on the floor.”

Open Spaces
When there is open space such as ground or park without directional cues, it is
arduous to find where to move without losing track.

“When I am traveling in a wide-open space, I have no clue where I am
and what is there in front of me because there is no point of reference to
guide me. Sometimes it creates panic, confusion, and frustrations.”

The associated app sometimes confuses the participant while giving direc-
tional information.

“I usually keep my smartphone in my pocket. So, it always confuses me
with the position guidance given by the WeWALK app. I’m unsure if the
cane has a gyroscope sensor, so I assume the positioning depends on the
gyroscope sensor from the app. And the directions that I receive from the
app to go at 9:00 or 12:00 o’clock depends on my position on the phone.”
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At Work
The participant shared challenges experienced while walking inside the university
(work).

“There is always a challenge to find the card readers and the door opening
buttons in the university buildings.”

The participant was optimistic about the accessible indoor pathways at the
university, and it helped her to navigate without much trouble. But, according to
the participant, the signboards are not accessible to a visually impaired person.

Wrongily Parked Bikes and Scooters
The participant had experienced hitting a parked bike with her leg while passing
nearby (see Fig. 6). Even though the smart cane could detect the presence of the
obstacle, after passing, it was not enough to give information about the length
of the obstacle.

“While going on the sidewalk next to a supermarket close to my home, I
hit perpendicular to a bike parked on the sidewalk. I hit it down because I
was very close to its back wheel while passing, and my cane was moving in
the other direction when I hit it. An issue during my travel, I did not go
straight on the sidewalk parallel to the road. I usually go next to the curb,
but it is impossible because of some trees.”

Fig. 6. Irregular parking of e-bikes and bikes is a threat during navigation.

Coping Strategies
The participant mentioned that it could be more beneficial for safe and smooth
navigation if it is possible to know where exactly she was or which scene was
nearby (like a river, a park, or a construction area). The participant also men-
tioned that it was hard to know the scene of the navigation environment. For
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this, coping strategies for detecting sounds helped to infer location and environ-
ment. For instance, sounds from birds helped to identify the current scene as a
park. Also, the wind sound in the trees helped as well. But when it is winter, it
is challenging to use coping strategies. The participant had some experiences by
using various senses (such as hearing (sounds from the environment) and touch
(steepness of the road) to reach the destination.

“On my way to the pharmacy, there are steep streets, so those are
guiding steps for my navigation . Having a map in mind, I could eas-
ily recognize if I was going right by focusing on the car’s sound and
identifying the street’s direction . For example, hearing cars coming
from the left side and going to the right, by a distance of about 100m, helped
me identify where the 〈streetA〉 was. So, I calibrated my route perpendic-
ular towards 〈streetA〉. A challenge to this approach is that the street is in
the two intersections of some narrow streets with different angles. To con-
tinue on the same lane after passing the intersection, I needed to adjust my
route some meters to the left/right because the street was out of the phase,
and I did that by the voice/sounds of the people/cars passing .
All my way to 〈streetA〉, I was going on the road because there were very
few cars on those streets. I felt more secure than on the sidewalk because,
on the main road, there might be fewer obstacles or impediments to my
navigation (leaves, scooters, bicycles, pillars, construction signs, etc.).”

Need of Environmental Information
The participant emphasized the need to get environmental information to help
understand the navigation environment.

“When I am exploring a new area, I will create a map of myself and
where I am. I even do it in my own home. I do it subconsciously. This
mapping would help me when I travel there next time. It can help me
identify obstacles such as doors, walls, and other things.”

The participant mentioned a few situations where it felt like having an obsta-
cle or object identification feature could be helpful to understand what obstacles
are on the path or if there is anything near which could be beneficial in that
situation (such as a bench to rest sometimes). But the smart cane can only indi-
cate the obstacle, not its type. And it gets more challenging to find something
in a large open area or a park.

On the Way to the COVID Test Station
The participant explained the experience of going to a COVID-19 testing station
near work. The lack of accessibility guidelines during the pandemic is challenging
for all people with visual impairments. Even though the participant used help
from a friend via video calls, it was not enough. People at the testing stations
were also unaware of arranging the testing location accessible and giving proper
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guidance to people with visual impairment. The priority of the pandemic test
stations was given to the general public, and maybe consideration of people with
impairments has been missed.

“I was trying to follow the margin of the sidewalk close to the street to have
guidance, feeling the direction I needed to go. My friend warned me when I
was close to an obstacle (e-bikes, pillars, etc.). Still, it was challenging for
her because of the direct sunlight coming from the direction I was moving.
I had to cross three crosswalks, two of which had traffic lights. My friend
told me when it was green (a few traffic lights have an audio signal when
it is green, but there are not always working).”

4 Discussion

The results from the study support the need for a navigation assistance solution
with more features than the smart cane used for the experience. It also advocates
for improving accessibility in transportation and mobility when a city considers
its urban planning. As a result of the experiences described in this study, some
recommendations are evolved.

• Both portability and convenience in a navigation assistance tool are essential
requirements for the users.

• Able to give information regarding the type of obstacles and distance to them
while navigating. Also, the tool should be able to identify the presence of both
hanging and ground-level obstacles.

• Able to be used uninterrupted for at least a day without recharging.
• Should work even in challenging climate conditions without affecting its per-

formance.
• Supports user preference settings to choose an appropriate output modality

in giving information to the user.
• Good to have a scene identification feature to inform about the environ-

ment/scene while navigating.

Furthermore, the study suggests having more accessible environments in pub-
lic spaces such as roads, shopping malls, universities, railway and bus stations,
open spaces, etc. When pedestrian pathways are closed for construction or main-
tenance works, the concerned authority should consider providing an accessi-
ble navigation path for those with motor or visual impairments. There should
be accessible information boards regarding stairs/elevators/help desks etc., in
indoor environments. Like any research method, diary studies have several ben-
efits and potential drawbacks that researchers should be aware of from the begin-
ning. The principal advantage of this study is that the researchers can get an
opportunity to discover how people with visual impairment use an assistive navi-
gation aid such as a smart cane in a natural environment. Many research studies
intentionally strip away outside factors to create an environment free of variables
so the user can focus solely on the product or service. But this diary study could
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reveal external factors that affect an end user’s experience (such as inaccessible
city designs and badly parked bikes/e-scooters). Researchers can also learn what
social situations might affect usage patterns using the aid in a real-time environ-
ment. One potential shortcoming of this approach is that the conclusions drawn
from the study highly depend on a single participant and the environments they
usually visit. Hence, it could miss some typical experiences that other people
encounter. Relying on a single participant might question the accuracy of the
results. But the in-depth analysis of various issues over a long period in different
real-life environments has advantages over other user experience methods such
as surveys or interviews.

5 Conclusion

This diary-based study describes both the positive aspects and the challenges
faced by a person with visual impairment while navigating in an urban envi-
ronment using a smart cane. Also, it evaluates some facilities offered today for
public navigation in a modern metropolitan city like Oslo. The study empha-
sizes that a navigation assistant system could perform better if a universally
accessible public environment exists, especially in a crowded place like a city.
Portability and convenience for the users need to be considered in designing a
navigation assistant system. Also, people with visual impairments prefer to have
some feature support from the navigation tool, such as knowing the scene, iden-
tifying obstacles, etc. The lessons learned from this diary-based study could help
researchers design and develop a navigation assistant for the visually impaired.
We also believe the results would be helpful for improvisations needed for a uni-
versally accessible public environment in an urban city to support people with
visual impairments.
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Abstract. Dementia is an uncurable neurodegenerative disease that leads to a
gradual loss of cognitive capacities and negatively affects emotional state, quality
of life, and ability to autonomously perform activities of daily living. Although
pharmaceutical approaches can mitigate symptoms in people with dementia, their
effect is still limited.Complementary approaches, such asmusic and reminiscence-
related activities, have been proposed for stimulation purposes. Here we present
the results of a pilot 14-session longitudinal study with an interactive platform
called Musiquence, which allows the incorporation of music and reminiscence
elements in cognitive stimulation activities, with 8 participants with dementia.
In general, the results of the intervention show improvements in all the assessed
domains: cognition, anxious and depressive symptomatology, functionality, and
quality of life. Preliminary results appear to support the platform’s feasibilitywhile
providing positive outcomes of clinical efficacy.

Keywords: music · reminiscence · therapeutic outcomes · digital platform ·
augmented reality · dementia

1 Introduction

Dementia is a neurodegenerative pathology that leads to a gradual loss of cognitive and
physical abilities. People with Dementia (PwD) suffer from depression, anxiety, apathy,
and cognitive decline [26, 27, 32], among other dementia-related issues (see review [3]).
Consequently, PwDbecomemore dependent on third parties to performactivities of daily
living (ADLs), which also negatively affects their own and their caregivers’ quality of
life (QoL) [18, 22]. As there is no cure for dementia, pharmaceutical approaches have
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been developed to mitigate the disease’s progression and alleviate the symptomatology.
Nevertheless, pharmaceutical approaches are costly to develop, and their effect onPwD is
limited [20, 23]. Thus, the need for and interest in finding new approaches to complement
pharmaceutical ones has been growing.

Among non-pharmacological interventions for PwD, Cognitive Stimulation Therapy
has been reported as themost effective [1]. It relies on the positive impact of reality orien-
tation, reminiscence, and validation therapy [31] and stipules that (1) PwD benefit from
cognitive stimulation (CS) when mobilized the preserved cognitive functions and (2)
being exposed to enriched environments can enhance cognitive reserve and neuroplastic-
ity even in advanced ages. Literature has reported the positive effects of CS on cognition
through the maintenance and improvement of cognitive abilities [42]. Also, previous
studies using cognitive stimulation therapy have reported an ideal intervention time of
7 weeks with twice-a-week sessions. Beyond that time, there is no evidence of PwD
benefiting CS. This type of cognitive intervention can also impact QoL (self-reported
and reported by caregivers) and mood (e.g., by reducing depressive symptomatology)
[37].

Also, literature has reported the positive effects of incorporating elements such as
music, reminiscence and gaming in CS activities [15, 16, 36]. For instance, music has
been used in clinical contexts as it has been shown to ameliorate behavior [21], depres-
sion, and anxiety [17, 25, 38], communication [5], and autobiographical memory [9]
in PwD. Also, research has shown that cognitive improvements are possible through
activities that involve music [6, 30, 39]. Like music, reminiscence-related approaches
through daily physical items such as photography or household objects can also pro-
mote communication and cognitive improvements [42]. Nevertheless, more research is
necessary regarding music and reminiscence’s effect on PwD [33, 42]. Serious games
(SG) are games whose primary purpose goes beyond pure entertainment [8]. For exam-
ple, SG can be used in many fields such as education, simulation, and health (among
others) [40]. In the field of health, SG has been used on a variety of different pathologies
like, for example, stroke [29], schizophrenia [13], autism [34], and dementia. Many SG
have been developed to be used as cognitive screening tools and stimulate cognitive and
physical activities, among other purposes (see review [24]). Thus, to study the potential
of using music and reminiscence strategies with PwD in gaming contexts, we developed
an interactive platform called Musiquence, which implements music and reminiscence
on CS activities for PwD [11]. Musiquence is compatible with various technologies
such as PC, tablet, interactive tables, Leap Motion, Kinect, and augmented reality. It has
a Game Editor that allows health professionals (HP) to customize cognitive activities
using music and images according to PwD’s preferences and needs [11]. In this pilot
study, we evaluate the impact of a customized 14-session intervention with Musiquence
on (1) cognition and (2) quality of life.

2 Methods

Based on results from previous studies [2, 12], in which PwD had positive interactions
with AR technologies using different interaction modalities, we opted for a projection-
based augmented reality setup for this study as it allows direct interaction input through
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physical objects and upper limb movements, which facilitates interaction for PwD. We
used a laptop, an Optoma DLP Projection Display (Optoma, New Taipei, Taiwan), and a
tripod to run the system and display the activities on the table. A PSEye webcam (Sony,
California, USA) was used to detect markers projected on the table. Musiquence detects
the markers automatically through a tracking system - AnTS [43]. We laid a white paper
surface on the table to enhance the contrast between the table and projected activities.
Two external speakers were used during the experiment. The setup is shown in Fig. 1.

Fig. 1. Projection-based augmented reality system. 1) Physical object with a marker attached
to it. 2) PSEye camera attached to the projector to track the position of the physical objects. 3)
External speakers for the music and feedback. The table was covered with a white sheet of paper
to enhance the contrast of the virtual projection.

2.1 Musiquence

Currently, Musiquence offers 5 CS activities and one reality orientation activity. The
activities were developed using the Musiquence’s Game Editor; these are game-like
activities where participants had to successfully complete each task to proceed in the
game. On successful completion of all the tasks, the participants were applaudedwith the
message “Congratulation! You finished the game.” All activities are described below:

• Quiz activity. In this activity, PwD must select the correct answer to a given question.
It aims to stimulate memory (Fig. 2 - A).

• Association activity. In this activity, participants must associate an answer to the cor-
rect container. The activity is designed to stimulate associative memory and executive
functioning (decision-making) (Fig. 2 – B).

• Search activity. Here, participants must find hidden answers using a virtual magni-
fying glass. The activity is designed to stimulate attention, memory, and executive
functioning (planning) (Fig. 2 – C).
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• Activity of Daily Living. Participants must complete a set of daily living-related
activities using real objects. It aims to target memory and selective attention (Fig. 2
– D).

Fig. 2. Musiquence activities. (A) Quiz activity of “Fowers” theme. The participant had to select
the correct answer. (B) Association activity of “Public Figures”, theme. The participant had to
associate the picture and drag it to the correct container. (C) Search activity of “Foods” theme.
Through the virtual magnifying glass, the participant had to find images of, for example, peppers.
(D) Bottles with fruit aromas in the ADL activity of the “Foods” theme. The participant had to
recognize and select the correct scent of the fruit and place it on the marker. (E) The creative
activity of “Flowers”. The participant had to draw the missing piece (e.g., a flower) and place it in
the correct location. (F) Reality orientation activity. The participant had to select the right answer,
according to the orientation information provided.

• Reality Orientation. This activity aims to assist PwD in recalling the date and place
in which they are currently present. It is designed to target orientation faculties (Fig. 2
– F).

• Creative Painting activity. Participants must complete the missing parts of a drawing
by adding physical drawings. It is designed to target memory and fine and gross motor
skills (Fig. 2 – E). Examples of drawings made in this study are shown in Fig. 3.

Interaction. Participants must manipulate a physical object with a marker attached to
it to interact with the Quiz, Association, and Search activities (Fig. 4). A virtual cursor
follows the physical object’s position as the participant moves it. To interact with the
remaining activities, participants must occlude markers with their hands or a physical
object. For example, in the Activity of Daily Living, participants must select the correct
physical object among “distractor” objects and place it at the marker location. As for
the Creative Painting activity, participants must create physical drawings and place them
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Fig. 3. Here, we show four drawings made by the participants for the Creative Painting activity.
(A) “Carnation” drawing to complete a creative activity of the “Festivities” theme. (B) “Clover”
drawing to complete a creative activity of the “Flowers” theme. (C) “Wheat” drawing to complete
a creative activity of the “Regional Traditions” theme. (D) “Microphone” drawing to complete a
creative activity of the “Public Figures” theme.

on the markers of a virtual painting. Lastly, in the orientation activity, participants must
select the correct answer by occluding the markers with their hand.

Whenever a selection is performed (the cursor collides with an answer or themarkers
are occluded), a 4-s timer is activated (Fig. 4). When the timer reaches 0, one of the
following types of feedback is provided to the participant. For example, in the Quiz,
Orientation, and Association activities - “very good” - is activated when participants
select the correct answer, while - “Ohh, try again” – is activatedwhen selecting thewrong
answer. In addition, Musiquence provides musical cues to the participants when making
erroneous decisions while performing tasks [10]; during the 4 s, the background music
becomes distorted. Similarly, in the Search activity, backgroundmusic becomes distorted
based on distance to aid participants in identifying the hidden images. Correspondingly,
the more the participant is further away from the image, the more distorted the music
becomes. Regarding the remaining activities (Search activity, Activity of Daily Living,
and Creative Painting), only “very good” is activated as there are no wrong answers.
Furthermore, themusic was played normally withoutmusical cues (except for the Search
activity).

Fig. 4. Participant manipulating a physical object with a marker that controls the virtual cursor.
The activation of the 4-s timer when selecting an answer.

Content Customization. To create the content for the Musiquence activities, we per-
formed a participatory design approach with 20 PwD and 19 HP to uncover this pop-
ulation’s general preferences. From the interviews with the HP, we gathered a total of
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21 themes. From the 21 themes, we selected the 14 most frequent ones. Then, we pre-
sented four representative images of each theme with written labels to 20 PwD. PwD
selected their favorite ones, resulting in a total of seven favorite themes: Public Fig-
ures, Festivities, Flowers, Agriculture, Regional Typical Recipes, Foods, and Regional
Traditions. We also collected information regarding musical preferences. 81 Portuguese
songs were mentioned, most of these Portuguese from before the year 2000, and from
these, we selected the seven most referred by HPs to match the seven preferred themes.
These themes and songs were used to create the customized music and reminiscence CS
program for PwD.

2.2 Participants

Participants were eligible if (1) they were between initial or intermediate stages of
dementia (assessed through MMSE, and formal diagnosis provided by a psychiatrist or
neurologist), (2) they were able to use their arms independently, (3) they had a good
hearing and visual ability, and (4) had good comprehension skills. Participants did not
participate if (1) they were at advanced stages of dementia, (2) if they had diagnoses
of previous psychiatric disorders, (3) had severe depressive symptomatology, and (4)
if they were bedridden. Participants were recruited from different healthcare centers.
Participants 1, 2, 4, and 5 were from the Centro Social e Paroquial da Ribeira Brava
(nursing home), participants 6, 7, and 8 were recruited from Casa de Saúde Câmara
Pestana (nursing home), and participant 3 was recruited from Centro de Dia Lugar de
Memórias (daycare center). Only female participants were included in this pilot study,
but we intend to recruit male participants during the longitudinal study. The assessment
and intervention sessionswere performed at the sameplacewhere the participants stayed.
The demographic information of the participants is shown in Table 1.

Table 1. PwD Demographics

ID Diagnoses MMSE* Gender Age Schooling**

1 Vascular Dementia 14 Female 86 3

2 Lewy-Body Dementia 26 Female 76 3

3 Alzheimer’s Disease 23 Female 80 3

4 Alzheimer’s Disease 10 Female 73 4

5 Non-specified dementia 13 Female 83 3

6 Alzheimer’s Disease 28 Female 87 12

7 Alzheimer’s Disease 15 Female 77 3

8 Alzheimer’s Disease 24 Female 74 4

* MMSE values obtained before initiation of the study.
** Schooling values are based on the participants’ formal education.
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3 Procedure

Our study was approved by Casa de Saúde Câmara Pestana’s Ethics Committee, and all
participants signed informed consent before initiating the study. Participantswere invited
to be seated, one at a time, in a quiet room. Before beginning the study, participants had
to sign a formal consent. The experimental trial duration was based on the CST principle
[1]; we performed 14 sessions, twice per week, of 30 to 45 min each, spread over seven
weeks. Each week corresponded to a cycle of tasks, meaning that all of the activities
available in Musiquence were played once. To which a cycle of tasks corresponded one
song and one theme. The activities were all in Portuguese, and the participants were
native speakers.

All the participants performed all the tasks in a randomized order. A psychologist
was present during all sessions. The experimental sessions were filmed to be later used as
complementary data. PwD were assessed before the intervention (pre) and immediately
after the intervention (post). The assessment protocol was divided into two sessions
of approximately 30 min each. In the first two sessions, a certified psychologist per-
formed the pre-neuropsychological assessment (as described in Sect. 4). In the following
sessions, PwD were invited to perform the customized music and reminiscence-based
CS program using Musiquence. The psychologist re-assessed PwD after finishing the
intervention sessions (see Sect. 4).

4 Instruments and Metrics

In a population such as PwD, with a neurodegenerative process, the expected evolution
over time in cognitive function is a steady decline.Moreover, specific instruments need to
be used in PwD as comprehension and expression abilities are strongly affected by their
condition.Hence, to evaluate the impact of the customizedmusic and reminiscence-based
CS program in the progression of the condition in PwD,we defined a neuropsychological
assessment protocol to assess cognition and QoL. To assess cognition, we used the
following instruments:

• MMSE. TheMMSE is a 30-point cognitive screening tool validated for dementia [14,
28] that assesses six domains: orientation (time and place), retention, attention and
calculation, recall, language, and constructive ability. Higher scores relate to lower
deficits [35].

• ADAS-Cog. It is a Dementia specific brief battery with a 50-score maximum that
assesses word recall, naming, commands, constructional praxis, ideational praxis,
orientation (time and place), spoken language ability, word-finding difficulty, and
comprehension of oral language. Higher scores relate to greater deficits [22].

• Kettler Laurent Thierrau (KLT). It is a divided attention assessment tool with 12 lines
with 20 squares in which each square differs in the orientation of an exterior line. The
participants had four minutes to select as many squares as possible. The selection is
based on three examples that are presented on the top of the sheet. The total provides
a dispersion index, and Higher scores relate to greater deficits [19].
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• “Symbol Research” (SR) and “Digit-Symbol Coding” (DSC). Subtests of the
Weschler Adult Intelligence Scale (WAIS-III) – SR measures information processing
speed and visual perception. The total is obtained by subtracting the errors by the
number of hits. DSC measures the speed of processing and executive functioning.
The total of hits determines the total score. Greater scores relate to lower deficits [41].

• Semantic and Phonemic Verbal Fluency Test. In semantic fluency, the participant has
one minute to say the maximum number of words belonging to each category: foods
found in the supermarket and animals. In phonemic fluency, the participant has one
minute to say the maximum number of words that begin with each letter: “M”, “P”,
and “R”. It assesses processing speed, language production, and executive functions,
and the greater the number of words, the better the participant’s performance. Greater
scores relate to lower deficits [7].

• Quality of Life-Alzheimer’s Disease scale (QoL-AD). To assess participants’ QoL,
we used a 13-item assessment scale developed for individuals with Alzheimer’s Dis-
ease. It allows the assessment of the QoL through self-perception. Higher scores relate
to greater perceived quality of life [4].

The same versions of the instruments were used in pre and post interventions by the
same order. Also, all the instruments were administrated in one session.

5 Results

All participants finished all the sessions in the seven weeks. To evaluate the impact of
our customized music and reminiscence-based CS program on cognition, we used the
cognitive and QoL assessment protocol (Table 2).

5.1 Assessment of General Cognition

Regarding general cognition, as assessed by the MMSE, participants 1, 2, and 4 scored
higher in the post-assessment than in the pre-assessment results. In the ADAS-Cog,
participants 1, 2, 3, 4, and 8 demonstrated fewer deficits. Participant 3 maintained the
results as assessed by the MMES while improving in the ADAS-Cog assessment.

5.2 Assessment of Quality-of-Life

To assess the impact of our intervention in QoL, we used the QoL-AD assessment
tool. Participants 2, 3, 6 and 8 reported improvements in self-perceived QoL, whereas
participants 1, 4 and 5 worsened. Participant 7 remained stable.
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Table 2. Pre and Post results of neuropsychological assessments. Results in bolt and underline
indicate improvements in the neuropsychological assessments

ID
MMSE

ADAS-
Cog QoL-AD KLT

WAIS III Semantic Verbal 
Fluency Test

Phonemic Verbal 
Fluency Test

Symbol 

research

Digit-

Symbol 

Coding

Animals Foods M P R

pre post pre post pre post pre post pre post pre post pre post pre post pre postpre postpre post

1 14 15 25 20 32 23 98.89 94.45 5 4 7 5 7 10 12 14 2 3 7 5 4 4

2 26 27 14 10 30 36 97.78 100 7 6 5 7 9 9 11 9 2 3 6 6 5 5

3 23 23 24 23 37 41 95.56 100 7 6 8 10 7 10 15 11 4 7 12 10 7 7

4 10 13 40 37 35 33 100,00 100 8 9 2 4 6 5 9 5 5 8 7 3 4 3

5 13 11 30 37 37 35 94,44 100 4 4 2 6 2 1 4 3 0 1 0 0 1 0

6 28 26 10 14 21 22 81,12 44,4 12 8 3 6 16 12 13 18 5 6 9 7 10 9

7 15 13 30 40 25 25 100 44,4 3 6 2 2 3 3 1 3 1 2 2 2 4 2

8 24 21 26 22 31 37 86,67 0 11 10 4 8 13 13 16 15 6 6 9 10 8 8

mean 19,1 18,6 24,9 25,4 31,0 31,5 93,0 72,9 7,1 6,6 4,1 6,0 7,9 7,9 10,1 9,8 3,1 4,5 6,5 5,4 5,4 4,8

mean 

post-

pre

-0,5 0,5 0,5 -20,1 -0,5 1,9 0,0 -0,4 1,4 -1,1 -0,6

5.3 Assessment of Verbal Fluency

As for verbal fluency, as assessed by the Semantic Verbal Fluency Test, participants 1
and 3 were able to mention a higher number of animals. Participants 2, 7, and 8 reported
the same number of animals compared to pre-assessment. The remaining participants
worsened. Participants 1, 6, and 7 reported a higher number of foods, while the remaining
participants lowered performance. To complement the Semantic Verbal Fluency Test,
we used the Phonetic Verbal Fluency Test. The results show that participants 1 to 7 were
able to mention a higher number of words starting with “M” in one minute. Participant 8
maintained the same performance when comparing pre-and post-assessment. Consider-
ing words starting with “P”, only participant 8 enhanced performance, and participants
2, 5, and 7 expressed the same number of words in both assessments. Regarding the letter
“R”, participants 1, 2, 3 and 8 mentioned the same number of words, while participants
4 to 7 had a lower performance.

6 Discussion

Here, we present the results of a pilot 14-session longitudinal study that quantifies the
impact of an interactive, customized cognitive stimulation program using Musiquence
in PwD. In our customized cognitive stimulation program, we aimed to potentiate the
effect of reminiscence and music by developing our cognitive stimulation activities
based on a participatory design approach in which we collected the favorite themes and
songs of PwD living in Madeira Island in Portugal. This set of activities, incorporated
on Musiquence, aimed to stimulate general cognition. Overall, the results obtained in
this study are very promising, as all participants did show improvements in at least two
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of the cognitive and QoL assessment instruments. Combining customized music and
reminiscence elements in a game-like context seems to impact participants’ well-being
positively. Also, we analyzed (1) specific domains commonly affected by this disease,
such as language, executive functioning, and attention, and (2) its larger impact on the
PwD’s life through the assessment of QoL.

Firstly, our results consistently show that all our participants benefited from the
intervention in some aspects. Since our cognitive stimulation program (1) did not aim
to train any specific cognitive domain but to stimulate general cognition and (2) our
sample of PwD was very heterogeneous, it was expectable that our participants would
show different results in the different cognitive domains assessed.

The results are consistent considering the general cognition assessment measures
(MMSE and ADAS-Cog). All the participants that improved or maintained their perfor-
mance of MMSE also improved or maintained their performance on ADAS-Cog. Since
the ADAS-Cog assesses cognitive domains impaired explicitly in dementia, it would be
expected to observe a cognitive decline in such population. Although participants had a
worsemean performance in our general cognition assessmentmeasures, there was only a
0.5 (out of 30) difference in both MMSE and ADAS-Cog. Since an exponential decline
of cognitive functioning characterizes dementia, achieving steadiness (no changes in
general cognition) is considered a positive outcome. Thus, the performing of regular
music and reminiscence-based activities through SG could be beneficial in achieving
cognitive stimulation, as reported, for example, in studies [6, 30].

Regarding the impact of our program in specific cognitive domains, results were not
even. For example, despite divided attention (as assessed by KLT) never being the target
of our training, several of our activities (i.e., Association and Quiz) demanded some
level of this ability. Despite all our participants showing high dispersion indexes on pre-
assessment, our results show lower mean dispersion indexes after the intervention. This
translates to an improvement in the ability to pay attention to more than one stimulus at
a time.

Regarding the attention assessments, most of our participants worsened their per-
formance on SR, showing a mean difference of −0.5 points on post-assessment. Inter-
estingly, our results showed an improved mean difference of about 1.9 points on post-
assessment on the DSC. The main difference between these two subtests of WAIS-III
relies on howSRdemands visual perception abilities, as participants need to discriminate
between abstract symbols. Throughout the performance of our activities, participants
only had to discriminate familiar, meaningful stimuli. Although these results may also
be consistent with visual perception deficits related to dementia [3], we did not observe
difficulties from our participants in discriminating the stimuli presented.

As for language, all participants improved or maintained their performance in one
or more of our semantic and phonemic verbal fluency assessment measures. Although
language aspects were not directly stimulated in any of our activities, communication
was present in all our sessions through the Reality Orientation Activity (performed every
session before the cognitive stimulation activities). In the other activities (i.e., Quiz,
Association, and Search), it was very frequent for the participants to answer and justify
their answers before acting on Musiquence. Similar reports regarding verbal fluency
improvements after musical activities in PwD were verified by Brotons et al. [5]. Again,
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combining music and reminiscence approaches in a serious game could be beneficial in
achieving linguistic outcomes.

Considering self-perceived QoL, results showed a higher mean score of perceived
QoL on post-assessment. Although this is a very positive outcome, and previous studies
reported enhancement ofQoL throughCS activities (i.e., reminiscence-related activities)
[37], it is important to consider that this may not be directly associated with perceived
cognitive improvement. Most of our participants are integrated into nursing homes,
where they do not performmany daily activities. At some point in the intervention, most
participants were happy to have a weekly routine and perform different activities.

Additional behavioral changes in PwD have been observed during the intervention.
For example, in the first sessions, participants generally showed difficulties manipulat-
ing the physical object with the attached marker. The marker could not be covered, or
else Musiquence would not be able to track it. Throughout the sessions, all our partic-
ipants learned how to use the physical object without covering the marker, and, in the
last sessions, they would do it autonomously, showing some signs of practice learning.
Moreover, all participants learned to interact with the virtual environment. In the first
sessions, they would move the physical object outside the virtual environment’s limits,
which resulted in tracking-related problems. In the last sessions, none of our partici-
pants needed to be reminded of the virtual environment’s limits. Such similar behaviors
were seen in a previous study in which we studied different interaction modalities using
AR-based setup [2].

Another interesting finding was that all participants could recognize the psycholo-
gist that performed the cognitive stimulation intervention, even though they only met
during the intervention. Although most participants could not remember the theme of
the activities or the type of activities performed, participants were able to associate the
psychologist as the person who would take them to perform activities using a computer.
For example, participants 2, 6, and 8 were able to remember the psychologist’s name and
the schedule in which they would perform the activities. Participants reported enjoying
performing the activities since the content was familiar to them. Commonly, partici-
pants would recall specific memories when performing the activities (e.g., participant
3 recognized a TV host in the activities involving “Public Figures” since it was a TV
host she used to watch daily). Participants were also very receptive to the songs used
in the activities. All participants sang during the activity performance while recalling
memories. For example, when playing the song “Mula da Cooperativa” (a song with a
humoristic connotation), participant 1 would laugh, referring that her kids used to sing
this song when they were younger. It was common for the participants to appreciate the
themes used during the intervention as they reminded them of previous experiences.

7 Conclusion and Ongoing Work

The results of this study are promising even though our results are heterogeneous.
Every participant improved their performance on one or more of the assessed cognitive
domains. Moreover, participants enjoyed performing the activities as they sang while
remembering the positive aspects of their past. However, this work has some limitations
as we do not have a control group, limiting the ability to assess the impact of the inter-
vention and anticipate cognitive decline in this population. To this end, we aim to extend
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this pilot study with more participants (a total of 16 participants) to provide further
evidence regarding the therapeutic effects of Musiquence in the PwD. Also, we plan to
gather follow-up results at 3 and 6 months after the cognitive intervention regarding the
long-lasting effects that the platform has on such populations.
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Abstract. While technology is often considered a viable solution to
many health related problems, its use in dementia care is still under-
represented. Although reasons for this lack of penetration may be rooted
in the organisational stiffness of nursing homes, it is often the miss-
ing knowledge about daily working routines, which makes it difficult for
technology providers to offer solutions that better fit the specific needs
of care personnel and their patients. This article aims to shed some light
on guiding principles in dementia care, the consequent challenges care
workers face, and how they feel about the current and potential future
use of technology to support their daily working routines. A three-stage
Delphi study approach served as the methodological construct for our
analysis, through which we aimed to find agreement among care work-
ers in Luxembourg. Respective results point to six key characteristics as
being central to work procedures in dementia care, i.e., (1) the appli-
cation of nursing theories as the backbone for dementia care, (2) the
adherence to guidelines, (3) the adaptation to patients’ individual capa-
bilities, (4) the need for documentation and biographical work, (5) the
need for effective communication, and (6) the need for flexibility. Where
technology aligns with these key characteristics, it is perceived to be ben-
eficial to the treatment of psychological as well as behavioural symptoms
of dementia, to support the work in multidisciplinary teams and to help
with documentation and communication.

Keywords: Nursing Homes · Dementia Care · Care Routines ·
Technology Use

1 Introduction

Ageing populations, and their prevalence for mental degenerative diseases, such
as different types and stages of dementia, increase the pressure on already over-
burdened healthcare systems all over the world [7,36], and thus lead to major
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economical as well as social concerns [29]. The burden of dementia is especially
high in Luxembourg, with annual costs per patient double as high as the aver-
age in the European Union [26]. Digitalization and modern technologies such as
healthcare robots [5,25] are considered potential pathways to lower this pres-
sure and therefore a priority to many policy makers [40]. In addition, those
technologies promise to improve efficiency, cost-effectiveness, quality of care and
safety for both patients and caregivers [1,9,19,22,41]. Yet, despite these poten-
tial prospects, implementations are often challenged and may already fail in
their initial conceptional stages [40], leading to a significant under-utilization of
technology in health care facilities such as nursing homes [22,50].

To this end, it is in many cases the perspective of care workers which is
missing or under-represented [1,11], even though those care workers are usually
the main users of such technologies [45]. As nursing theories and the organi-
zational structure have a strong effect on the values and behaviours of care
workers [39,51], they are part of the meso-level factors which impact the sucess-
ful integration of technology [21]. It is therefore not sufficient to only focus
on different stakeholders and follow a participatory design approach to inte-
gration [2,21,34]. Rather, one needs to understand the given context of work,
which may allow for a better integration of solutions [21,45], as well as the ethical
debate surrounding the use of technologies in care settings [3,47].

The purpose of the study presented in this paper was thus to investigate the
perspective of care workers, working in dementia care in different Luxemburgian
nursing homes. Respective explorations were guided by the following research
question:

How do care workers characterize the work in nursing homes and how do
they judge the potential for the integration of technology in dementia care?

Our report starts with a discussion of the relevant background and respective
problem space in Sect. 2. Next, Sect. 3 describes the applied research methodol-
ogy before Sect. 4 presents our findings. Finally, Sect. 5 concludes the paper and
proposes some future research directions.

2 Background and Respective Problem Space

Demographic change causes challenges in long-term care, in particular the
increased propagation of degenerative mental diseases such as the different forms
of dementia [7,30,36] and their accompanying financial burden on society [2,29].
To this end, nursing homes play an essential role in long-term care [8]. They
adopt a person-centered care approach [13], focusing on patients’ individual
experiences, with the goal to offer an environment which makes patients’ lives
dignified, fulfilling, stimulating, varied and happy [38].

The organizational structure of nursing homes, and consequently the daily
work routines of care workers in dementia care, are influenced by many different
factors [51]. In particular, practical procedures, such as Virginia Henderson’s
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Nursing Theory [6,10,23,39], play an important role in the setup of respec-
tive care facilities. Nursing theories provide scientific insight into the patient-
caregiver relationship [6], allow for good nursing practices and adequate nursing
decisions [39], and they let care givers recognise their contribution and iden-
tity [10,42]. Henderson’s holistic theory, which is widely accepted and applicable
to individuals of all ages [23], provides fundamentals of nursing care based on 14
components – 8 of which are linked to healthy body functions while the other
6 consider safety and meaning in life. In addition, Böhm’s Psychobiographical
Care Model for Dementia Patients [15] supports care workers in their holistic
understanding of patient needs on an emotional dimension.

Next to nursing theories, it is particularly day-to-day problems in demen-
tia care which influence working routines [42,45,51]. Neuropsychiatric changes
in dementia, for example, result in challenging psychological and behavioural
symptoms [7]. Also, an increasing lack of staff, which makes it difficult to meet
individual patient needs [46], and communication and teamwork barriers [16]
impact on working procedures.

Supportive care technology, which has become more important with the
demographic shift and the associated lack in workforce [1,40], is often consid-
ered an instrument to relieve the pressure on health care routines, particularly
in the long-term care sector [1]. To this end, a number of modern informa-
tion and communication technologies, ranging from simple messaging and doc-
umentation tools to complex assistive technologies [14], care robots and other
artificial intelligence powered interfaces [31], promise to improve efficiency, cost-
effectiveness, quality of care and safety [1,9,19,22,41]. They are furthermore
sought to increase quality of life [41], and decrease social vulnerability [28] as
well as health inequities based on socioeconomic status [22].

Still, according to Greenhalgh et al. [21] the successful integration of tech-
nology often depends on a dynamic relationship between micro-, meso-, and
macro-level influencing factors. That is, while it is surely difficult to design tech-
nologies that are context-aware, unobtrusive, and acceptable as well as in com-
pliance with privacy regulations [4], it is mainly their integration into complex
socioeconomic systems which bares the greatest challenges [2].

In this respect, technology becomes more than a tool. Rather, it actively
shapes the concepts of care and humanity as it acts as an integrative instru-
ment [1]. This, however, sparks discussions about ethical implications [1,13,36],
one of them being the lack of personal care some associate with the increasing
use of technology [3]. These debates around values and ethical questions regard-
ing the use of technology have a strong effect on professional dementia care [13],
and thus require addressing [1,11,41].

Currently, the use of technology in nursing homes is mostly limited to small
and local adoptions with a short-term usage perspective [21,40]. Reasons for
non-adoption or abandonment as well as strategies for respective scale-up, how-
ever, are under-researched [21]. Also, analysis regarding investment costs and
cost-benefit, as well as studies on the influence government regulations have on
the integration of technology into the dementia care sector, are missing. The
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respective contextual understanding these analyses would generate would not
only help with the successful integration of technology [21], but may further-
more utilize the above outlined ethical debate [3,47].

Hence, we may conclude that technology adoption in nursing homes is
affected by organizational factors rooted in long-established professional work
practices and routines [9,19,51], and contextual factors inhibiting a wide-spread,
sustainable tool integration [3,21,45]. Both lead to a certain under-utilization
of technology in health care settings [22,50]. The research reported on in this
article aims to provide further insight into this problem space by investigating
the perspective of care workers an their concrete need for technology support.
Focusing on a specific type of care facility (i.e., nursing homes for dementia
care), in a specific legislative and administrative setting (i.e., in Luxembourg),
our goal was to better understand day-to-day challenges care workers face when
working with their patients, and from this draw conclusions as to what type of
technology may help them.

3 Methodology

In order to investigate day-to-day challenges in dementia care in Luxembourg
and consequently understand the future role technology may play in respective
nursing homes, we followed a three-stage Delphi study approach [12,44]. This
type of methodology aims to find consensus among experts in a certain field
(i.e., in our case care workers), by predicting and exploring the group’s attitudes
and priorities [24,27,32,49]. In doing so, it allows for capturing expert opinions
in areas with insufficient empirical data [24], while focusing on individual per-
spectives [1,11]. In our case, so as to not steer care workers too much towards a
discussion about technology but rather let them explain and agree upon day-to-
day challenges, we purposely withheld a clear definition of our study goal.

3.1 Participant Sampling

Study participants were chosen based on the expertise assumption, as it is has
been seen in earlier studies of that type [24]. In our case, experts were defined
as being care workers placed within dementia care nursing homes in Luxem-
bourg. Contact persons of respective nursing homes were used as entry points
to recruit potential participants. Although we do not know the exact number
of people who were asked to participate (due to often rather informal recruit-
ment approaches), we were told that various care workers, who were initially
interested, withdrew along the way as they were overwhelmed by the time that
was required of them to answer our questions. Consequently, it happened that
our initial sample, which consisted of 15 participants during the first stage, was
reduced to 9 care workers who completed also stages two and three. Partici-
pants came from 7 different nursing homes around Luxembourg. In order to
tackle potential language barriers, questions were available in both German and
French.
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3.2 Data Collection

The study used three questionnaires (one for each stage), of which the first
utilized an exploratory open question format and the following two consisted of
Likert-scaled question items asking for participants’ level of agreement.

The questionnaires were self-administered and sent via email to participants
in Microsoft Word format (i.e., .docx), so that they were able to either com-
plete the questions on their computers or print them off and answer them by
hand. Preceding the first stage, we provided an overall outline of the study and
its purpose (withholding its focus on technology, as outlined earlier) and then
asked participants to answer the following eight questions, providing as many
insights as they thought relevant. Questions were grouped into three relevant key
areas, i.e., (1) Nursing Theories and Roles in Care, (2) Organizational Structures
and Accompanying Challenges, and (3) Potential Use of Technology in Nursing
Homes:

1. Nursing Theories and Roles in Care
– In your opinion, which role do nursing theories play in dementia care?
– Considering your expertise, what are the different roles care workers have

to play?
2. Organizational Structures and Accompanying Challenges

– In your opinion, what are important characteristics of nursing homes?
– Considering your expertise, what is the importance of organizational

structures in nursing homes?
– In your opinion, how important is a nursing home’s resilience to change?
– Considering your expertise, what are the challenges care workers face in

the different roles they play?
3. Potential Use of Technology in Dementia Care

– In your experience, what is the current use of technology in nursing
homes?

– In your opinion, what potentials for future technology use in nursing
homes do you see?

The goal of the last two questions was to focus on values and needs rather
than on the often problematic perspective of technology use [41]. For the second
stage of questioning, participants were requested to cluster and rate the different
answers provided during the first stage. To do this, we extracted key statements
from the provided answers and participants had to rate their level of agreement
with each of these statements on a five-point Likert scale. In addition, they were
asked to give feedback on the usefulness of mentioned technologies, how those
may tackle challenges in daily care, and what (user-centered) integration chal-
lenges they may see with them (or have already faced in the past). Finally, the
third stage re-iterated answers from the second stage as well as specific exam-
ples of technologies mentioned in the literature, and again asked participants for
their levels of agreement. We categorized technologies by user and function, as
seen in the work of Lorenz et al. [30], and told participants to leave comments
as to how useful they find these technologies are and what challenges they see
with their integration.
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3.3 Data Analysis

The data from the first questionnaire round underwent structured content anal-
yses so as to cluster feedback into themes and identify similar arguments and
descriptions. Based on this, an initial understanding of the care workers’ per-
spective was framed and consequently a list of statements drafted, which served
as a basis for the Likert-scaled question items in stages two and three. In addi-
tion, we used some basic descriptive statistical analysis to report on the achieved
agreement levels [49].

4 Findings

As already mentioned earlier, a total of 15 care workers completed the first
questioning stage of whom 9 stayed on for stages two and three. While most of
them answered and consequently discussed all of the outlined questions, there
was a small number of question items which did not receive answers from all
participants. In these cases, the consensus reported in the following sections
is based on the number of care workers who did participate in the respective
discussions.

4.1 Nursing Theories and Roles in Care

Both Henderson Theory and the Psychobiographical Care Model by Böhm were
often highlighted as being the most important foundations for the work in nurs-
ing homes [15]. To this end, care workers agreed not only on the relevance of
concrete nursing theories but also on their impact and guidance with respect to
daily work procedures. A third of the participants pointed towards this interplay
between theory and respective care model, and how the mix of both provides a
better, more holistic understanding of individual patients [17]. Participants also
highlighted that both these theories support the provision of adequate care qual-
ity [6]. Furthermore, they support the definition of guidelines [10,39] and pro-
vide a certain level of security to care professionals when working with dementia
patients [20]. As Orlewski [37] underlines, dementia patients require structure
and consistency for care initiatives to be effective. Overall, these theoretical
frameworks thus help care professionals focus on the following key goals when
working with dementia patients:

1. Provide dementia patients with an environment in which they feel good and
cared for;

2. Prevent isolation of dementia patients;
3. Maintain and support the autonomy of dementia patients; and
4. (Re)-activate the cognitive abilities of dementia patients.

The first two goals are in line with insights presented by Pulman et al. [38],
who note that in addition to basic care, nursing homes shall also offer an envi-
ronment, which aims at making patients’ lives dignified, fulfilling, stimulated,



Perspectives on Technology Use in Dementia Care 71

varied and happy. Especially the importance of feeling at home and the princi-
ple of ‘normality’ is often challenging in such institutions, which underlines the
active social role care workers have to fulfill here [43]. The latter two goals, on
the other hand, correspond to arguments posed by the WHO, which sees the
long-term care facilities’ primary task in helping older people maintain a certain
level of functional ability [48].

The fact that the interviewed care workers clearly understand these goals
and the part they play in their respective fulfillment becomes even more palpa-
ble when looking at the different roles they see themselves in. That is, depending
on the patient’s need they may act as contact person, counsellor, entertainer,
memory-keepsake, or simply as point of reference. In addition to these social
care roles they also help patients preserve their cognitive abilities, and pro-
vide adequate, precise and updated documentation on their current health sta-
tus. Butts & Rich describe this working relationship between care workers and
patients, including the necessary social engagement, as a holistic approach to
health care [6]. Yet, care workers do not see themselves in roles clearly dedi-
cated to family members. Here they rather agree with Gaugler et al. [18] in that
the involvement of relatives is a vital element impacting the effectiveness and
consequent success of an integrated dementia care model.

Concluding one may thus argue that nursing theories seem to influence the
goal of nursing homes, the specific roles of care workers as well as the way care
is provided. As to their application in nursing homes, study participants deem
it important to rely on established care models and their multi-role approach
to integrated dementia care. Balancing all these roles is challenging and thus
requires a high level of flexibility not only from daily working routines but also
from the technologies which may support them.

4.2 Organizational Structures and Accompanying Challenges

Next to the importance of nursing theories, interviewees also debated the orga-
nizational structure and challenges they face in their daily work. Interestingly,
they did not elaborate on organizational characteristics as defined by Zimmer-
man et al. [51], such as the type of residence, the profit status, or the number
of residents. Rather they focused on the structure and processes of care, such as
the current staff situation, the required flexibility of care work, individualized
care activities, and documentation requirements.

Interviewees discussed several ways in which organizational structures impact
on the quality of care. First and foremost these structures implement the guide-
lines underpinning care workers’ actions and thus act as the necessary glue
between theory and practical application [7]. To this end, interviewees empha-
sized that guidelines make them feel comfortable in their decision making and
consequent actions, as dementia patients may display great behavioural differ-
ences, for which a high level of flexibility is needed to adapt to individual needs.
Deeper investigations further showed that these organizational structures merely
define the framework in which single care workers use their individual experience
and knowledge to deal with a situation at hand, underlining this strong need for
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flexibility, responsiveness, and contextual sensitivity. In this respect, they also
act as a vehicle which enables and regulates communication, as highlighted by
Forbes-Thompson et al. [16].

While our participating care workers agreed that organizational structures
may act as communication enablers, they did not feel that such is sufficient to
guarantee productive teamwork. Here, one also requires bonding and the sharing
of common values and goals [33]. Furthermore, documentation and biographical
work are considered essential pillars of effective teamwork and thus play an
important role in daily care activities.

When asked about structural change in their institutions, care workers mainly
focused on patients, seeing them and their individual needs as the primary trigger
for change. Macro-level aspects, such as the economic burden on the healthcare
sector, do not seem to affect care workers’ view on micro-level care routines.
For them, changes have to align with patient needs so as to be acceptable.
Upholding an adequate quality of care is considered their main goal, for which
structural change can only happen slowly and needs to be accompanied by addi-
tional training and documentation. This perspective and consequent attitude,
however, may conflict with other stakeholder views; i.e. hospital management
might have a rather different explanation for why, when and how fast structural
adaptations may be necessary.

Other challenges, which participants identified as being caused by competing
or missing interests in multidisciplinary teams, are summarized in Table 1. These
challenges concern individual, team as well as organizational factors. From an
individual point of view, the showing of empathy, as outlined by Henderson’s
theory [6], and the changing behavioral symptoms of dementia, were perceived
to be most influential for daily care routines. Such is in line with previous work,
which describes neuropsychiatric changes as impacting care work [7,42].

Table 1. Challenges care workers face in their daily work as agreed on by the 9
study participants who completed all three stages of questioning (Note: Agreement
was measured on a 5-point Likert scale where 5 was considered the highest level of
agreement.)

Agree
(5+4)

Disagree
(1+2)

Undecided
(3)

Mean Mode SD

Working in a multidisciplinary team 6 3 0 4.11 5 0.93

Conflicts between team members 3 5 1 3.56 3 1.13

Missing interest of other stakeholders 2 6 1 3.33 3 1.00

Difficulty to explain concepts 4 1 3 3.11 5 1.69

Challenging psychological and behavioural symptoms 7 2 0 4.22 5 0.83

Reacting with empathy in every situation 8 1 0 4.44 5 0.73

Multitasking (working in ‘overloaded’ groups) 8 1 0 4.56 5 0.73

On the other hand, from a team and organizational perspective, under-
staffing [46,51] and the consequent increase in individual workload has been
perceived as particularly challenging. The current lack in staff, which is also
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triggered by the required level of training care workers in dementia care need
to undergo, has significant negative affects on care quality. To this end, also the
work in multidisciplinary teams was considered a challenge (mentioned by 6 of
the 9 participants), yet participants did not agree on whether or not organiza-
tional structures may be able to help tackle this. The need for better (digital)
communication, documentation as well as bibliographic work procedures, how-
ever, was considered central to better dementia care, as it may eventually help
with the adaptation to patients’ individual capabilities.

Participants further outlined that a missing balance between flexibility and
guidelines may be a significant cause for challenges. That is, too much flexibility
can lead to overwhelmed care workers [46] or a lack of empathy due to misunder-
standing [37], whereas too many guidelines may hamper the adaptation of treat-
ments to individual patients [20]. Some participants emphasized the importance
of structured workflows rather than routines, underlining the need to include flexi-
bility in the guidelines. Other participants, mentioned that all care workers should
use the same stimuli for distinct patients (i.e., follow the same routines) so as to
uphold the structure that is necessary for an effective dementia treatment. Thus, it
seems that when participants agreed on the importance of flexibility, they referred
to the ability to adapt structured workflows to the individual needs of patients and
not that care workers would be flexible in their individual doings, leading back to
guidelines, communication and teamwork. Despite this obvious need for structural
flexibility in the work with dementia patients, research on this type of collabora-
tive, patient-centered health care is still scarce [20]. It seems clear though that
next to guidelines, roles and responsibilities, technology support may play a vital
role in structuring daily working routines.

In summary, one may thus argue that care workers see, next to staff shortage
and better communication and documentation tools, the greatest organizational
challenge of nursing homes in their ability to offer the right balance between
guidelines and patient-centered flexibility in care. As already mentioned earlier,
guidelines act as the link between nursing theories, organizational structures
and daily care activities, so that the interplay between these aspects may be
considered the central linchpin of modern dementia care. Thus, for technology
to be truly supportive it would need to be embedded into this interplay.

4.3 Potential Use of Technology in Dementia Care

The final objective of this research was to identify concrete areas for technol-
ogy use in dementia care. To this end, study participants provided insight into
the current situation and proposed areas where they perceive the integration of
technology to be beneficial.

Current Use and Awareness of Technology: Unfortunately, the current
use of technology in dementia care is often rather limited. Participants men-
tioned that they sometimes even lack very basic devices such as for example
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lifting equipment. And while some participants reported the use of digital doc-
umentation systems, those have still not yet replaced extensive hand-written
documentation practices [35].

As for domain specific technologies, participants highlighted the use of devices
which may link patients to their past, making them feel at home and cared for.
One care worker, for example, emphasized the use of a video console [40] when
interacting with his/her patients.

Although care workers were generally aware of technology specifically geared
towards dementia care, e.g. the Tovertafel (i.e., a box which is attached to the
ceiling projecting a game on to a surface, which may stimulate physical and
cognitive abilities as well as encourage social interaction in dementia patients)1,
such technology is rarely available. And even if available, care workers seem to
be unsure about the actual affect it may have on their daily work practices.
That is, for some it was unclear whether it would “help save time” while others
questioned its compatibility with existing care models. To this end, Lorenz et
al. [30] already stressed that the missing awareness about technology and its
actual purpose is one of the prime reasons for its under-utilization in nursing
homes. Also, a certain misconception of its potential, as one care worker for
example argued that robots would simply not fit with human care, has been
found to inhibit technology propagation in health care domains [3].

Generally, participants seemed to be undecided concerning different tech-
nologies and the potential benefits they would bring to their daily work rou-
tines. For example, one participant mentioned several technologies in the initial
questionnaire, but did not participate in the debate on whether these tech-
nologies would really tackle existing care problems. Similar, another partici-
pant initially reported a lack of digital documentation and communication and
underlined its potential benefits in tackling daily challenges, but later seemed
to be undecided about whether he/she would actually use a respective commu-
nication/documentation system. Finally, one participant mentioned tablets for
dementia patients in the initial questionnaire but did not find any daily challenge
this technology would help deal with.

This confusion about the use and potential benefit of technologies may have
several reasons. It may be a categorization issue, where care workers are con-
fused about terms and names and thus unable to link technologies to working
procedures. This would also explain the high number of undecided care workers
during the second stage, where broad technology definitions were used, compared
to the rather small number of undecided care workers during the third stage,
where very specific functions and targeted use cases of these technologies were
discussed. (Note: Table 2 lists the difference between technology descriptions in
states two and three).

Confronted with broad ideas of technology use, it may have also been too
difficult for care workers to find an agreement. In addition, a possible reason why
care workers were undecided and did not agree on the affects specific technology

1 Online: https://tovertafel.com/care-innovation-dementia/) [accessed: September
10th 2022].

https://tovertafel.com/care-innovation-dementia/
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Table 2. Technology descriptions used in stages two and three.

Categories of technologies presented during stage two

• Digital documentation

• Technology in the patients environment

• Interactive technology used by patients

Examples of technologies presented during stage three

• Communication systems

• GPS systems

• Physiological sensors

• Robotic seal PARO

• Video games for cognitive training

• Retrospective memory aids

use would have on individual work practices, may be an awareness for local
implementation challenges. Such as Topo [45] argues, the local environment in
which a technology is implemented has a significant impact on the level of success
this technology may have.

Future Integration of Technology: Concerning the future integration of
technology, care workers were rather diverse in their opinions. Yet, they gen-
erally agreed on seven fields of application where technology support would
be welcomed – either to support patients or to help care workers (cf. Tables 3
and 4). According to the framework for technological integration by Greenhalgh
et al. [21], these fields of applications may all be classified as meso-level factors.

Table 3. Application areas in which technology support is perceived to be useful for
patients.

Agree
(5+4)

Disagree
(1+2)

Undecided
(3)

Mean Mode SD

Memory Support 9 0 0 5.00 5.00 0.00

Treatment 6 0 3 4.33 5.00 0.94

Safety & Security 9 0 0 5.00 5.00 0.00

Social Interaction 8 0 1 4.78 5.00 0.63

Mobility 8 0 1 4.78 5.00 0.63

Autonomy 9 0 0 5.00 5.00 0.00

Training 6 0 3 4.33 5.00 0.94

Looking at concrete technologies, participants found that better communi-
cation systems, more physiological sensors, additional video games for cognitive
training and retrospective memory aids would be helpful in their daily work.
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Table 4. Application areas in which technology support is perceived to be useful for
care workers.

Agree
(5+4)

Disagree
(1+2)

Undecided
(3)

Mean Mode SD

Memory Support 9 0 0 5.00 5.00 0.00

Treatment 9 0 0 5.00 5.00 0.00

Safety & Security 9 0 0 5.00 5.00 0.00

Social Interaction 6 0 3 4.33 5.00 0.94

Mobility 9 0 0 5.00 5.00 0.00

Autonomy 8 0 0 5.00 5.00 0.00

Training 6 0 1 4.75 5.00 0.66

On the other hand, they were undecided about the use of GPS systems to track
dementia patients, due to privacy concerns [3,40], or the value of the robotic seal
PARO2, due to its accompanying ethical discussions. Especially the robotic seal
was controversial as three participants agreed, three disagreed and three were
undecided about its potential use.

Although several care workers mentioned technologies interacting with
patients, such as tablets, there was a lot of disagreement about the value of
these technologies dealing with daily challenges of care. This shows that care
workers seem to be aware of the possibilities distinct technologies can offer and
that they are not generally opposed to using them. Yet, they find it difficult to
see how these technologies may eventually be operationalized in a nursing home
setting. What they found, however, is that any technology integration needs to
be clearly aligned with the key goals of nursing homes. To this end, providing an
environment where patients feel good and cared for may be supported by tech-
nologies providing safety and security, as well as by technologies helping with the
daily delivery of care. The prevention of isolation could be supported by social
interaction technologies such as the Tovertafel. Safety and security technologies,
as well as mobility technologies, could support the nursing home in preserving
the autonomy of patients. And finally, the cognitive abilities of dementia patients
may be reactivated by technologies for memory support and care delivery.

5 Conclusion and Future Outlook

Concluding, we may summarize, that our investigation highlighted the impor-
tance of nursing theories and organizational structures as the backbone of daily
working routines and procedures in dementia care. Participants of the 3-stage
Delphi study outlined challenges connected to patients’ individual capabilities,
the staffing situation in respective nursing homes, the need for documenta-
tion and biographical work, the importance of guidelines, and in particular the
required flexibility of care workers. From these we were able to deduce important
insights as to the potential integration of technology in nursing homes. That is,
2 Online: http://www.parorobots.com/ [accessed: September 10th 2022].

http://www.parorobots.com/
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care workers believe that for technology to be truly successful it needs to be com-
patible with nursing theories and generally help foster the quality of dementia
care. Also, they feel that technology can help deal with challenging psychologi-
cal and behavioural symptoms of dementia patients, and with the challenge of
working in multidisciplinary teams. Yet, the use of technology may not help with
other daily challenges such as staff shortage, organizational issues or when acting
as a patient’s social contact person.

Building upon these insights, future work should (1) focus on daily routines
of care workers, so as to better understand their individual challenges and con-
sequently identify concrete use cases for technology support, and (2) find better
ways to explicate the potential benefits of technology use to care personnel, so
that they understand in which situations technology may not only serve as a
relieve but rather as a means to improve patients’ quality of life – a goal, which
our investigation has clearly identified as the one key factor dementia care per-
sonnel is continuously working on.
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(2019)

16. Forbes-Thompson, S., Gajewski, B., Scott-Cawiezell, J., Dunton, N.: An explo-
ration of nursing home organizational processes. West. J. Nurs. Res. 28(8), 935–954
(2006)
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Abstract. The living-lab of the Hospital of Valenciennes is experimenting inno-
vation for seniors in real life settings. The process includes the users in every
step of the project for a better participation, motivation but also for more efficient
results. This current study experiments the use of an immersive capsule from the
VirtySens Company which stimulates 4 senses.

The project took place in an elder home of the hospital of Valenciennes. There
were 16 caregivers aged range 20-35y old and 37 seniors of 77.82 years old average
(min: 55y max: 96y SD: 10.37y) included in the study.

The participants were invited to fill up a form before and after each experience
to report a score about the state of mind and the satisfaction about their experience.
They were free to add as many comments as they wanted.

The state of mind was significantly improved after the VR experience (5,76/7,
SD 1,41) compare to before (4,16/7, SD:0,93). The satisfaction was high for the
seniors (5,86/7, SD: 1,62) and for the caregivers (6,4/7, SD: 0,97).

The living-lab project allow implementing VR in a seniors care home with the
full collaboration of the caregivers and the motivation of the seniors. The immer-
sive capsule seems to be promising to stimulate the cognition and the memory of
seniors.

Keywords: Virtual Reality · senior · state of mind · Living-Lab

1 The Use of Virtual Reality with Seniors

1.1 The Adequacy of VR for Seniors

Seniors are often reluctant to technology, before engaging experimentation of techno-
logical devices it seems necessary to look at the acceptability of the tools by the seniors.
A literature review from Skajaeret et al. [1] looked at the use of exergames, including
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Virtual Reality (VR), for exercises and rehabilitation targeting seniors. They found high
attendance to the session which can be explained by the interventions being fun and
motivating. They claimed that there is a social aspect with the exergames because the
seniors can chat and share the session, playing together or against each other’s. They
also commented on the possibility to perform those interventions safely at home. The
authors noticed that the studies reviewed, usually measured a single function to improve
and it wasmostly balance. Finally, they showed that none of the studies reported negative
effect of exergaming, therefore the use of technologies in intervention and rehabilita-
tion are at least as efficient as conventional intervention. Another study of Dockx et al.
[2] investigated the attitude of older adults towards VR for prevention exercises. They
measured the attitude toward the prevention exercises before and after the intervention
program and the satisfaction toward the use of VR. Before the session, seniors held a
reserved attitude toward VR but this attitude positively changed post intervention. They
also measured that 99% of the seniors enjoyed the VR. They claimed to be the first study
showing positive change toward VR after being exposed to it.

1.2 Benefits of VR

The review of Neri et al. [3] showed that the use of VR for rehabilitation had better
results than conventional interventions on elder: improvements were found for balance
and mobility after 8 to 12 weeks of intervention, it was also efficient to reduce the fear
of falling. One of the later studies in improvement of balance using VR is the study of
Momhemi et al. [4] who found better results at the time up and go test, 10 m walking
test, reaction time and number of falls for the VR group compare to conventional balance
group. Virtual Reality seems to be an important component for the success of the fall
prevention intervention. The recent studyofRebello et al. [5] found improvement in func-
tional balance score, increased mobility and reduced dizziness for the VR experimental
group. They also found that the improvements were maintain in time after 2 months.
However, they did not find significant difference between conventional training and VR.
It still demonstrates that VR is at least as efficient as traditional intervention.

Another field of use of VR is for pain reduction. Mohammad et al. [6] found positive
effect for pain reduction in a breast cancer population. They found VR to be more
effective than morphine alone in releasing pain and anxiety. The review of Rousseaux
et al. [7] discussed the additional value bring by VR when combined with hypnosis, in
the management of pain. The low hypnotizable patients reported less pain with VR than
hypnosis alone or no intervention. It therefore showed the capacity of VR to reduce pain
but in comparison with hypnosis, the effect does not last in time. The VR can be used
for pain reduction when people cannot be hypnotized or in a combination of the two for
better results.

Cognition can also be trained using VR. The interesting review of Bauer et al. [8]
explained the multiple positive aspects of the use of VR for cognitive stimulation and
training. The first aspect is the possibility of individualization of the stimulation. The
second aspect is the safe environment. The third aspect is real-time feedbacks which help
caregivers in their intervention. The fourth aspect is the possibility of collecting high-
resolution data to measure the subtle changes over time, which allow better detection
of cognitive decline. The last aspect is the expression of emotions, motor behaviors and
multiple senses by the seniors even for those who are usually so quiet. The only negative
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aspect would be the cyber sickness but it was found to be very low in elder. The recent
study of Geraet et al. [9] investigated the potential of VR for the treatment of psychiatric
disorders and found theVR to be a better treatment, cost-effective and available to a larger
population. They reviewed the use of VR for anxiety, depression, psychotic disorders,
substance and eating disorders and forensic psychiatry. The biggest advantage of VR
to treat cognitive or psychiatric disorders is to allow content and situation that are not
possible in real life. The most recent reviews of Skurla et al. [10], Afifi et al. [11] and
Drigas et al. [12] agreed on the capacity of the VR to screen and test for psychological
state and produce positive effect on stress, relationships, quality of life, depression,
cognition or emotion.

1.3 Objective of the Living-Lab Study

Majority of the studies using VR proposed experiments in laboratory settings with full
control of the environment, and with scheduled involvement of the seniors. The partici-
pants are rather healthy and autonomous in those studies. In our setting, the seniors are
rather old, unhealthy with various disorders and they cannot get involved in a protocol
because their health condition, mood, pain and motivation vary from day to day and
cannot ensure long-term participation.

In this current study, the objective was to look at whether the use of VR with seniors
in real life setting was possible and what would be the benefits of the VR experiences
without the constraints of a protocol. An additional objective was to look at how the VR
could help the caregivers in the care they provide to the seniors.

In order to do that, a living lab methodology was used to smoothly propose VRwith-
out rejection and to include measurement of satisfaction without bothering, disturbing
or refraining the use of the VR by seniors and caregivers.

Using living lab methodology means to use participative and collaborative methods,
to use collective intelligence and to include the users in the project from the beginning
right to the end. Therefore, the seniors and the caregivers participated in the elaboration
of the study by taking part in workshop to discuss the use, the expectation and the issues
related to the VR system. They were fully part of the experiment and they regularly
proposed improvement of the evaluation and of the VR system itself.

2 VirtySens: The Immersive Capsule

The VR system used in this study is the immersive capsule from the VirtySens Com-
pany, France. The capsule proposes experiences which stimulate vision through goggles
showing video 2D 3D, 180 and 360°. The originality is that the capsule also provides
feedback from other senses: the touchwith a warm or cold wind according to the context,
the smell with fragrance associated to the location of the video and finally the sound
with music to reach a total immersion. The capsule has a ring placed around the user
when seated (see Fig. 1). The ability to stimulate other senses comes from the boxes
fixed on the ring. The fans produce the wind with various intensity and the smell comes
from the diffusion of small amounts of fragrance.

The video of the immersive capsule can be followed on a tablet. Therefore, the
caregivers or the other seniors can also watch the video on the tablet.
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Fig. 1. Illustration of an elder experiencing the immersive capsule with the guidance and presence
of the caregiver who follow the video on the tablet.

3 The Living Lab Approach

3.1 Living Lab Approach

The project aimed to build participative discussion with seniors and caregivers in order
to define the possible benefits of the use of the immersive capsule within the elder home.

The seniors refrain fromusing the technology by lack of understanding, fear of break-
ing the system and absence of confidence in the capacity to use technology. Therefore,
the objective was to smoothly introduce the testing of the capsule and discuss, guide,
listen to, and accompany the users in their experiences of the capsule.

3.2 Workshop with Caregivers

A workshop was organized with the caregivers of the elder care home to discuss about
the use of the immersive capsule.

Eight participants joined the workshop, all of them were caregivers with various
specialty (nurses, psychomotor therapist, animator, social worker, nursing assistant, psy-
chologist), all but one were women. The workshop was divided in 3 parts: the first part
aimed to define which senior can benefit from the immersive capsule, why those seniors
were chosen and what effect are expected from the session. The second part aimed to
discuss about what research field could be investigated with the use of the capsule and
the final part was about how to evaluate the effect of each session.

3.3 Results of the Workshop with Caregivers

Part 1: the seniors who were targeted to try the immersive capsule were seniors with
stress, depression, anxiety, behavior disorder or bedridden person. The seniors with
desire to move and travel even if they did not have the capacity anymore were also
targeted to try VR as well as those who had already travelled a lot and willing to live the
experience again or remember those moments.
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The objective was to use the capsule for escaping, for stress and anxiety reduction,
for cognitive andmemory stimulation, for discovery, as a remedy to sadness, for breaking
the routine, as a window toward the outside word, for relaxation, to encourage discussion
and communication and finally for pleasure and amazement.

Caution was taken in regard to the need of renewing the videos to avoid repetition
weariness and loss of motivation.

Part 2: the caregivers proposed different areas of investigation to improve the use and
to progress in the stimulation of their seniors. The caregivers had several ideas about
the types of videos that could be proposed in the capsule and which would match the
needs of the seniors. The propositions were sent to the company, because of confidential
agreement, the choices cannot be detailed here. The caregivers expressed the interest in
keeping notes about each session to evaluate the progress of seniors. The system already
proposes to enter feedbacks on the tablet, however the design and ergonomics of the
application was not appropriate for the use of the caregivers. A project was set up with
the company to develop and modify the application.

The caregivers strongly showed a will to use the immersive capsule to work
on the memory, on cognitive stimulation, on emotion, on wellbeing and on the
communication/discussion with seniors.

Part 3: the notes taken at each session appear to be important for the caregivers in the
following up of the progress of each senior and for the traceability between different
caregivers. They proposed to add the note to the chart of the patient to consider the session
part of the care. The caregivers insisted in using paper notes instead of digital notes. They
also insisted in leaving enough space for the oral comments. The marking system does
not appear appropriate for seniors, the score seems meaningless to them. However,
scores are necessary to quantify the effect of the experience therefore the caregivers
were encourage to help senior in establishing a score, more details are provided in the
data section.

4 The Success and Benefits of the Capsule

4.1 Population

The experiment took place in a senior homeLaRhonelle inValenciennes, France. Seniors
and caregivers were offer the opportunity to test the immersive capsule: 37 seniors
watched a total of 63 experiences and 16 care givers watched a total of 41 experiences.

The caregivers were 13 women and 3 men with age range of 20–35 years old. The
seniors were 29 women, 6 men and 2 did not provide gender information. The average
age for the seniors was 77.82 (min: 55y max: 96y SD: 10.37y).

4.1.1 Data Collection

Each tester was requested to fill up an evaluation form about the experience with the
immersive capsule. The evaluation form is presented in Fig. 2. The data collected were
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a score from 1 to 7 about the state of mind before the experience, a 1 to 7 score for the
state of mind after the experience and a 1 to 7 score for the general satisfaction about the
experience. The score of 1 shows a negative outcome and the score of 7 is the maximum
positive outcome. The form also collect comments of the participants as well as issues
and propositions for improvement. The VR system provided others data: the number of
videos watched by session and the time duration for each video.

The form was not always fully completed, sometime scores are missing and the
sessions are therefore uncompleted, it is what we call partial data set, there were always
at least one score reported. On the 63 experiences of the seniors, 46 had partial set of
data and 43 full data set. On the 41 experiences of the caregivers, 18 had partial set of
data and 16 complete set of data.

Fig. 2. The evaluation sheet of the virtual reality experiment for seniors and caregivers in its
original French version.

4.2 Results

Among the testers, 15 of the elder didmore than one experiencewith an averagewatching
of 1,75 times (min: 1, max: 4, SD: 0,97), for the caregivers, 11 of them did more than
one experience with an average watching of 2,56 times (min: 1, max: 10, SD: 2,25). For
those testers, the average score of the experiences was computed therefore the results
showed each tester only once even though the tester did several sessions.

The seniors watched in average 2,64 videos (min: 1, max: 14, SD: 2,84) for an
average duration of 7,78 min (min: 1, max: 15, SD: 3,3). Concerning the caregivers they
all watch a single video per session for an average time of 9,02 min (min: 2,75, max: 14,
SD: 2,63).

The Fig. 3 presents graphically the scores of the state of mind before and after the
session for the 37 elder. The average score of the state of mind before the session is
4.16/7 (min: 2, max: 6, SD: 0.93) and the average score of the state of mind after the
session is 5.76/7 (min: 2, max: 7, SD: 1.41). A t-test showed a significant difference
between the scores of the state of mind before and after the session for the elder.
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Fig. 3. Scores (between 1 and 7) of the state of mind before and after the immersive capsule
experience for the 37 elder testers (1 is a negative state of mind, 7 is the best possible state of
mind).

The caregivers had an average state of mind score before the session at 5.47 (min:
2, max: 7, SD: 1.55), the average state of mind score after the session was 6.40 (min: 3,
max: 7, SD: 1.23). However out of 16 caregivers, 5 had not provided any score and 3
had provided only one score out of the 2 requested, therefore the analysis is based on 8
caregivers only.

The Fig. 4 presents graphically the effect of the experiences. The positive effect is
when the score of the state of mind is higher after than before the session. The negative
effect is when the score of the state of mind is lower after than before the session and
the neutral effect is when the score is identical before and after the session. Because
data were missing for few participants, the effect could not be measured for them and
therefore we added to the graph a category “no information”. For the seniors, the results
showed 72.97%of positive experience, 5.41%of negative experiences, 10.81%of neutral
experiences and 8.11% had missing data. For the caregivers, 50% of the experiences are
missing information, 25% were positive experiences, 18.75% were neutral experiences
and 6.25% were negative experiences.

The satisfaction about the session was also measured using a score between 1 and 7,
the caregivers had an average satisfaction score of 6.4 (min: 4, max: 7; SD: 0.97). The
seniors had an average satisfaction 5.86/7 (min: 1; max: 7, SD: 1.62). Only 3 seniors did
not provide satisfaction score while up to 6 of the caregivers did not enter a score.
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Fig. 4. Repartition of the type of experiences of the seniors and caregivers according to the
positive, negative or neutral score when comparing the state of mind before and after the session
for caregivers and for seniors.

4.3 Discussion

4.3.1 The Use of Multisensory System

One of the major differences of this study compared to others from the literature is
the used of an immersive capsule proposing a stimulation of 4 senses. The majority of
the studies used systems stimulating 2 senses: vision and audition with the video and
music. This VirtySens immersive capsule allows the stimulation of vision and audition
but also tactile and olfactory senses. The tactile sense is provided by the wind (cold or
warm) and the smell by the difference fragrances. The system can propose 10 different
smells. When the videos are changed or updated, the fragrance can be changed too. To
our knowledge, the only study investigated the 4 senses is the study of Dinh et al. [13],
there main conclusions were that the use of four senses increases the sense of presence
and the memory of object in the environment. More recently Bauer et al. [8] discussed
in their review the fact that multisensory inputs are more efficient than unisensory input
in learning, however the author are only talking about adding auditory sense to vision to
improve the learning experience. In our study, we are adding touch and olfactory senses.

In a population such as seniors with lots of disabilities and lost capacities, it is
interesting to vary the stimulation using 4 senses. It may increase the chance of effective
stimulation but also allows reaching a lager range of seniors.
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4.3.2 The Evaluation Protocol

During the workshop with the caregivers, they insisted on the difficulty to use score and
to evaluate sessions with seniors. To reduce the difficulty the assessment sheet was built
in collaboration with the caregivers, and updated until an acceptable evaluation was set.
Since the senior cannot easily score themselves their satisfaction or state of mind, a box
of comments was included to report their feelings, impression and comments. To collect
quantitative data, a score was still requested but the caregivers guided the senior in the
assessment in providing example to set the score: how do you feel today? Rather happy
or sad? Do you have any pain? How is your mood? These questions helped the senior
to set a score for the evaluation.

The use of paper sheet for the evaluation showed few issues: the paper is easily lost
and information are incomplete. With a digital method, the field of entry can be made
compulsory to avoid a lack of information, there would be no mistakes due to poor
handwriting and all the data are centralized to simplify the analysis.

The tablet linked to the immersive capsule is able to support the evaluation, until now,
the application was not appreciated by the caregivers, therefore a living lab project was
developed to improve the application. Discussion with the caregivers and several tests
with the application provided the feedback necessary to improve the application. The
Virtysens Company took into account the comments and proposed a new version with
better data organization and simplify entry, the new version will be launched shortly.

The literature shows studies with clinical or lab setting protocol, meaning the elder
were recruited to participate in a single test of the VR. The seniors recruited were rather
healthy with no comorbidities. The protocol requested to fill up questionnaires or take
part in directed interview once ormore for repeatedmeasurement. The review of Skjaeret
et al. [1] discuss those limitations in the studies using technologies with seniors. In real
life, it is almost impossible to set up such experiment because the elder are not healthy.
It is difficult to propose questionnaire or directed interviews because the seniors cannot
understand and the duration of the evaluation is too long. The seniors do not want to
perform the same test repeatedly and they definitely cannot be sure to pursue a protocol
on pre-determined time due to fatigue and health-state changing from day to day. The
only study using VR in real life setting is the study of Appel et al. [14], they looked at
the feasibility of using VR in seniors home in Canada, the study involve multi-site with
cognitively and physically impaired senior. However, the difference is that the exposed
the seniors to the VR only once and therefore the organization and the acceptability
of the VR within the senior home was not an issue. In our study, the objective was to
organize the use of VR and to integrate the use into the activities and care program of
the seniors without rejection, misunderstanding or adverse effects. Therefore, a living
lab approach was more suitable than a lab setting protocol.

4.3.3 VR Benefits

The scores of the experiences showed an improvement of the state ofmind of seniors after
the experience compare to before. Individually, few seniors reported a lesser score (5%)
or equal score (10%) after the session compared to before but the reason was explained
in their comment by various disagreements. The negative experiences were explained
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by a reluctance to wear the goggles and the feeling of being totally disconnected from
the reality. The neutral experiences were partially explained by inappropriate choices
of the videos and motion sickness. However, three seniors with neutral experiences
commented on enjoying the videos but did not increase their score after the session.
They were happy people with high score before the session and the VR experience
did not change their state of mind. Similar measurement were previously made in the
literature [6, 14] using pain and anxiety scales to look at whether a change in the state
of mind occurs after the exposure to VR. In the first study [14], calmness, relaxation,
contentment, adventures, energy and happiness were increased, only rest and curiosity
decreased post VR exposure. In the second study [6] pain and anxiety were also reduced
after VR exposure. The VR seems to have proven its ability to improve the state of mind
of the seniors.

The positive effect of the experiment were numerous and were commented by the
caregivers talking about the seniors: being happier after the session, were smiling, were
more relaxed, less stressed, felt lighter, discussed memories, were singing, were dancing
andwere breathingmore slowly. The previouslymentioned study ofAppel et al. [14] also
looked at the emotion before and after the VR exposure, they found sadness, tension,
angriness, worry, stress and anxiety to decreased but they also found tiredness and
loneliness to increase. In our study, the loneliness is addressed with the use of the tablet,
the seniors come in group, one watched the video with the immersive capsule for a full
experience with the 4 senses, and the rest of the group watch the same video on tablet.
It makes an important difference because it created discussions, sharing of feelings and
memory with the caregiver and with the rest of the group. As for being tired after the
session, the average duration time for watching the video was about 7 min in our study
and the VirtsySens capsule proposed a variety of duration from 1 to 15 min. Others
studies have reported an average exposure time of 5 min [13] 8 min [14], but mainly
the duration of the exposure is not mentioned in the study using VR. The opportunity
to choose the duration of the session allow the caregivers to adapt the session for each
seniors according to the capacities, state of mind, needs and fatigability.

The satisfaction was high for the seniors and even higher for the caregivers, we
found only one study [2] measuring the satisfaction of the seniors after experiencing VR
and the score was up to 99% satisfied. Satisfaction was also measured in fibromyalgia
population with higher satisfaction for group using VR [15]. Virtual reality seems to be
very appreciate by the seniors and therefore can be propose with no fear of rejection.

The caregivers also use the immersive capsule, one of the objectives was to facilitate
the work of the caregivers by involving them, making them actors of the project but also
acting on their quality of life at work with the opportunity to relax. The second objective
was to get their feedbacks about the capsule to improve and adjust the video and better fit
the needs of the seniors. The caregivers were also requested to fill up the evaluation form
but many data are missing. They likely did not understand the purpose for them to fill up
the evaluation of state of mind, they could see the benefits of measuring it on the seniors
but did not realize the effect was similar on them. There is one study [11] mentioning that
the increase in psychological wellbeing of seniors reduced the caregivers’ burden. Other
than that, to our knowledge there is no study looking at the use of VR on caregivers.
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5 Conclusions

The current Living-Lab project was aiming to test the immersive capsule on elder and
try to identify positive outcomes of the use. The positive effects of the experience were
demonstrated with the positive scores of the state of mind, with the positive comments
from the elder and the caregivers and with high satisfaction of the experiences.

This project was a pilot study to accommodate the caregivers and the elder to the
immersive capsule but it was also the opportunity to discuss with the caregivers about
how the immersive capsule could improve the care of the seniors with stimulation or by
improving the quality of life in the senior care home.

The use of living lab methodology in this project facilitates the acceptation of the
seniors toward the VR system and gains the collaboration of the caregivers for the
development of research objectives. According to the results of this study, the project will
continuewith the objective ofmeasuring the effect of the capsule on cognitive stimulation
and memory. The living-lab methodology will continue to ensure the inclusion of all
and to keep the intervention within real life settings.
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Abstract. The number of students in higher education encountering issues with
their well-being is increasing every year, and many struggle to seek appropriate
support. Digital tools may be best placed to address their needs; however, it is
important to include the student voice throughout the design process as students
are arguably experts of their own experiences and how they want their needs to be
met. The aim of the present research was to involve and amplify the student voice
in understanding the domains in which they want support, their views on exist-
ing digital supports, and their desired features in a digital support. Undergraduate
students enrolled in a well-being module at UCD completed a facilitated group
assignment in which they were required to propose a concept for a hypothetical
digital tool to support other students in a domain of their choice. Deductive the-
matic analysis of the 10-min presentation of their tool was carried out to answer
a series of questions around what domains students most need support in and
why, what their attitudes towards existing tools are, what needs they have relat-
ing specifically to the university student lifestyle, and what specific features they
desire from a tool and why. Recommendations for what an ideal student support
tool could look like and specific features it could have are made based on students’
own identified needs and suggestions.

Keywords: Well-being · Digital Tools · Higher Education

1 Introduction

Student well-being is gradually declining year on year, with significantly more students
in higher education experiencing issues with anxiety, stress, burnout and mental illness
than ever before [1, 2]. Graduates are increasingly being required to possess a wide
range of “human skills” to be able to cope, such as intrinsic, self-determined motivation,
resilience, emotion regulation, empathy etc. [3]. However, they do not feel that they are
well supported in acquiring these skills in the transition from secondary to third-level
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education, nor throughout their higher education journey as a whole [4, 5]. These issues
have been particularly exacerbated due to the Covid-19 Pandemic and the associated
effects of isolation and remote learningwhich have students feeling even further detached
from their higher education institutions (HEIs) as well as their fellow peers [6, 7]. If
these issues become prolonged while remaining unaddressed, they can have negative
consequences on student success at both the institutional (ie. academic attainment) and
individual (ie. personal development) level [8–10].

Despite these issues, students are still struggling to seek appropriate support [11].
In a related study [12], it was found that although students recognize the importance
of developing holistic well-being and personal development skills and literacy in order
to thrive at university, the supports currently offered in HEIs often feel impersonal and
unapproachable, and require better, more intuitive signposting for students to be made
more aware of them. Students feel overwhelmed by the number of institutional e-mails
they receive, meaning relevant information related to the available supports often gets
lost. Many students also experience significant stigma around seeking help, which is an
added barrier to them seeking help [13]. Furthermore, current traditional support systems
are unable to cope with the rising demand being put on their services [14].

Ideally students should be supported in acquiring key skills before they fall into
crisis, however many of the services currently provided are often reactive in nature and
only catch those students who have already reached crisis point [15]. There is a need to
look beyond these kinds of services and find ways of developing proactive supports that
can pre-emptively equip students with the necessary skills to avoid falling into crisis
entirely. Digital platforms such as those hosted on the web or via mobile applications
may be best placed to facilitate the delivery of such support, being both familiar to
students and easily accessible by large numbers of people [16–18]. Indeed, university
students generate a lot of useful data related to health, social and academic behaviours
which could be harnessed to support the necessary skills related to these. Currently,
there remains a gap in our understanding around the kind of data that university students
create and find meaningful, the specific needs they have in relation to this, and how
they can best be supported in their well-being and personal development throughout HE
and beyond [19]. Additionally, studies examining the real-world uptake and engagement
with such digital supports have largely shown low engagement and completion rates,
with problems emerging around apps not being designed with users in mind and not
addressing the issues about which they care most [20, 21].

Increasing emphasis is being placed on the importance of directly involving students
themselves in the collaborative creation of HEI policies, programs and activities relating
to student well-being. Autonomy, self-determination and user empowerment are all key
to developing successful well-being promotion programs, and indeed, the process of
seeking out and acting on students’ suggestions fosters their sense of inclusion and
empowerment. This is critical given that the goal of improving student success and
well-being can only be achieved through an effective partnership between students and
institutional actors [22]. Students themselves are, arguably, best placed to discuss their
own needs and to inform the design and development of supports than can address
these needs [23]. Too often have students been left out of this process, resulting in poor
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engagement with supports that do not adequately address their needs, having failed to
understand the full context of the student’s journey throughout higher education [24].

The present research falls under the FLOURISH (“Fitness for Life in Our Univer-
sities: Realising Informatics for Students to Thrive”) project which was developed at
the Insight SFI Research Centre for Data Analytics, Ireland. FLOURISH seeks to help
students be well, life-manage and reach their goals, all within the context of the digital
world. Under this project, an open elective student well-being module called “Sort Your
Life Out & Thrive” (SYLO) was developed and made available to all students at UCD,
with space for 50 students. SYLO was developed in accordance with the themes from
the UCD Strategy for 2020–2024 [25] to explore the unmet needs of university students,
their perceptions of their digital footprint, and the potential for technology to address
those needs. SYLO aims to teach students about the science of health and well-being,
encouraging their self-knowledge through practical skills like reflection, and to help
them develop an understanding of their data.

The aim of the present research was to involve and amplify the student voice in
understanding:

• The domains in which they want support.
• Their views on existing digital supports.
• Their desired features in an idealized digital support.

2 Methods

The SYLOmodule has been run a total of three times across three different semesters at
UCD.At the end of themodule, all registered studentswere providedwith an information
sheet with the option of voluntarily giving written, informed consent for none, some or
all of the assignments they completed over the course of the module to be analysed as
part of the research. Ethical approval was granted by the UCD Human Research Ethics
Committee.

For the purpose of the present research, the focus is on the “co-design” assignment
that students completed. This assignment was specifically designed to solicit hands- on,
practical involvement from students in the hypothetical design process of a digital tool
to maximize their creative and innovative potential as well as to amplify the student
voice. Such co-design practices being employed with students have proved valuable and
effective in the past [26]. Other methods such as surveys, interviews or focus groups can
often prove less intuitive or less useful in enabling researchers to collect accurate and
applicable data in the context of student-oriented design practices [27].

In groups of five to six, students were asked to propose a concept for a digital solution
that would help support other university students in a domain of their choice e.g. sleep,
study, exercise, social. Students were asked to submit their top 3 preferences for which
domain theywould like to design a digital support tool. The groupswere then constructed
on that basis. If many students chose the same domain then more than one group worked
on this domain. Students were introduced to their groups over email and were asked
to ensure they all attend the next two in-class design sessions (2 h each), and if not,
to make arrangements with their group. There was a 3-week period between students
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being grouped together and presenting the digital support that they had designed via
10-min PowerPoint oral presentation. During this 3-week period, there were 2 × 2 h
facilitated in-class design sessions, and students met in their own time as they desired.
The guidelines students received for the assignment structure were as follows:

• Introduction – Introduction to the topic area, some perspectives on why it was
selected, and what a digital solution could add in this area.

• Critique – Critique of existing digital solutions.
• Proposal – Proposal for a digital solution that would be useful for university students,
including visual presentations and an explanation of how each key featurewouldwork.

• Design Process – Documented design process, providing a rationale for the concept
and a discussion of the process by which decisions were made.

• Hypothetical User – Presentation of a hypothetical user and discussion of how they
might interact with the tool.

• Limitations – Limitations of their tool.

A total of 22 groups (5–6 members in each) consented to having their co-design
assignments used as part of the research. Students included in this sample came from
a wide range of different courses, including medicine, health and performance science,
statistics, social policy and sociology, veterinary medicine, sociology and philosophy,
physiotherapy, psychology, law, film and history, creative writing, physiology, agricul-
tural science, commerce, animal science, and biomedical science. Students also came
from a wide range of different stages of study, including 1st year undergraduate (30), 2nd

year undergraduate (32), 3rd year undergraduate (17), 4th year undergraduate + (10). A
list of all proposed digital tools can be found in Table 1. Presentations from the Spring &
Autumn semesters of 2021 were conducted over Zoom and audio recorded due to remote
teaching during the pandemic. In Spring 2022 they were conducted in person and were
not recorded. The PowerPoint slides were made available for all presentations across all
semesters.

The recorded presentations were transcribed verbatim, with all transcripts de-
identified to protect participants’ privacy. A deductive thematic analysis approach [28]
was applied to the transcripts and the textual data on PowerPoint slides with the intention
of answering the following questions:

– What domains do students most need support in, and why?
– What are students’ attitudes towards existing tools?
– What needs do students have relating specifically to the university student lifestyle?
– What specific features do they desire from a tool, and why?

After an initial familiarisation period with the data, initial codes relevant to the pro-
posed questions were generated independently by two separate researchers and later
reviewed and refined jointly. These codes were then used to identify common patterns
across all transcripts according to their relevancy towards answering the proposed ques-
tions outlined previously, which were then collated into a preliminary set of themes.
These themes were then reviewed jointly, some themes being added and others collapsed
together, and renamed for inclusion in this paper.
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Table 1. Digital solutions proposed by the student groups.

Tool Name Description Domain Type

1. Food Log Diet/calorie tracker,
recipe suggestions

Nutrition Mobile app

2. My Table Diet/calorie tracker,
nutritional information,
nutrition education,
social feed, recipe
suggestions

Nutrition Mobile app

3. YouTrition Diet/calorie tracker,
nutritional information,
nutrition education,
well-being tips, mood
tracker, diary entries,
recipe suggestions

Nutrition Mobile app

4. UCD BFF Friendship matching,
individual/group chats,
video/audio calls

Social Mobile app

5. Little Buddy Mood tracker/manager,
diary entries

Mental health Smart home device +
mobile app

6. Mooed Mood tracker,
personalized mascot,
streaks

Mental health Mobile app

7. Self-Me Social feed, well-being
tips, affirmations

Mental health Mobile app

8. Unload Stress management,
mood tracker,
well-being
tips/education,
affirmations, goal
setting, diary entries

Mental health Mobile app

9. SYTO Sleep tracker, calendar,
virtual study rooms

Time management Mobile app

10. UniPlanner Calendar, academic
timetable, activity
suggestions

Time management Mobile app

11. UCD Buzzy Bee Academic timetable,
university resource
booking, rewards, study
tracker

Time management Mobile app

(continued)
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Table 1. (continued)

Tool Name Description Domain Type

12. DueDate Academic timetable,
checklist, rewards

Time management Mobile app

13. Silence Disable push
notifications,
productivity modes,
focus timer

Time management App/browser extension

14. TaskMasters To-do list, social feed,
diary entries,
leaderboard

Time management Mobile app

15. Ducking Work Timetable, task
prioritization, social
feed, relaxation tips,
streaks, rewards

Time management Mobile app

16. Sleepify Sleep tracker, sleep tips,
to-do list, alarm puzzle

Sleep Mobile app

17. SNUZ Sleep tracker,
questionnaire, night
mode, sleep tips, social
feed

Sleep Mobile app

18. ZEN Sleep tracker,
questionnaire,
well-being tips

Sleep Mobile app

19. Sleepie Sleep tracker, sleep tips,
monitor phone activity,
rewards, share with
friends

Sleep Mobile app

20. Thrive Exercise tracker, timer,
exercise tips, social
feed, rewards

Exercise Mobile app

21. Tone Exercise tracker, goal
setting, synced
wearables, music
integration, joint
workouts

Exercise Mobile app

22. rUn Running route planner,
joint runs, mood tracker,
goal setting, synced
wearables, safety
features

Exercise Mobile app
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3 Results

3.1 What Domains Do Students Most Need Support in, and Why?

The domains addressed by students’ proposals included time management (7), mental
health & well-being (4), sleep (4), exercise (3), nutrition (3), and socialization (1).

Domains are Interconnected. Though each group focused on one specific domain,
these were all recognized as being interconnected and having significant influence on
each other. As noted by Group 12’s description of a hypothetical user who would need
support for poor time management, “Stress is causing negative mental well-being. She
has been underperforming in her sports due to over-tiredness. She has also been iso-
lating herself from her friends in order to get her study done.”, demonstrating how
time-management can influence mental well-being, sleep, exercise, and socialization.
Likewise, Group 16 chose to focus on sleep because of the many benefits it can have
on nutrition, mental well-being, time-management, and exercise: “There’s lots of many
extra health benefits associated with getting a good night’s sleep […] preventing weight
gain, boosting one’s immune system, heart strengthening, improved mood, productivity
and memory, and maximization of athletic performance.”. Similarly, exercise was linked
to positive mental well-being, “Exercise is so integral to us as humans, and it’s intrin-
sically linked with well-being and good mental health.” (G20), and balanced nutrition
was linked to better sleep, “The small efforts to improve his diet has improved other
aspects of his life, e.g. he has more energy and sleeps better.” (G1) and improved mental
well-being, “Mental health and nutrition habits are interlinked.” (G3).

Desire to Kick Bad Habits and Find Good Balance. Given that these domains are so
interconnected, students desired support across all of them due to the unhealthy habits
they commonly develop as result of the busy student lifestyle which prevents them from
having the time to balance everything in a healthy way: “In this generation we all agreed
that is very easy to slip into survival mode and not take care of yourself” (G7). These
bad habits include working late and eating poorly due to poor time management, “She
often doesn’t do her work until late at night and studies until the early hours of the
morning without taking breaks or making a proper meal.” (G12), an over-reliance on
social media which negatively impacts mood and self-esteem, “[Her] infatuation with
likes and popularity on these platforms alters her mood and makes her question her own
online presence.” (G7), over-consumption of caffeine, alcohol, and technology, “Using
laptops right before bed, the caffeine in his system from the day, consumption of alcohol
before going to sleep, just a few factors that can affect his sleep.” (G16), unhealthy
eating and unwillingness to exercise, “Students [see] takeaways as the easy option.”
(G3), “Her old habits will be to just sit in front of the TV with some snacks.” (G20),
development of an unhealthy sleep schedule, “She often finds it hard to get sufficient
sleep and goes to bed late most nights.” (G18), and procrastination, “It’s also very easy
to put off tasks, leaving them to pile up until the end of the day, week or even the deadline.
Some tasks might not even get done at all.” (G9). There is a strong desire from students
to have something to help them balance their lives better, “We’re all busy students. We
all know what it’s like to try and balance university life, social life, and we know how
difficult this is.” (G10), so that they can return to healthier habits.
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Good Time Management is Crucial for Students to Thrive. Time management was
most popularly chosen by students as the domain they wanted their proposed tool to
focus on, as one third of the groups (7 out of 22) did so. Indeed, having good time
management appears to be especially crucial in managing the busy student lifestyle,
“As students, efficient time management is critical in order to balance social life, work,
exercise, college and study” (G12), “It is important as it allows us to meet deadlines and
obligations, while still giving us enough free time to do all the things we enjoy.” (G9).
It is also viewed as being essential beyond academia and in other areas of life, “Time
management is one of those things, it’s applicable not just to college, but to everything.
So if you get into good habits now using the help of a digital tool, then it will translate
into much more productive use of your time in other areas, which can translate [into]
achieving goals, whether that’s financial or […] meeting people or whatever you want
to do.” (G9). Helping students foster good time management skills is therefore essential
in order for them to thrive in the HEI environment and beyond.

Socialization is Essential to the Student Experience. Finally, though only one of the
groups proposed a tool which focused specifically on supporting social interactions at
university, almost every single proposed tool across all domains included a social feature:
nutrition, “It would suggest cafes or restaurants to go to and you can invite your friends
and […] if you invite friends, you get a group discount.” (G1), exercise, “Allowing
collaboration with friends and the opportunity to sync your runs together and [to] meet
at a common space for some refreshments, sight-seeing or just a catch-up.” (G22), sleep,
“You can also see your friends’ streaks so it becomes like a mini competition for your
group to have the longest sleep streak.” (G19), time management, “Friends can share
their to do lists and whether or not they have succeeded in completing them.” (G14).
Indeed, the ability to make social connections at university was viewed as essential to the
student experience, particularly in the early stages when just starting out at university:
“As […] students it’s important to be able to socialize and make friends, especially when
in a new environment and most specially when you’re starting the university experience.”
(G4). Fostering positive social interactions in HEIs is therefore important to include in
any support tool, no matter what the primary focus is.

3.2 What Are Students’ Attitudes Towards Existing Tools?

Not Appropriately Suited to the Student Lifestyle. Many existing tools are viewed
as ill-suited to the student lifestyle and associated needs. Firstly, students have a high
preference for tools which are low in cost or free to use: “One of the biggest pros about
‘Headspace’ is that it offers a student discount rate. So instead of 60 euro per year, it’s
10 euro per year.” (G16). With the cost of living and tuition fees, many students do
not have the means to pay expensive subscription fees to access premium capabilities,
“Most [tools] require expensive monthly subscriptions. These expenses are not suited for
university students with multiple expenses and bills.” (G18), so many are unable to fully
benefit from these. Secondly, students find that certain existing tools can be distracting
and have disruptive notifications and reminders, “some of these apps could be very
distracting to us [and have] loud indiscreet reminders which may distract others around
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the user […] if we’re in a lecture or something, and we might have our phone ping” (G11).
Finally, many existing tools can be overly-complex to learn how to use, “Some apps can
be difficult to navigate; too many settings or steps leading the user to disengage and
give up” (G11), which students often do not have time to do, “particularly for [college
students], it can be difficult to find the time and the effort to add all the assignments
into the app” (G9). They will be more likely to engage with a tool that they feel caters
specifically to their needs as students: “We’re more likely to subscribe to a service or
purchase a product when it caters specifically to [our] identified needs as students”
(G18).

Not Motivating Enough to Use. Existing tools can be unmotivating and even demor-
alizing for students, “the usual diet monitoring apps, they’re not very encouraging, they
can kind of tell you, ‘Oh, you’re eating bad food and you should feel bad.’ And […]
that’s not really motivating to students.” (G1), leading to low engagement and even
abandonment, “It can also be a struggle to keep people motivated to stay on the app
[…] they just end up being deleted after a while” (G20). Furthermore, students feel that
many existing tools do not have a reward or other appropriate motivation system: “Other
apps don’t give you incentives or a general ‘well done’ when you do a task or tick off a
to-do list. We think that this would be rewarding and it’s important to keep us students
motivated.” (G12). This is problematic given that students already struggle with finding
the motivation to develop and maintain healthy habits: “When you’re at home, it’s hard
to find motivation to get up […] you can get easily distracted. It’s easy to be like, ‘Oh,
I’ll just […] do this later’.” (G9), “while you’re working out, you can often feel an urge
to stop, maybe you’re tired, maybe you’ve just had enough” (G20). They would need a
tool that is compassionate and can provide them with motivation.

Trustworthiness of Advice. Finally, students are unsure whether they can trust the
information and advice that is given to them by the existing tools they use: “in the
making of these apps, we don’t know how much actually goes into it by professionals
and by people who do this for a living […] we don’t know if that what they’re telling us
to do is actually applicable” (G5). They have higher confidence in and are more likely
to use tools which are explicitly branded as being based on sound scientific advice and
the most current best-practice: “like the masterclasses from chefs […], like discoveries
from doctors and labs and stuff. So they would be trustworthy sources.” (G2).

3.3 What Needs Do Students Have Relating Specifically to the University Student
Lifestyle?

Streamlined Support for Busy Student Lifestyle. As discussed previously, students
have a busy lifestyle. They are often too busy trying to balance all of these domains
to be able to devote much time to setting up a tool that will support them. They want
something that is straightforward and easy to use, with many of their proposed tools
having features that streamline the processes related to the different domains: “As a
student myself, I know it’s hard to organize with a friend when to meetup, so by having
a feature that notifies you when your friends are free, it gives you the chance to […] not
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waste time trying to organise a meetup” (G10), “Makes the preparation of healthy food
easier, caters to ingredients, equipment and time available [as students]” (G3), “Set run
plans around college campuses, how many times they have been ran by others and other
people’s reviews of the route.” (G22). Furthermore, almost every single group proposed
a tool that took the form of a mobile application. Indeed, students favour this format
as it is convenient to have access to everything through their mobile device which they
often carry with them everywhere: “I think the fact that you can get it on your phone, it’s
just always going to be accessible.” (G5), “In this generation, more people have mobile
phones than don’t,” (G16). Additionally, students have a strong desire for a tool that is
a ‘one-stop shop’ which was a theme that came up repeatedly, “[Our app] has a range
of different exercise workouts […] it’s a one-stop shop, it has everything she needs.”
(G20), as they find that they currently use multiple different tools for everything that
they need, “Different aspects of it exist in different apps, but it’s putting all of it together
that we think would be great, you know, having one space to access all of this, instead of
going here and there and everywhere” (G11). It would be more convenient for them to
have all of their desired features consolidated into a single app, “Each feature is unique
to our needs as university students and because we are often in a rush, and we needed
an app that had it all.” (G20), “We thought be a good idea to introduce something that
would have everything we want in one place. [It’s] handy to have everything in one
place just as university students do want everything to be as easy and as accessible as
possible.” (G19).

Desire for Guided Structure. Students often feel overwhelmed by everything required
of them to maintain a healthy, balanced lifestyle, “I hate going shopping, because every-
thing is so overwhelming and I never know what to get” (G1), as well as good academic
performance, “One problem that I have is that I’ll view my work as a whole. So instead
of seeing a bunch of different assignments I have to do, I’ll just see it as this one massive
mountain of work to do.” (G12). They need something that can provide them with this
structure automatically or at least semi-automatically, thereby reducing feelings of stress
and being overwhelmed, and indeed many of the groups incorporated such a sense of
structure into the design of their proposed tool: “At the beginning of the week, you’ll be
able to go in and choose which recipes you want to make for the week. And then it’ll
produce a shopping list for you.” (G2), “[Our app] guides her through the whole way
[…] she just had to put it up against the mantelpiece and that was it, she was ready to
go with her workout.” (G20).

Specific to Their University Environment. Manygroups also proposed a tool thatwas
to some extent integrated with their specific HEI. For instance, one group proposed
having the student union and student societies involved in the app to facilitate social
events and connections on campus: “The app would suggest events on campus that
actually fit directly into your timetable. So societies, clubs, obviously the student union,
can update their calendars, which will then inform the subscribers and the students of
the event taking place on campus.” (G10). Another group proposed a feature which
allows the automatic booking of both library and gym slots to streamline and improve
time management: “You can add library slots onto the app, and it’ll automatically book
you a seat saving you some hassle. And the exact same system is in place with the UCD
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gym as well in regard to booking a gym slot.” (G11). Many others also proposed the
automatic syncing of their college timetable with their tool, again to streamline and
improve time management: “So one of the features that our app would have would be
that it would sync to your college timetable. So all your UCD lectures would be on
your timetable.” (G10). Acknowledging that it can be hard to make connections with
other students on campus, the socialization group also proposed a feature that would
allow students to automatically match with each other based on shared interests, “You
can create friendships by providing your interests, your hobbies, anything else, and […]
the algorithm of the app would match you with people with similar interests with you,
making it really easy to make friends with people who are […] in the same university”
(G4), and that is UCD-exclusive, “We don’t want outsiders joining this app, because it
is exclusive for UCD students.” (G4). It seems important to students to have a tool which
is contextualized within their specific HEI environment, making it feel more tailored to
them and making them feel better understood and supported.

3.4 What Specific Features Do Students Desire from a Tool, and Why?

Ability to Log, Visualize and Reflect on Data and Progress. Across almost all
groups and domains, students’ proposed tools included a feature allowing users to log,
“You can also log which modules you’re studying to allow the app to generate graphs
and data on what modules you don’t spend enough time on.” (G11), visualize, “And
at the end of every day, you will get a breakdown of what you did during the day, how
many hours you spent on social media or studying or playing sports […] this gives you a
good overview” (G12), and reflect on their data, “You can set your goals, you can watch
your progress and learn from the information that you’re given.” (G1). The ability to
track progress in such a way seems highly valued by students in the furthering of their
personal development journeys, “We also believe that by adding a progression feature
into the app’s features, it will allow users to gauge their personal development in real
time.” (G6), by helping them to identify patterns and areas where they may need to
change their habits, “Keeping track of progress enables the user to look back and notice
patterns.” (G3).

Tool is Flexible and Can Be Personalized. Students value a tool that is flexible
enough that they can tailor it to their own needs, either relating to its physical appearance,
“It has […] customizable chassis and multiple colour options so that you can really make
it your own.” (G5) or its various functionalities such as tailored recommendations, “She
fills in her details, her height, her weight, medications, what kind of exercise she enjoys,
and her goal as to where she’d like to be in a few weeks’ time. And so this personalizes a
plan that’s specific to her.” (G20), and notifications, “The user has the option to turn off
certain features […] for example, if you would not like [the app] to notify you on your
quality of sleep for the previous night this can be switched off.” (G17). This makes the
tool feel more personal and as if it is something that really caters to them specifically,
which fosters motivation, “If I think that something is more personalized to me […] I’m
more committed to actually putting time into it, because it does feel more special to me.”
(G12), and positive engagement with the app, “By adding a cosmetic feature to [our
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app], it will allow users to impart a piece of themselves onto the app. This will in turn
incentivize users to engage with the app more.” (G6).

Motivation Through Rewards, Quotes and Healthy Competition. As discussed
previously, students often struggle with finding the motivation to develop and sustain
healthy habits as well as to stay engaged with the tools that are supposed to support
them. To combat this, many groups proposed tools which include a feature to help users
stay motivated and engaged over time. For instance, in the form of a reward system
giving real life benefits, “There is a reward system in place whereby you receive points
for attending lectures or library slots, etc. which can result in you being able to redeem
coffee discounts in campus cafes, or free swim passes at the gym.” (G11), or virtual
benefits for a customizable digital avatar, “The level-up feature in [our app] allows
users to obtain limited edition cosmetics for their [digital animal avatar] as a reward
for using the app.” (G6). Another form of motivation included the integration of moti-
vational quotes: “The app also provides pop-up quotes that can appear on your phone
at any given time throughout the day that gives you motivation and encouragement.”
(G19), “Our digital tool will provide you with a wide variety of quotes from Olympic and
professional athletes from your chosen sport, which […] will ensure that you don’t stop
and that you are kept motivated.” (G20). And finally, relating to the social element of
the tool, some groups proposed the idea of incorporating healthy competition between
friends as a motivational tool: “Getting notifications of others completing tasks could
influence/motivate you to complete your own.” (G14), “You can also have competitions
with your friends […] we thought it’d be a good idea to compare who got the best quality
sleep.” (G19).

Education, Information, Tips and Advice. Students value tools which provide them
with educational and informational content relating to the domain they wish to be sup-
ported in. Many groups included such a feature in their proposed tool, “You’ll get the
nutritional information for the whole recipe, and you’ll also be able to click on a specific
ingredient and it’ll give you the nutritional information for that.” (G2), “It also has the
option to listen to […] podcasts in general about sleep.” (G19), as it can help deepen
their understanding of a topic they may not previously have given as much consideration
to, “It’s a good introduction into mental health if you’ve never really thought about
it, or maybe you’ve ignored it.” (G5). They also value tools which give them helpful
tips and advice, “It also compiles information on techniques that you should practice
before you sleep.” (G9), to ensure that they are not doing more harm to themselves by
completing an activity without proper instruction, “It will provide video demos of your
selected exercise to enhance your performance and also importantly, to prevent injury.
And also ensuring form is correct.” (G20).

4 Discussion

Students recognize that time management, mental health, well-being, sleep, exercise,
nutrition and socialization are all intrinsically linked, and therefore desire a certain
amount of support that touches on all of these in some way. The tools that they proposed,
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though having a primary focus on a single domain, frequently included features relating
to or having a subsequent effect on other domains. The ability to manage their time well
while making friends on campus seems of particular importance to students, so having
a tool that fosters good time management skills as well as positive social connections in
the HEI environment is particularly crucial.

As students lead a busy lifestyle which can often cause them to develop unhealthy
habits across all domains, it is necessary to provide them with a tool that can help them
strike better work-life balance, returning them to healthier, sustained habits. Ideally, this
should be easily accessible via a mobile device or app which consolidates all of their
desired features into a single tool. Given that the majority of their time is allocated
between academic work, extracurriculars, and trying to maintain meaningful social rela-
tionships, such amobile toolwould function best for themby providing asmuch structure
as possible in as streamlined and automatic a manner as possible (e.g. automatic pop-
ulation of college timetables). This would help students feel less overwhelmed while
giving them more time to focus on developing themselves in the domains that matter
most to them.

Ideally, students need a tool that is low in cost, straightforward to set up and use, and
which can motivate them through the employment of a rewards system (e.g. redemption
of points for real or virtual benefits) or friendly competition with other users (e.g. main-
tained ‘streaks’), or some other form of motivation that appeals to their specific interests
or identities as students (e.g. motivational quotes). In line with the importance of their
identities as students, they have a strong desire for a tool that is embedded within their
specific HEI’s context and that can be tailored to their specific needs. In this way, they
would feel more valued, understood, and supported as individuals within the larger HE
context, leading them to be more motivated to use a tool for a sustained period of time
and actually benefit from it in the long term.

Finally, it is worth discussing the many benefits that arise from involving the student
voice via the medium of facilitated collaborative design. On the participant’s side, many
students noted that simply having the chance to participate in group work, such as was
required for the assignment described here, allowed them to forge strong bonds with
their peers and to develop necessary collaborative skills that they will continue to benefit
from in the future. On the designer’s side, the active participation of stakeholders in the
design process allows for the expansion of ideas and results that may not have otherwise
been considered. Stakeholders such as the students involved in the present study are
able to bring a unique perspective as experts of their own lived experiences which
the designer may not otherwise be aware of. To bring both stakeholder and designer
ideas together cohesively and to extract the desired engagement and creativity from
stakeholders, however, requires implementing methods which most effectively facilitate
the collaborative design process. This is an area which is still growing and requires
further exploration adding on to the methods explored in the present study.

While the methods employed here involved students working to design a hypothet-
ical tool in separate groups, other useful methods may involve having all stakeholders
working collaboratively as a whole to strive towards one unified design goal. This may
be achieved via hands-on, facilitated co-design workshops led by designers who wish
to derive specific design outcomes for an actual proposed tool from the session. The
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goal then would be to move away from hypothetical abstraction towards something
more directly tangible to which stakeholder input can be directly applied. The results
presented here will be used to develop a tool to support student well-being according
to their own recommendations. Further co-design sessions will be carried out between
the students and an actual design team themselves to expand on the features proposed
here, balancing student needs and wants with what can realistically be achieved within
the context and timeframe of the research. It is intended to act as an early-stage, beta
version of a tool to be deployed amongst a sample of the student population, which can
then be further developed and improved based on user feedback.

Overall students demonstrated a very good understanding of their own needs and how
they would like these needs to be met, being both in-touch with their own experiences in
the HEI context and well imbedded within the digital world with their extensive use of
other digital tools that they used to inform their own proposals. Their attitudes towards
existing tools provide valuable insight into what does or does not work for them, which
can serve as a guide in the future design of tools to know which features to prioritize and
which to potentially avoid. If we truly wish to create support tools that foster meaningful,
sustained development in the students that we are designing for, it is crucial to involve
and amplify the student voice in all stages of the brainstorming, design, development,
and evaluation of support tools.
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Abstract. This research sets out to validate a mobile app intervention that aimed
to improve the participant’s mental health by asking them to engage in small
daily challenges. The challenges encouraged the participant to create a better
sleep, diet, and exercise routine, which in turn create better mental health. The
challenges were gamified with points, badges, and leaderboards. The participants
were split into two groups with the gamification features only shown to half of the
participants to help measure the effect of gamification on the engagement. The
study gathered 73 participants, of which 67 completed at least one challenge, 30
participated in multiple mental health surveys allowing us to calculate a change
in mental health over time, and 8 completed the entire 8-week trial. Throughout
the trial participants were asked to fill out a 4-item questionnaire to evaluate their
mental health, while analytics were gathered about their engagement with the app
as measured by the number of days they opened the app and number of points
they collected. Correlation analyses were performed to measure the relationship
between engagement andmental health and split by group.We observed a negative
correlation between points gained and mental health score, as well as a difference
in means between the control and experiment groups suggesting that engagement
could be influenced by gamification and has a positive effect on mental health.

Keywords: Sleep · Diet · Exercise · Physical Activity · Intention · Intrinsic
Motivation · Patient Health Questionnaire (PHQ) · System Usability Scale
(SUS) ·Measurement of the Intention to be Physically Active (MIFA)

1 Mental Health Concerns

1.1 State of Affairs

Student mental health has been a concern for a long time [1–3]. Post-secondary edu-
cation is a transitioning period for a lot of individuals and comes with a new set of
responsibilities and challenges. Half of post-secondary students report struggling with
anxiety, depression, or even suicide [4]. Due to the overwhelming demand on the coun-
seling system [2] students may have to wait for weeks before receiving any help, which
can make the difference between prevailing, or dropping out. Occasionally if the issues
are severe, it can mean the difference between life and death.
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Even though institutions have been increasing their support programs, many students
are still not using these services.A surveydiscovered that about half (54%)of respondents
withmental health difficulties did not seek help [5]. Other studies confirmed that students
are either unaware of the access they possess, or have stigma-related inhibitions about
using such services [6, 7].

Inmany cases, preventativemeasures can help students copewith stress. Studies have
shown that healthy sleep, diet, and exercise can contribute to healthier mental function
[8–11]. The Government of Canada published a guide to better mental health where it
stated the top three ways to improve one’s mental health are through eating a healthy
diet, being physically active, and getting enough sleep [12].

1.2 Motivation

Recent studies have shown that there is a need for students to improve their sleep, diet,
and exercise [13–15]. Other studies suggest habits relating to sleep, diet, and exercise can
be changed through interventions that can result in better quality of life, performance,
and output [10, 16–18]. By helping students improve these three habits, it is possible to
positively affect their mental health [12, 19].

The recent COVID-19 pandemic events also had a negative impact on mental health
and mobility. As lockdown and self-isolation mandates rolled out throughout the world
more individuals turned to indoors and their mobility greatly decreased along with good
eating habits and mental health [20]. This decline in mental health is also reflected in
the Canadian labour force which showed an increase in mental health related disability
[21].

Research has shown that using mobile apps as interventions for a variety of men-
tal health issues can be successful [22–26]. Research has also shown that mobile app
interventions can be used to improve sleep, diet, and exercise, and observe that digital
technologies and mobile apps are an effective and sought-after means of intervention
for improving physical or mental health, and that mobile apps can be used to influence
and change behaviour [27–29, 47].

The availability of mobile devices, the reach and low cost to the user of mobile apps,
and the ease of engagement make apps an appealing means of intervention, as evidenced
by a multitude of studies [23, 24].

However, several papers note that there is a lack of standardized testing and valida-
tion of these interventions [23, 24, 30, 46]. The aim of this research was to conduct a
randomized controlled trial (RCT) that validates the effectiveness of the different aspects
of the intervention. By designing the application in a way that allows for monitoring and
logging of activity, progress, and engagement, a quantitative analysis can be carried out
and an evaluation can be made about each aspect of the intervention.

Batra et al. reviewed studies over the last 10 years dealing with digital health tech-
nologies and noted that mobile apps were the most common, were primarily used for
monitoring, and demonstrated feasibility formental health care [22]. Grist et al. reviewed
publications over the last 10 years to look for evidence supporting mobile app effective-
ness [30]. They note that despite the large number of mental health apps available on
the market, only a few have been mentioned in any clinical studies, and fewer still have
quality results. The commercial app market is developing much faster than academic
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research, so the data that is available is limited due to apps being removed from the
market or lack of clinical testing of those apps in the first place [30–32].

Of the apps that have been developed and available on the market for managing men-
tal or physical health,mostwere commercially developed rather thanwith considerations
for clinical trials [32], or input from healthcare professionals during the design stages
[30] as recommended by a publication on the design of mobile health interventions [33].
Similarly two recent systematic reviews of mobile mental health interventions note the
need for more accurate evaluation and reporting on the efficacy of these interventions
[45, 46]. A recent review of mobile mental health app interventions draws from liter-
ature as well as analysis of available mental health apps and provides a list of sixteen
recommendations that should be considered in future development to address issues and
shortcomings of existing interventions [23]. Using these recent studies as an example
and guide, it is possible to put together an app designed for a clinical trial that will
validate the effectiveness of different features.

1.3 Literature Review

This generation finds themselves much more comfortable communicating through their
mobile devices, which makes mobile apps an appealing, low-cost intervention [32, 34].
Current mobile health apps range from activity trackers, to building physical/mental
resilience, to goal-setting and coaching for building self-confidence and self-efficacy, to
health literacy as a means of prevention and coping [44].

A recent review of 17 studies evaluating app-based health interventions found apps to
be an effective mechanism for changing behaviour but concluded that more randomized
controlled trials (RCTs) are still needed [32]. The review also summarized suggested fea-
ture improvements and highlighted “self-monitoring, goal setting, feedback, and social
networking features… amount of participant time required… user-friendly design, use-
fulness of the information, usability of the app… tailored advice, supplemented by
additional background information” as useful features for mobile interventions. These
recommendations were considered during the design phase of our project and many of
them were implemented into the final mobile app.

Duncan et al. summarize the implementation of behaviour change techniques in
different activity trackers and discuss the use of challenges, leaderboards, and social
networks [35]. They note that leaderboards for sleep may be ineffective, due to the
anxiety that may be caused by a competitive component; rather sleep is best encouraged
by personalized goal-setting and prompting the user of the approaching time. They
note instead that challenges and leaderboards can be an engaging way to encourage
regular activity breaks. They also note that there is only modest evidence to support the
effectiveness of social networks.

Bakker et al. conducted a review of literature and mobile health apps to create a list
of sixteen recommendations that should be used by developers and researchers to direct
mobile mental health research [23]. In short they suggest that Cognitive Behavioural
Therapy (CBT) be used; that apps should be designed for use by regular individuals,
not only those diagnosed with a disorder; that individuals are interested in prevention,
rather than diagnoses and treatment; that the experience should be tailored; that recording
thoughts, feelings, and behaviours elicits self-reflection, which is helpful for changing
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behaviour; that setting goals and schedules is an effective way to minimize avoidance;
that education and literacy about mental health is a way to increase treatment credibility,
and decrease stigmatization; that non-technology based engagements and interactions
should be used; that gamification can be used to motivate the user, and should be done
with user-set goals; that logs of past activity can be used as a way to review progress
and draw narrative, which can help engagement; that reminders have been shown to
reduce dropout rate and should be used to engage the user; that an intuitive interface and
simple verbiage with non-action defaults that still allow participation are a good way to
increase retention; and finally that randomized controlled trials need to be carried out to
determine efficacy.

A recent study sums up behaviour change research with a three-dimensional model –
predisposing, enabling, and reinforcing. Apps which increase the user’s knowledge and
self-efficacy influence predisposing,while apps that allow the user to gather data and self-
monitor are enabling, and apps that enable social interaction and feedback are reinforcing
[24]. To tap into some of these dimensions the app is designed in a way to predispose
the user through education, information dissemination, and self-assessment; enable the
user with suggested challenges, self-monitoring, and gamification; and reinforce the
behaviour through in-game rewards and leaderboards.

1.4 Research Model and Hypotheses

Based on recommendations fromprior research this study sets out to answer the questions
of whether a mobile app can be used to improve mental health, and whether prolonged
exposure can build motivation. To do this we build an open-source mobile app to encour-
age students to engage in self-care behaviour with the ultimate goal to improve mental
health and inspire better habits. The app was made available to students world-wide and
promoted through social media. This study attempted to measure and prove the effec-
tiveness of this kind of intervention, as well as collect data to help refine and improve it
in the future.

To make this observation we first needed to take baseline measurements of mental
health and sport motivation. Then engage the user in self-care behaviour over a period
of time while measuring their mental health status. At the end, we needed to measure
any change in sport motivation and evaluate the usability of the mobile app.

Observing the participants’ change in mental health as well as engagement with the
app would allow us to measure correlation that might suggest that engagement could in
part be responsible for the change in mental health. Additionally, if the System Usability
Survey (SUS) came back with positive results we could also infer that the app was usable
as desired and that technology was not a barrier to participation.

1.5 Experiment Design

The main purpose of the app was to allow the users to participate in daily challenges
and anonymously submit responses to surveys. A clean, simple, yet detailed interface
would allow the users to have brief interactions, while at the same time helping the study
evaluate only the bare elements of the gamification without letting an attractive interface
or engaging gameplay influence participation. The interaction with the app was meant
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to be minimal to avoid burdening the user with having to spend time on data entry and
instead encourage engaging with the challenge to be the key element.

An interface presented the user with a few cards each morning stating the challenge,
for example “Drink a glass of water” or “Do 5 push ups”. Each card allowed the user to
check off the task when complete and for challenges with many repetitions a plus button
allowed the user to track how many times they’ve repeated the exercise. The next day a
new set of challenges was assigned to the user.

Since the appwanted the participant to focus onmultiple areas of their routine (sleep,
diet, and exercise) it was decided to slowly build the interaction and only ask the user to
complete a few small challenges to start, then slowly build the engagement by offering
new challenges every day and as the user engages more with the app.

As the user successfully completed a challenge for three days the user’s level for
that particular challenge increased, and the next time they were assigned this challenge
it required more from the user. For example the basic task of drinking a glass of water
in a day, when completed three times then began asking the user to drink two glasses
of water in a day, and so on until the user drank 8 or more glasses of water per day.
Similarly with physical challenges to perform 5 pushups or squats eventually asked the
user to do 10, then 15, and so on until 100.

2 Mobile Mental Health

2.1 Project Implementation

To carry out this study we created a mobile app that would challenge the user to engage
in better sleep, diet, and exercise habits and measure their participation against their
mental health scores at a regular cadence. We needed an app that would ask the user to
engage daily but at the same time not demand too much time or commitment, and while
encouraging consistent participation also being accommodating to occasional use. We
needed a way to start the user at a low challenge level and gradually build up as they
gain mastery in each of the different areas. We needed a mechanism for gathering survey
responses, and splitting participants into control/experiment groups, while at the same
time keeping everything anonymous. Finally we needed a way to measure and record
everything like the participant’s engagement, their mental health, and their responses to
occasional surveys.

We decided to give the user a lot of self-control and autonomy with completing the
challenges. They should be able to participate by completing challenges of their choice,
and not be hindered by not being able to complete or participate in a certain challenge.
They should be slightly challenged by the activity goal, but not so much that it seems
impossible, and build up more challenging goals as they complete existing ones. They
should be able to complete the challenges throughout different times of day and easily
record their metrics. The user should be able to receive reminders at key times of the
day to encourage them to build better routines.

The primary technical requirement was to deliver a mobile app to the user’s device.
We chose to develop an Android app due to cost limitations with developing for Apple
devices. Android devices contributed to ~70% [36] of worldwide mobile devices at the
time of planning and development, which allowed for the majority of market coverage.
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The secondary technical requirement was to deliver surveys and receive back
responses from app participants anonymously. Some surveys needed to be delivered
when the user first registered, then another survey throughout the trial, and then final
exit surveys at the end of the trial. The survey responses needed to be able to relate to
app usage, but without compromising anonymity.

With the above requirements in mind we built an Android app that connected with
two microservice APIs. The front-end UI acted as the intermediary between the user and
the APIs. While the back-end services handled database connectivity, keeping track of
challenges and activities, tallying points and leaderboards, and delivering and receiving
surveys.

2.2 Administration

To administer the infrastructure of the project, accounts were created with Google Cloud
Platform (GCP) (for the database and servers), the Google Play Store (for hosting the
mobile app), and Firebase (for error logging, analytics, and push notifications). The
researcher created andmanaged a profile on theGoogle Play Store for the app,which also
connected with the Firebase account to gain insights into app crashes, usage analytics,
and facilitated push notifications.

During the trial the researcher would perform occasional database backups by log-
ging into the GCP console and issuing a command to dump the database contents into
an SQL file on a cloud storage bucket. These backups were kept in case of database
failure and to be able to instantiate a copy of the live database locally for development
and debugging.

At the end of the trial custom queries were executed against the Research and Appli-
cation databases to export CSV files including UUIDs, daily activity summaries, and
survey responses. Since the UUID generated by the Research server was later used to
register with the Application server, this value was then cross-referenced to link user
activity to their survey responses and observe if there is a relationship between the two.

2.3 Academic and Systematic Solution

To observe engagement, app analytics were used to measure the number of times the
user opened the app over the duration of the trial, the number of challenges in which they
engaged, and the number of points they gained by completing those challenges. Mental
health level was measured with the Patient Health Questionnaire (PHQ-4) [37], which is
a four-question survey measuring two factors - Depression and Anxiety. Scored from 0
to 12where scores of 0–2 indicate “normal”, scores from 3–5 indicate “mild”, scores 6–8
indicate “moderate”, and scores 9–12 indicate “severe”mental health distress. The survey
was offered every 7 days to better observe change over time. Of the 58 participants in
the PHQ survey the average participation was every 12 days with 30 participants having
more than one entry. The initial mental health state (PHQ1) was recorded when the user
first downloaded the app and filled out the first PHQ questionnaire.

To evaluate intrinsic motivation for physical activity a Measurement of the Intention
to be Physically Active (MIFA) [38] survey was chosen. Based on the work by Pelletier
et al. the original Sports Motivation Scale [39] was used to measure three factors for
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intrinsic motivation - to experience stimulation (ES), to know (KN), and to accomplish
(AC). The modified scale has an additional factor for intention (IN) that is evaluated for
changes after the completion of the trial.

The System Usability Scale (SUS) [40] helps evaluate if the intervention was suc-
cessfully implemented. If the user interface (UI) or experience (UX) were hindering the
desired engagement or flow for the user, then we could explain lack of user engagement
by the usability of the system. The average score given was 73.125. Recent research con-
sider the SUS score 68’s correspondent adjective rating is OK, the score value between
68 to 80.3meansGood, and a score higher than 80.3 indicates Excellent for the perceived
usability [41].

Nielsen suggests to test five users in a usability study and finds that with five users
researchers can get close to the maximum benefit-cost ratio [42]. He also suggests to
have 20 users for a study that aims for quantitative studies. Hwang and Salvendy [43]
find that there are many discussions on optimal sample size for usability studies and
the “magic number five” rule (which is also called “4 ± 1” rule) could detect 80% of
usability problems. With meta-analysis results, they conclude “10± 2” rule is a general
rule for optimal sample size for major usability evaluation methods [43]. Therefore, the
usability of the proposed mobile health app is Good as classified by 8 users (~10%) who
filled out the SUS survey.

3 Results and Discussion

The experiment was carried out by advertising the study through the Athabasca Univer-
sity bulletin board and social media. 74 participants were recruited and received at least
one challenge and 67 participants completed at least one. While the average participant
received 143 challenges and completed 59 (~40%), the top 10% was 8 participants with
over 470 attempted challenges and between 200 and 600 completed challenges. Of the
74 participants only 56 filled out the demographics survey, and only 8 filled out the
post-trial System Usability Survey. The mental health questionnaire was filled out by
58 participants in total, however 29 participants only filled it out once, 13 filled it out
twice, 11 between 3 and 7 times, and only 7 participants filled it out 8 or more times.
The participation data was analyzed using SPSS v28.0.1.1 [48] by performing t-tests,
regression, and correlation analyses and looking for correlation between specific data
points that would help support the proposed hypotheses. The data reliability and validity
was tested by looking at the Cronbach’s alpha and values to be greater than .7 which
was observed for PHQ, and SUS questionnaires.

3.1 Analysis

The data gathered was used to measure engagement with the platform - how often the
users were logging into the system and what kind of activities they were completing,
as well as observe how a user’s mental health changed over time and how it correlated
with the user’s participation and interaction with the app. At trial completion the SUS
questionnaire was used to evaluate the usability of the system, by those who engaged
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for the entire 8 weeks, to determine if technology was a barrier to using the app and if
the interaction was successful.

To evaluate mental health a Patient Health Questionnaire-4 (PHQ-4) was used. It was
chosen for its terseness to encourage regular participation. The test reduced the number
of questions from 20 in the original PHQ-20 down to 4 and was still found to explain
80% of the variance of the two primary factors - depression and anxiety.

The System Usability Scale (SUS) was used to evaluate the app overall from a
usability perspective. This helps determine if the implementation lacked anything that
may have acted as a barrier to participation.

The challenges assigned by the system had point values. As the user completed the
challenge they were awarded an amount of points. The more points a user gained in a
particular challenge the higher was the user’s level in that activity. Next time the user
requested a challenge for that activity, they received one in line with their skill level in
that category. So the more pushups a user did, the more difficult the challenges became
to eventually even out with the user’s ability. The points can be shown to the user on
a timeline as a self-monitoring tool in an effort to encourage and motivate more active
participation. The points can also be summarized on a leaderboard in a similar effort to
encourage friendly competition with the community.

These gamification features in particular were tested in our study by comparing
participation and mental health between a control and an experiment group. The exper-
iment group received the entire app experience with surveys, challenges, and the ability
to see their points on a timeline and leaderboards. The control group received a reduced
experience with no visibility into their points either via timeline or via leaderboards,
meanwhile still receiving daily challenges, and surveys. The challenges interface for
both groups was also the same. The only difference was a “Stats” menu item was not
shown to the control group. In the end we were able to evaluate whether the gamification
features had any influence on application usage and desired outcomes.

3.2 Reliability and Validity

All analyses were carried out using SPSS version 28.0.1.1 [48]. PHQ responses were
grouped by participant and by date and analyzed for reliability. The 4 items testing 2
factors for Anxiety and Depression together had a Cronbach’s Alpha value of .932. The
responseswere also analyzed using principal component analysis and a single component
was extracted based on eigenvalues greater than 1.

3.3 Analysis Results and Findings

The primary focus of the study was to evaluate whether mental health could be improved
through app use and based on the evaluated data this hypothesis was confirmed. We
observed a negative correlation between engagement (ENG) measured by the number
of points (PTS) a participant gained and their score on the mental health questionnaire
(PHQ). In all the cases analyzed together we observed a slight but significant Spearman’s
rho correlation between PHQ and ENG.PTS. When we separated the results into control
and experiment groups we observed the correlation as well, and slightly stronger in the
experiment group. The results are summarized in Table 1. It makes more sense in our
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case to rely on Spearman’s rho as opposed to Pearson r since the PHQ is affected with
the duration of engagement (ENG) over time, and Spearman’s rho can more accurately
evaluate ranked data, which in our case was ranked by the date of the survey.

Table 1. Correlation PHQ with ENG.PTS

Spearman’s ρ N

All Cases -.315*** 127

Control -.315*** 66

Experiment -.359*** 61

*: p < 0.05, **: p < 0.01, ***: p < 0.001

When looking at the PHQ scores of each participant we also looked at the average of
those scores for each participant, and then the average of all those scores.When separated
by group we observed that the mean PHQ score was higher in the control group than
in the experiment group. Similarly we observed the average of the points gained by the
experiment group to be higher than the control group. These two observations suggest
that the gamification features could have influenced more participation to gain points,
which in turn caused PHQ scores on average to be lower. The PHQ and points means
are shown in Table 2.

Table 2. PHQ and ENG.PTS means by group.

PHQ ENG.PTS

Mean Std.
Dev.

N Mean Std.
Dev.

N

All Cases 3.56 3.82 127 859.02 1447.81 127

Control 3.86 3.17 66 841.02 1483.57 76

Experiment 3.23 4.42 61 877.76 1419.65 73

Additionally we also observed a negative correlation between the mean of all the
PHQ scores for a given user and the number of days that user engaged with the app
as measured by the number of days the user queried the system for new challenges,
and the number of days the user logged in. These correlations are shown in Table 3
and Table 4. This correlation was not observed with other forms of engagement such as
challenges completed or points earned. This suggests that themore a participant engaged
with challenges (not necessarily completed them), but actively queried for challenges
daily, the more likely their average PHQ score over the trial was lower suggesting better
mental health.
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Table 3. Correlation PHQ.MEAN with ENG.NUM (number of days queried for challenges).

Pearson r N

All Cases -.273* 58

Control -.201 31

Experiment -.345 27

*: p < 0.05, **: p < 0.01, ***: p < 0.001

Table 4. Correlation PHQ.MEAN with ENG.LOG (number of days logged in).

Pearson r N

All Cases -.303* 58

Control -.237 31

Experiment -.395* 27

*: p < 0.05, **: p < 0.01, ***: p < 0.001

We did not observe any correlation between SUS scores and app usage as may be
reflected by duration of engagement, frequency of engagement, points collected, days
participated, or challenges completed. Similarly we did not observe correlation between
SUS and initial PHQ, average PHQ, or slope of PHQ over the trial. The caveat being
that only 8 participants completed the exit survey and filled out the SUS questionnaire,
which is not enough data to make broadly conclusive statements.

The hypotheses that initial mental health (PHQ1) will influence sports motivation
(MIFA1) or engagement (ENG) or that engagement (ENG) will be influenced by sports
motivation (MIFA1) were not supported. We did not see any correlation of initial Inten-
tion (MIFA.IN1) with any form of engagement (ENG) as measured by duration of
engagement, frequency of engagement, points collected, days participated, or chal-
lenges completed. Similarly we did not observe a correlation between initial Intention
(MIFA.IN1) and the participants first mental health survey (PHQ1). There were also no
significant correlations between initial mental health (PHQ1) and any form of engage-
ment (ENG) such as days participated, days engaged, or achievements completed, so
the hypothesis that initial mental health level will influence app engagement is also
unsupported.

3.4 Discussion

The study aimed to answer two primary questions - whether mental health could be
improved through app use, and whether app use could help motivate and create intention
towards physical activity. The negative correlation between PHQ scores and the number
of points a participant gained suggests that engaging with the app and completing the
challenges has a chance at reducing the participant’s depression and anxiety.Additionally
the negative correlation between PHQ mean and the number of days the user engaged
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with the app suggests that continued engagement increases the likelihood of the desired
outcome.

Our hypothesis that initial mental health would influence intention to be physically
active was also not supported as we did not find a correlation between the first mental
health questionnaire (PHQ1) andMIFA1. Out of the 73 participants in the trial, where 67
users completed at least one challenge, 53 individuals completed the MIFA1 and a PHQ
questionnaire. This observation could signal that mental health was not an influencing
factor for sports motivation. With intention (IN) values ranging from the lowest possible
value of 5 and to the almost maximum value of 24, with the average 17.7, and standard
deviation of 4.1 – therewas a broad range of respondents. Those respondents’ PHQscores
were also well represented with values ranging from the extremes at 0 and 12, average at
5.4, and standard deviation of 4.1. The lack of correlation suggests that mood does not
influence one’s intention to be physically active. We also did not observe any correlation
between the MIFA scores and any form of engagement, suggesting that users engaged
whether they were motivated towards sports or not. Of course there was a percentage of
users who disengaged or did not use the app at all, however, the observation suggests that
it was not related to initial mental health or sports motivation. This could be an important
finding in the context of a self-help mobile app suggesting that an intervention like this
could be used by individuals of varying mental health and high or low sport motivation.
If the app is there and is being used then it is possible that it could be the self-help routine
that can nudge the participant towards action and a better mental health.

Our hypothesis that initial mental health would also influence engagement with
the app was also not supported as we did not observe any statistical correlation between
PHQ1 and engagement (ENG). This suggests that depression or anxiety did not influence
the participants ability to engage with the app. However, due to the low participation
numbers it is difficult to say this with certainty.

The lack of correlation between SUS scores and engagement, initial PHQ, average
PHQ, or slope of PHQ over the trial suggests that system usability was not influenced
by mood, or amount of time engaging with the app. This observation would suggest that
this minimal implementation was sufficient for being usable and even eliciting change in
certain individuals. The caveat being that although 8 participants is enough of a sample
to rely on the results of the SUS survey, the correlations that those 8 participants had or
didn’t have with engagement or PHQmay not be representative of the entire population.

4 Conclusion

In the end the study did not gather enough participants to make broad and general con-
clusions. We did observe that indeed the more a participant engaged with the activities,
the more likely they were to score lower on the mental health questionnaire. This sug-
gests that such an app could be used as a self-directed mental health hygiene tool and
potentially help improve mental health and resilience in certain individuals.

The rejectedhypotheses could suggest that the intervention canbeusedby individuals
with no existing sports motivation, since MIFA had no influence on engagement, and
by individuals with varying mental health states, since initial PHQ score did not seem
to influence MIFA or engagement. Overall the study did find evidence supporting the
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idea that using an app such as the one built for this project to engage users with positive
sleep, diet, and exercise habits can have a positive effects on their mental health.

One of the participants of the study took the time to contact the primary investigator
and provide heartfelt positive feedback. The participant stated that prior to using the app
they have struggled with mental health and had no physical activity routine. After having
used the app they now feel much better, have a daily workout routine, and actively seek
out large walks. They stated that small prompts were enough to motivate them to get
into it at the start, and the points encouraged them to come back every day and check
in. Their constructive feedback was to include more customization to replace built-in
exercise challenges and allow the user more control over what exercises to perform and
how many reps. This feedback supports our hypotheses and observations.
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Abstract. Online mental health interventions have been posited as a
way to reduce the mental health treatment gap among students in higher
education. The effectiveness of these interventions is often limited by low
user adherence. A potential solution is to improve user adherence by pro-
ducing user-centred interventions.

A total of 452 students from University College Cork, Ireland partic-
ipated in the survey, “Tell us About Your Mental Health Post-COVID-
19”. The survey examined students’ mental health over the past year,
their use of technological supports, their use of mental health support
services and their ratings of mental health support services used.

This study explores students’ experiences with technological support.
The thematic analysis of 138 open-ended responses produced seven main
themes: 1) Appeal 2) Barriers to Use 3) Discovery 4) Drawbacks 5) Pur-
pose 6) Reasons for Stopping and 7) Usage Patterns. The results of
this study revealed students’ openness to using online mental health
resources. It also revealed the barriers and facilitators to their use of
these resources. Finally, based on our findings, we provide recommen-
dations to researchers/designers developing online mental health inter-
ventions for university students. Some of these recommendations were to
ensure safety in online communities, provide good user interfaces, sup-
port students in crises and improve the accessibility of online resources
to students with learning disabilities.

Keywords: Online Mental Health Support · Higher Education ·
Students · User-Centred Design · COVID-19 Pandemic

1 Introduction

A survey conducted by the World Health Organisation revealed that roughly 1
in 3 college students screened positive for an anxiety, mood or substance use
disorder [1]. In a similar global sample, only 24.6% of students noted that they
would seek help if they experienced an emotional problem in the future [6]. In
addition, the Healthy Mind Survey conducted in the United States revealed that
only 36% of students with a mental health problem had received mental health
support in the previous year [8].
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Barriers to receiving mental health treatment include a preference for
self-reliance [6,7], preference for informal supports (e.g. friends, family) [6],
stigma/embarrassment [6,7], cost of accessing services [6], scheduling problems
[6], and time commitment [6].

Online mental health interventions have been posited as a way to circumvent
some of the barriers encountered in face-to-face services e.g. stigma and schedul-
ing problems [1,6]. Moreover, recent reviews of online mental health interven-
tions in higher education settings have revealed that they have proven effective
in improving symptoms of depression, anxiety and stress [9,14].

However, the effectiveness of these interventions is often limited by low user
adherence [14,23]. A recent review [23] on user engagement in mental health
apps highlighted possible reasons for low user adherence including 1) poor user
experience i.e. apps are difficult to use 2) apps do not target user needs 3) a lack
of transparency regarding privacy policies 4) apps are not trustworthy and 5)
apps are not useful in emergencies.

Oti et al. [15] conducted a scoping review of online mental health inter-
ventions co-designed with students in higher education. Students participating
in the design of these interventions expressed the desire for interventions that
targeted their needs; had good user interfaces; contained interesting and engag-
ing content; ensured anonymity/privacy/safety; included peer engagement, and
included access to professionals. These findings provide evidence of the impor-
tance of understanding the needs of the target population before developing an
intervention for them. Gemert-Pijnen et al. [24] developed a holistic framework
for the development of eHealth Technologies. In this framework, the authors note
that understanding users’ habits, needs, and context was essential for developing
eHealth technologies that were impactful and relevant to their target population.

There is limited literature exploring students’ experiences with using online
mental health support. These experiences are vital for understanding how and
why students use online mental health interventions. Moreover, they are essential
for developing interventions that fit the needs of this population.

To this end, we conduct an in-depth qualitative exploration of students’ expe-
riences with using online mental health support. Participants discussed how they
found out about the online resource(s), how long/how often they used it, why
it was helpful/not helpful, and why they may/may not have stopped using the
resource(s).

This study contributes to this field of research 1) by providing empirical
evidence on the totality of students’ use of online mental health support from
adoption to attrition and 2) by informing the design of online mental health
support for this population.

1.1 Related Work

We present literature exploring students’ views and perceptions of online mental
health interventions.

Chan et al. [3] conducted focus groups with university students. Their goal
was to explore the attitudes of students towards seeking help online. Participants
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expressed concerns about privacy and confidentiality on the internet, the volume
and quality of resources on the internet, difficulty establishing an emotional
connection with a counsellor/therapist through a screen, and safety on online
forums. Conversely, participants noted that online support could be beneficial as
it provides anonymity, is easily accessible and could provide a sense of belonging
with others experiencing similar difficulties.

Dederichs et al. [5] conducted focus groups to understand how medical stu-
dents viewed online mental health interventions. Participants viewed online inter-
ventions as an easily accessible alternative to using face-to-face services. They
also felt that online interventions could be a stepping stone to using face-to-face
services. Some participants had a preference for face-to-face services. In addition,
participants viewed low quality of resources, fear of misdiagnosis, difficulty com-
municating online, uncertainty about effectiveness of online support, and limited
levels of personalisation to be barriers to their future use of online support.

Further, participants noted that frequent notifications; reminders to rate an
app; technical issues; poor visual design; lack of a proof of credibility by an
accredited organisation; inability to use an app at their own pace; lack of data
safety; difficult to understand terms of use, and a lack of privacy would affect
their use of a mental health app.

Holtz et al. [10] conducted focus groups to understand how students perceived
a mental health app, MySSP, which they had developed. Some participants noted
that they had a preference for face-to-face mental health support. Similarly,
participants expressed doubts about the effectiveness of a mental health app in
cases of severe mental health difficulties. Conversely, some participants received
the app well. They noted that it was easy to use, free of charge and offered in
multiple languages.

Karwig et al. [12] conducted a focus group to understand students’ perspec-
tives on online support. Students viewed online support as an easily accessi-
ble way to receive mental health support. They believed it could be a gateway
to seeking face-to-face mental health support. Some participants expressed a
preference for online support over face-to-face support. However, participants
also expressed concerns about the credibility of online resources, the credibility
of online counsellors/therapists and privacy and confidentiality in online coun-
selling sessions.

Kern et al. [13] examined whether university students were open to using
mental health apps, how often they used them, and how they viewed them. Some
participants noted a preference for mental health apps over face-to-face services
citing accessibility, convenience, affordability and anonymity. Conversely, par-
ticipants mentioned that they would be reluctant to use mental health apps
because they felt it would be impersonal, they would like to reduce the amount
of time spent on their smartphones, and they would be worried about privacy
issues. Finally, participants noted that the design of an app and its reliability
were factors that would determine their use of a mental health app in the future.

Horgan et al. [11] conducted a quantitative survey on how students use the
internet for mental health support on behalf of themselves or their family/friends.
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Some participants mentioned that they preferred online mental health support
over face-to-face services because of anonymity, privacy and confidentiality, the
extensive information the internet offers, accessibility, affordability, and a sense
of community. Conversely, participants who indicated a preference for face-to-
face support noted that it was personal and that the credibility of a professional
was easily verifiable.

The above studies provide insights into students’ perceptions of online sup-
port. However, they do not explore students’ experiences with online mental
health support. These experiences include their discovery of online resources,
their motivations for using them, why they may have stopped using them,
their usage patterns of online resources, etc. Understanding these experiences
is essential for designing user-centric online mental health interventions for this
population.

2 Methods

2.1 Data

The results presented in this paper are part of a study in which the survey “Tell
Us About Your Mental Health Post-COVID-19” was distributed to students in
University College Cork, Ireland. This study received ethical approval from the
Social Research Ethics Committee of University College Cork (Log 2020-196A1).
The survey was distributed via a mailing list in the university. Students were
invited to complete the survey via Google Forms from February 10, 2021, to
April 30, 2021. This study will present open-ended responses on “Experiences
with Technological Supports”. The results of the wider study can be found in a
separate paper titled “Perceptions of Students in Higher Education about Mental
Health Support Services During the COVID-19 Pandemic”. That paper provides
a quantitative analysis of students’ mental health over the past year, their use
of technological supports, their use of mental health support services and their
ratings of mental health support services used.

2.2 Analysis

Open-ended responses were analysed using the Thematic analysis methodology
by Braun and Clarke [2]. According to the authors [2], thematic analysis involves
six phases including 1) Familiarisation with the data 2) Generating initial codes
3) Searching for themes 4) Reviewing themes 5) Defining and naming themes
and 6) Producing a report. Our analysis was conducted in Nvivo version 1.5.1.
The first author (OO) performed the initial analysis of the data. The codes
and themes were refined with input from the second author (CP). Our thematic
analysis of “Experiences with Technological Supports” led to the development of
seven main themes; 1) Appeal 2) Barriers to Use 3) Discovery 4) Drawbacks 5)
Purpose 6) Reasons for Stopping and 7) Usage Patterns. Direct quotes are used
to illustrate the themes and these quotes are followed by an index identifying
the respondent (e.g. P1 = participant at index number 1).
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2.3 Participants

A total of 138 respondents gave open-ended responses detailing their experiences
in using technological supports to support their mental health. Of these respon-
dents, 19.6% (n = 27/138) identified as male, 76% (n = 105/138) identified as
female, 3.6% (n = 5/138) identified as non-binary and 1% (n = 1/138) preferred
not to state their gender.

A majority of respondents (60.9%, n = 84/138) were between the ages of 18
and 22, 14.5% (n = 20/138) were between the ages of 23 and 25, 11.6% (n =
16/138) were between the ages of 26 and 30 and 13% (n = 18/138) of respondents
were 31 years and above.

A majority of respondents (80.4%, n = 111/138) were nationals of the Repub-
lic of Ireland. Following this were nationals of EU countries (11.6%, n = 16/138)
and nationals of North American (2.2%, n = 3/138) and Asian countries (2.2%,
n = 3/138). Finally, nationals of the United Kingdom and African countries
accounted for 1.4% (n = 2/138) of the respondents.

Respondents were studying in a broad range of disciplines including, Arts,
Celtic Studies & Social Sciences (40.6%, n = 56/138), Science (15.9%, n =
22/138), Medicine and Health (13.8%, n = 19/138) and Business (8.7%, n =
12/138). In addition, 5% (n = 7/138) of respondents were within the disciplines
of Engineering & Architecture and Arts subjects. Finally, (3.6%, n = 5/138)
were within the disciplines of Nursing and Midwifery , Law (2.9%, n = 4/138)
and Food & Nutritional Sciences (2.2%, n = 3/138).

3 Results

In this paper, we focus on the respondents’ experiences with using technological
support for their mental health. Thematic analysis of open-ended responses led
to the development of seven themes: 1) Appeal 2) Barriers to Use 3) Discovery
4) Drawbacks 5) Purpose 6) Reasons for Stopping and 7) Usage Patterns.

Table 1 presents an overview of the themes along with their descriptions
and illustrative quotes from participants. Technological supports mentioned by
participants include online counselling (e.g. Turn2Me), CBT programs, discus-
sion forums (e.g. Reddit), mobile apps (e.g. Calm, Dailio, Headspace), websites
and blogs (e.g. National Health Service England Cognitive Behavioural Ther-
apy (CBT) website, Health Service Executive (HSE) website), e-books, videos
(e.g. on YouTube), breathing exercises, online workbooks, SilverCloud Health,
chatrooms, Instagram, etc.
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Table 1. Coding framework - Experiences with Technological Support

Theme Description of theme Illustrative quotes

Appeal Aspects of online

supports that were

engaging to respondents

“Reading about other people’s experiences with

similar issues online was validating and really

helpful, especially when considering the input of

people who started to recover from such issues. It

was a relief to know that even though sometimes

this feels like things will never change, they do

get better with enough time, effort and support.

[P237]”

“The counsellor from UCC [University College

Cork] can link in with me on it, it has been

helpful to share difficult things I don’t want to

talk to her about this way so she knows but I

don’t have to tell her she can read it [P217]”

Barriers to use Factors limiting or

preventing the use of

online mental health

supports

“They’re not much help, a lot of the time its

harder to discuss your problems from home where

people can hear or sometimes you just don’t want

to pull more negativity into your room [P207]”

“Didn’t work as over time kept forgetting to keep

logging moods/episodes [P84]”

Discovery Respondents describe

how they found online

resources

“My gym suggested an app for everyone, just to

keep people going through lockdown. [P109]”

“The counsellor and GP in student health

recommended them to me [P126] ”

Drawbacks Disadvantages of using

online supports

“Discussion forums can be helpful to vent but can

be risky by way of offering advice. [P11]”

“It was interesting and helpful to think about.

But I couldn’t apply those tools mentioned in the

book when I actually needed to [P392]”

Motivations

for use

Respondents describe

their reasons for using

online supports

“I built it into my evening routine and found

that it gave structure to my day, especially dur-

ing COVID. Had used some apps before on and

off but really was only during COVID that I prop-

erly made a routine of it and used them consis-

tently.[P229]”

“as my mother had used them and other

self-help practices for a long time and I found

that I was ready to start using them. [P313]”

Purpose Respondents describe

what they hoped to get

out of using online

support

“ I find that to really get the most out of coun-

selling/therapy, you really need to back it up with

some form of daily practice or self-directed care.

[P410]”

“ I usually look up articles on specific issues I

might be having at the time to gain greater

understanding [P435]”

Reasons for

stopping

Respondents describe the

reasons why they stopped

using online supports

“I stopped because I had felt better. [P315]”

“eventually stopped using it as I felt it wasn’t

helping and because I thought this my mental

health got worse [sic] [P235]”

Usage patterns Respondents describe

their usage patterns of

online supports

“I used these resources when I was going through

a bad patch, and I only use them now if I feel that

I need to. [P192]”

“I have watched the school of life videos several

times over the last 3 years and I know I can come

back and watch them when I need to. [P21] ”
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3.1 Appeal

The “Appeal” theme indicated that participants had diverse needs when access-
ing online mental health support. Participants sought online counselling, visited
discussion forums/chat rooms to share what was on their minds, used mental
health apps to receive support, and visited online forums to read about the
experiences of others.

Participants highlighted the importance of belonging to a community like
a discussion forum. They appreciated connecting with those who were going
through a similar difficulty to them or recovering from it. They noted that this
gave them hope and made them feel less alone.

Reading about other people’s experiences with similar issues online was
validating and really helpful, especially when considering the input of people
who started to recover from such issues. It was a relief to know that even
though sometimes this feels like things will never change, they do get better
with enough time, effort and support. [P237]

Participants who had used online counselling for the first time felt it was
as effective as face-to-face services. Some participants were enrolled in a hybrid
mode of counselling, that is, a mixture of face-to-face services and CBT programs
with the same mental health professional. These participants noted that CBT
programs allowed them to discuss sensitive issues with their counsellors.

The counsellor from UCC [University College Cork] can link in with me
on it, it has been helpful to share difficult things I don’t want to talk to
her about this way so she knows but I don’t have to tell her she can read
it [P217]

Participants indicated that online support were easily accessible. Accessibility
was described in terms of the ability to use an online resource on their mobile
phones, the ease of use of an online resource, and easily understandable language
for an online resource. In addition, accessibility could also be understood in
terms of affordability as participants indicated that they were grateful to access
a resource free of charge.

I like using apps on my phone for mindfulness because its easy to access, I
usually have my phone on me. I built it into my evening routine and found
that it gave structure to my day, especially during COVID. Had used some
apps before on and off but really was only during COVID that I properly
made a routine of it and used them consistently. Ease of use is a big factor
in encouraging constant use [P229]

Participants indicated that appreciated online resources that were tailored
to students.

I enrolled with UCC [University College Cork] Participate. It is a really
great resource for students [P236]



Experience of Students in Using Online Mental Health Interventions 131

In discussing their experiences with mobile apps and other forms of online
support, participants indicated that simplicity, a few daily reminders and flexi-
bility in scheduling were factors that encouraged their use of these supports.

I also use a gratitude app my sister told me about. I love it cause it’s simple
- you literally just list things you felt grateful for that day. It only gives you
a reminder once a day if you have forgotten to fill it in. I’ve been using it
all year and definitely find it helpful. [P323]

Finally, participants indicated that it was important for information to be
reliable and presented in a clear, concise and approachable manner.

I found the HSE website very useful as all the information is clear and
concise. It is reliable information. [P403]

3.2 Barriers to Use

Under the theme “Barriers to use”, participants highlighted the barriers they
faced while using online mental health support.

Participants indicated that there were overwhelmed by the vast amount of
resources on the internet. They also noted that it was difficult to find resources
that were useful to them.

but can be hard to find good ones, a lot are kinda the same. [P323]

The presence of paywalls and the cost of accessing a resource were barriers
to participants’ use of online resources.

but for most of the apps there was only a free trial so didn’t use it for a
long time [P336]

Participants indicated that online resources required regular commitment.
They noted that this level of commitment was difficult to attain when they felt
unmotivated or depressed. Participants also mentioned that despite their interest
in using an online resource, they often forgot to use it.

Didn’t work as over time kept forgetting to keep logging moods/episodes
[P84]

Some participants mentioned that although they found online counselling
helpful and necessary during the COVID-19 lockdowns, they preferred face-to-
face services. Participants noted that it was difficult to use online counselling.
They indicated that they found it uncomfortable, describing it as “uneasy and
strange” or “tough and unsustainable”. Lack of privacy at home and loss of
separation from negative feelings were other factors that limited participants’
use of online counselling.

They’re not much help, a lot of the time its harder to discuss your problems
from home where people can hear or sometimes you just don’t want to pull
more negativity into your room [P207]
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Participants indicated that it was difficult to establish an emotional connec-
tion through a screen. In addition, participants who enrolled in text counselling
mentioned experiencing delays in communication with their counsellors. Fur-
ther, participants felt that their online counsellor was not well-trained in their
profession.

I tried Turn2Me online counselling. It was absolutely useless. It seemed like
my counsellor had absolutely zero training, knowledge, understanding or
empathy and I found the experience incredibly invalidating and off putting
and it made me sceptical of counselling for quite a while and prevented me
from getting the help I needed [P465]

Some participants found it difficult to use online resources because of their
learning disabilities. One participant noted that reading and phone/video calls
were difficult. Another participant noted that although they enjoyed using a
particular app, they found the update in the user interface upsetting.

I did not find them useful as reading is hard for me and so is talking over
the phone/video calls. [P126]

Participants felt that although online resources provided mental health infor-
mation, they did not teach them how to manage their mental health difficulties.

Other than educating me on different mental health issues it didn’t help me
in any way. [P123]

Participants felt that their use of online resources had led to a decline in
their mental health.

Before I was diagnosed with a mental health disorder, I had my suspicions
I was suffering from one and so I would research them a lot and tips on
how to cope with them. This kind of just led to a spiral of overthinking my
own mental state, and ultimately didn’t help me much as I didn’t seek help
for a long time either way. [P406]

Participants felt that the online resources were impersonal. In some cases,
these resources did not provide the support needed.

I think they’re all very cliche like telling you to drink water and stretch
when that doesn’t really help [P376]

Participants felt that online resources were unsuitable for use in severe cases
of mental health difficulty.

Dependent on circumstances and severity of the issue; it was helpful [P382]

Participants indicated that poor visual design was a barrier to their use of
an online resource.

The NHS CBT site is helpful but I didn’t complete the whole course, it was
so ugly to look at lol [P302]
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3.3 Discovery

Under the theme “Discovery”, participants mentioned how they found out about
the online resource(s) they used. Participants mentioned that they discovered
online resources through their research, for instance, via a Google search. Some
participants noted that they came across these resources through a YouTube ad,
a social media influencer or their Gym.

My gym suggested an app for everyone, just to keep people going through
lockdown. [P109]

Participants discovered an online resource through friends, family members
or partners.

I found out about therapy from my parents a long while back.[P394]

Participants discovered an online resource through a health professional, for
example, a counsellor or GP. These included professionals within and outside
the university.

The counsellor and GP in student health recommended them to me [P126]

Participants discovered an online resource through university forums like
their orientation day or an online meeting. Participants also found a resource
through the university counselling website.

I only found out about it from a teams meeting for postgrad students, it
was highlighted by a speaker on that talk [P20]

3.4 Drawbacks

Under the “Drawbacks”, participants highlighted the shortcomings of the online
resource(s) they had used to support their mental health.

Participants felt that their participation in discussion forums could pose a
risk to others.

Discussion forums can be helpful to vent but can be risky by way of offering
advice. [P11]

Participants indicated that the online resource they used did not provide
adequate support for the difficulty they were experiencing.

I used the Samaritans by emailing back and forth. it was a way to write
my feelings down and vent but the correspondence was more empathetic
than problem solving. it did help to unload to a perfect stranger but i think
maybe i should have been in therapy to get me through the tough time i
was having. [P196]



134 O. Oti et al.

Participants felt the online resource was unsuitable for their current diagno-
sis.

During my counselling session it was suggested for me. I used it for perhaps
two weeks maybe a month and I didn’t think it did anything as I felt it didn’t
fit what I had (it was suggested I had social anxiety). [P429]

Participants indicated that although the online resource improved their
knowledge of mental health/mental health difficulties, they did not feel equipped
to manage their mental health.

It was interesting and helpful to think about. But I couldn’t apply those
tools mentioned in the book when I actually needed to [P392]

Participants indicated that they relied on the use of a resource when they
felt overwhelmed. However, they felt that the resource could not be used at any
time.

My counsellor recommended a few guided meditation videos on YouTube for
me to try. I found them very helpful and I use one in particular whenever
I start to feel overwhelmed. The only downside was the fact that I couldn’t
just start meditating wherever I was, especially out in public. [P443]

3.5 Motivation for Use

Under the theme “Motivation for use”, participants highlighted factors that
encouraged their use of online mental health support.

Participants indicated that the COVID-19 pandemic had motivated their use
of online support. Participants mentioned that they attended online counselling
when face-to-face services were unavailable. In addition, participants indicated
that the COVID-19 pandemic increased their commitment to using mental health
apps.

I built it into my evening routine and found that it gave structure to my
day, especially during COVID. Had used some apps before on and off but
really was only during COVID that I properly made a routine of it and
used them consistently.[P229]

Participants mentioned that their family member’s use of online resources
encouraged them to begin their use of online support:

as my mother had used them and other self-help practices for a long time
and I found that I was ready to start using them. [P313]

3.6 Purpose

Under the theme “Purpose”, participants highlighted their reasons for using
online support.
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Participants indicated that they used online support to manage their mental
health. Participants mentioned using these resources when feeling stressed, anx-
ious or overwhelmed. Participants also mentioned needing to use online support
because of the isolation brought on by the COVID-19 pandemic.

I use it weekly and plan to for the foreseeable future to help me get through
living abroad, my PhD and the isolation caused by the pandemic [P6]

Participants indicated they used online support to maximise their attendance
at counselling/therapy sessions.

I find that to really get the most out of counselling/therapy, you really need
to back it up with some form of daily practice or self-directed care. [P410]

Participants mentioned that they used online support to understand how to
support a friend going through a mental health difficulty.

Used it to get ideas on how to support someone as they weren’t ready to
get help. [P9]

Participants mentioned that they used online support to advance their under-
standing of mental health and mental health difficulties.

I usually look up articles on specific issues I might be having at the time
to gain greater understanding [P435]

Participants indicated that they used online support to gain awareness of
their mental health difficulties.

They tended to help quite a bit and made me more aware of my problems
[P148]

3.7 Reasons for Stopping

Under the theme “Reasons for Stopping”, participants described reasons for
terminating their use of online support.

Participants indicated that they had stopped using online support because
it improved their mental health.

I stopped because I had felt better. [P315]

Participants mentioned that they stopped using an online resource because
they got a mental health diagnosis.

Used mood tracker apps such as eMoods for about a year while being evalu-
ated for bipolar disorder. Stopped when diagnosed with unipolar depression.
[P333]

Participants indicated that they stopped using an online resource because it
did not work for them or led to a decline in their mental health.

eventually stopped using it as I felt it wasn’t helping and because I thought
this my mental health got worse [sic] [P235]
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3.8 Usage Patterns

Under the theme “Usage patterns”, participants highlighted how long and how
often they used online support.

Participants indicated that they used online resources when they experienced
stress, anxiety or other mental health difficulties.

I used these resources when I was going through a bad patch, and I only
use them now if I feel that I need to. [P192]

Participants indicated that they used online resources daily, a few times a
week, once a month or irregularly.

I used it multiple times a day [P451]

Participants mentioned that they used online support for varying lengths of
time. Some participants noted that they had used an online resource once to try
it out. Further, participants had used online support for a few days, a couple of
weeks, several months, or several years. The maximum duration of use was for
three years.

I have watched the school of life videos several times over the last 3 years
and I know I can come back and watch them when I need to. [P21]

4 Discussion

In this study, we have explored students’ use of online mental health support
before and at the start of the pandemic. We explored the factors that encouraged
and discouraged students’ use of these resources. We also explored what led to
their discovery of an online resource, their motivations for using these resources
and what they hoped to get out of using online mental health support.

Participants were encouraged to use online resources because of the flexibility
and accessibility they offered. They appreciated the sense of community they
provided and the ability to write down sensitive issues instead of discussing
them face-to-face with their counsellor. Participants enjoyed using resources that
targeted their needs. Participants were encouraged to use mental health apps
that had a simple design and a few daily reminders.

Conversely, participants noted the barriers they encountered while using
online resources. Participants who attended online counselling experienced
delays in communication during email/text counselling. Participants also expe-
rienced a lack of privacy at home, a lack of separation from negative feelings,
difficulty establishing an emotional connection with counsellors and incompetent
counsellors.

Participants felt that engaging in online communities could be potentially
risky. In addition, poor user interfaces, cost of resources, difficulty staying com-
mitted, and lack of personalization; were all barriers to their use of online mental
health support. Finally, participants felt that platforms were not tailored to those
with learning disabilities and that resources were unsuitable in crises.
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Participants discovered online resources through their research and through
recommendations from family, friends, partners, health professionals (e.g. coun-
sellor, GP), and university.

Participants indicated that the COVID-19 pandemic and previous use by
a family member were motivating factors in their use of online resources. Par-
ticipants also mentioned that they used online resources to support a friend
going through a difficulty, to manage their mental health and to improve their
knowledge of mental health and mental health difficulties.

In the following sections, we discuss what we have learned and make recom-
mendations based on our findings for designing online mental health interven-
tions for students in higher education.

4.1 Discovery

It is interesting that participants discovered online resources through YouTube
Ads and social media influencers. Social media influencers are becoming popular
as a means for brands to advertise their products to young people. Mental health
apps like Headspace and Calm use Youtube ads to reach potential users.

The discovery of online resources through social connections (e.g. family,
friends or partners) is well-documented [21,22]. Previous research has recognised
the impact of stakeholders (e.g. health professionals and universities) in deter-
mining students’ use of online resources. A survey by Karwig et al. [12] revealed
that 25% of students were more likely to attend online counselling if it was
offered through their university’s counselling service. Further, Gemert-Pijnen
et al. [24] recommend the inclusion of stakeholders throughout the development
of any eHealth technology. They noted that input from stakeholders would help
identify the issues affecting users and help understand their needs. Therefore,
it is vital for researchers to include stakeholders during the design of an online
intervention. Moreover, stakeholders who participate in the design process of
an intervention may be more willing to signpost students to the intervention.
Finally, researchers should explore multiple avenues to increase the visibility of
an online resource.

4.2 Face to Face vs Online Counselling

Past research has explored students’ perceptions of online counselling. Students
expressed concerns about credibility of online counsellors [12], effectiveness of
online counselling [5,10], difficulty establishing an emotional connection [3,5,
11] and privacy and confidentiality in online sessions [12]. Conversely, students
viewed online counselling as easily accessible and as a stepping stone to the use
of face to face support [10,12].

The COVID-19 pandemic led to the loss of access to mental health sup-
port for many young people [26] but it also led to the increase of online mental
health support among young people [27]. Some participants found it difficult to
attend online counselling sessions because of a lack of privacy at home. Other
participants indicated a clear preference for face-to-face services, noting that
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online counselling was uncomfortable for them. On the other hand, some par-
ticipants mentioned that online counselling was just as good as face to face
counselling. Young people who used online resources for the first time because
of the COVID-19 lockdowns were pleasantly surprised by its effectiveness [19].
Researchers should improve the visibility of student reviews of online counselling.
These reviews might encourage more students to engage in online counselling
services.

4.3 Flexibility and Accessibility

Participants enjoyed the flexibility and accessibility offered by online resources.
They mention being able to complete the programmes/resources at their own
pace and always having the support at hand, for example, on their mobile phone.
Past research has shown that young people appreciate the convenience and acces-
sibility that online mental health support offer [5,13,15,19]. This includes avail-
ability outside of business hours [3,11,12] and being able to use a resource at
their own pace [5]. Flexibility and accessibility are factors that set online inter-
ventions apart from face-to-face services. Researchers should endeavour to design
online resources that are easily accessible and provide flexibility in scheduling.

4.4 Community

Participants appreciated the sense of community brought about through online
mental health support, for example, on discussion forums, in chat rooms, and
on YouTube. Participants found that they were able to receive support passively
without the need to participate in the community, they were able to receive more
than one opinion on an issue they were facing, they had someone to unload their
burdens to, and they could read/watch stories of others especially from those
who had recovered from similar issues. Past research has shown that peer engage-
ment in online support ranks high in the needs of students when using online
support [15]. Young people enjoy reading personal stories of others [20], they
enjoy being connected with people in similar situations [11], and they enjoy hav-
ing the sense of belonging that an online community provides [19]. Prescott et al.
[18] surveyed users of an online mental health forum. They found that online
mental health forums provided support for users in crises, improved their confi-
dence, encouraged users to share their issues freely and helped them transition
into using professional services.

Conversely, in this study, participants also noted that offering advice on dis-
cussion forums could be risky. Previous research has revealed that although
young people desire peer engagement, they know that it could produce harm-
ful discussions [12] which could lead to emotional contagion or other detrimen-
tal effects [3]. One proposed solution is utilising moderators in online forums
[4,16,17].
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4.5 Content

Participants described the content of an online resource in terms of personal-
ization, presentation, and quality of resources. Participants appreciated when a
resource was tailored to their needs, for example, relevant to students. Partici-
pants wanted to use resources that were approachable and presented in a clear
and concise way. This finding is similar to previous research in which young peo-
ple have mentioned that information in online resources should be provided in
accessible language [19].

Conversely, in this study, participants noted that lack of personalization,
the use of condescending language and difficulty locating good resources were
barriers to their use of online mental health support.

Stawarz et al. [22] conducted a survey on users of mental health apps in the
general population. They found that personalization was a very important factor
in encouraging user engagement in mental health apps. Similarly, in [11,13,19],
students found the content of online resources to be impersonal. Past research
has shown that young people are often overwhelmed by the number of mental
health resources available on the internet [3,20]. They often doubt the quality
of these resources [3,5,11–13]. And they have expressed a need for resources to
provide a proof of quality from universities, other institutions, mental health
professionals, etc. [5,20].

The inclusion of stakeholders (including users) in the development of an
online mental health intervention cannot be overstated. Input from stakehold-
ers like mental health professionals will help ensure that researchers develop a
clinically valid resource. A stamp of approval from mental health professionals
will also improve the credibility and validity of a resource. In addition, the par-
ticipation of target users in the development process will ensure that a resource
is tailored to their needs. It will also ensure that the resource is presented in a
way that is suitable for the target population.

4.6 Mobile Apps

Participants who mentioned using mental health apps appreciated having a sim-
ple app design and a few daily reminders. Past research has shown that ease of use
[21] and simple layout [19] are important factors for users of mental health apps.
In addition, research has also shown that frequent notifications and reminders
are barriers to the use of mental health apps [5]. Further, participants men-
tioned that mental health apps often involved a significant commitment, with
some participants noting that when they were feeling depressed/unmotivated
it was even harder to remember to use these resources. There is a need for
researchers/designers of mental health apps to strike a balance between encour-
aging users to engage with mental health apps when they need it the most and
burdening them with reminders. One possible solution could be letting users
choose if/when they want reminders following the installation of the app.

Although not limited only to mobile apps, participants appreciated being
able to access an app free of charge. Affordability of an app has been found to
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be a facilitator in the use of online support [5,20] while cost has been found to
be a barrier in the use of online support [19,21]. One possible solution could be
to include free content in a paid app so that users who cannot afford them still
have some support available. This is the approach taken by the mental health
app “Headspace”.

4.7 User Interface

The user interface of online resources was also important to participants, with
one participant noting that they stopped using an online resource because it
was ugly to look at. Past research has shown that a good user interface design
improves the likeability of an app [13] as well as increased its credibility [10,
20]. Researchers should not discount the value of good visual design as it may
determine if a student will use an online resource.

4.8 Learning Disability

Participants with learning disabilities found it difficult to use online resources;
one participant noted that reading/speaking over the phone was difficult for
them, and this made the use of online resources challenging. Another partici-
pant noted that the sudden update in the user interface in a mobile app, Dailio,
was so upsetting for them that they deleted it. Some people with learning disabil-
ities prefer to stick to a routine and find change unsettling. Veljanovska et al. [25]
provided guidelines for designing user interfaces for users with learning disabili-
ties. We have not found literature exploring how people with learning disabilities
interact with online mental health technologies, this is an area of research worth
exploring.

4.9 Usefulness Depends on Severity

Participants mentioned that although online resources were useful, this useful-
ness was dependent on the severity of their mental health difficulty. Past research
has shown that students doubt the efficacy of online resources in managing severe
mental health difficulties [10,13]. In this study, some participants noted that
online support was useful to them in urgent situations. Participants mentioned
the use of helplines when considering suicide, or using a meditation app when
feeling stressed. These situations are widely different and so is the form of online
support used. We believe that it is important to provide users with a range of
online supports according to the needs of users at any given point. For instance,
a mobile app that signposts its users to an emergency helpline.

4.10 Usage Patterns

Similar to previous research, we found that participants used online resources
for different reasons: to manage their mental health [13], for daily mental-health
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maintenance, to gain a self-diagnosis [5], to help a friend/family member [11,
12,20], and for mental health education [13]. In addition, participants indicated
that they used online resources because of a lack of face-to-face services during
the pandemic or because the COVID-19 pandemic improved their commitment
to using mental health apps.

We find that participants’ reasons for using online resources are closely
related to why they terminated their use of online resources. Participants who
used online resources to manage their mental health stopped when they felt
better. Also, participants who used online resources while waiting for a mental
health diagnosis stopped when they got a diagnosis.

Further, participants’ reasons for using online resources are also related to
their usage patterns. While some participants used online resources daily, others
used the resources when feeling stressed, anxious, or overwhelmed. Participants’
usage patterns, reasons for stopping and reasons for use are closely related.
These relationships provide valuable context and should not be ignored when
examining attrition rates of users in an online intervention. We recommend that
researchers/designers seek to understand the entire context of their users. This
will ensure that the effectiveness of an intervention and the level of user adher-
ence are measured accurately.

5 Conclusion and Key Lessons

In this study, we have explored students’ experiences with online mental health
support. We have found that students are open to the use of online support.
However, barriers like a lack of personalization, the content of these resources,
cost, and poor user interfaces limit their use of these resources. Conversely, we
found that students are more likely to use online resources when they were
recommended by a family member/friend, flexible and easily accessible, offered
community engagement, tailored to their needs, offered free of charge, and user-
friendly. It was also vital that the content was understandable, approachable and
reliable. Based on the results of this study, we have developed a set of lessons
that we believe researchers/designers in this area of research need to keep in
mind when designing online mental health support for students.

Key Lessons

1. Researchers should leverage multiple avenues to improve the visibility of
an online resource. These could include students’ social network, university,
social media, YouTube ads, etc.

2. Young people interact with online resources for different reasons, and they
face significant challenges in identifying what resource works for them. An
online resource should provide a clear description of the kind of support
it provides in order to help them make an appropriate choice quickly. In
addition, in the case where a resource addresses more than one need, the
design should make it easy for a user to navigate the different needs/features.
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3. Our study shows that students are open to online counselling, and
researchers should leverage this.

4. Students appreciated being able to complete online resources at their own
pace. Therefore, online resources should be designed with this preference in
mind.

5. While peer engagement is important to students, safety in online communi-
ties is just as important and should be ensured.

6. The content of online mental health support should be designed along with
students, to ensure that their needs are taken into account. In addition, the
design team should also include a mental health professional to ensure the
quality and credibility of the resource.

7. In cases where mobile apps require a fee, parts of the app should be
made available to users free of charge. Students have expressed frustration
attempting to interact with apps that they cannot access.

8. A good user interface in an online resource is very important to students.
This includes visual appeal and simplicity of design. In some cases, we found
that the user interface ranked higher in importance than the content. This
is because participants found it difficult to use a resource with a less than
optimal user interface.

9. Online resources should be made accessible to students with learning dis-
abilities

10. An online resource should provide help in a crisis, through signposting.
11. Usage patterns differ among users for varying reasons, it is important to

qualitatively explore how users interact with an online resource. This will
help interpret attrition rates more accurately.
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Abstract. Clinical depression reportedly affected about 3.8% of the population
worldwide in 2021. First-line treatments, such as medication and psychotherapy,
can be ineffective for several reasons; hence, computerized solutions have been
proposed as complementary aid tools. This paper presents Symphony, a mobile
casual game designed to aid individuals with mild to moderate-severe depression
symptoms. It exploits puzzle-solving, music-listening, and Cognitive Behavioral
Therapy to provide psychoeducation for improving mental well-being and mood,
and promoting cognitive stimulation. An iterative design approach was used, and
was tested by a sample of university students receiving psychological support (N=
8), who completed pre-and post-intervention questionnaires to assess the impact of
playing Symphony on their depressive symptomatology, mood, and also to gather
their perception of the game. Additionally, therapists’ informal comments and
observations were also collected. Results revealed that playing Symphony gener-
ated mostly positive affective responses and mood changes. Our study supports
the feasibility of using Symphony as an adjunctive treatment strategy to induce
positive changes in participants. However, further research is needed to validate
Symphony’s effectiveness and make it customizable to each individual.

Keywords: Depression ·Music ·Walking · Casual Games · Puzzles

1 Introduction

According to the World Health Organization (WHO), clinical depression was affecting
about 3.8% of the worldwide by September 2021 [1]. Depression is a clinical condition
defined as “a mental illness that causes feelings of sadness and loss of hope, changes
in sleeping and eating habits, loss of interest in your usual activities, and sometimes
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physical pains” [2]. Some other common symptoms are psychomotor impariment or
agitation, fatigue and loss of energy, decreased concentration and ability to think, mem-
ory difficulties, and, in some cases, suicidal ideation [3]. The most common intervention
for depression consists of antidepressants, psychotherapy, or both combined, being Cog-
nitive Behavioral Therapy (CBT) one of the most accepted psychotherapies [4, 5]. CBT
considers that depression is perpetuated by depressive affect and compromised func-
tioning due to “irrational beliefs toward the self, the environment and the future”, so
it is aimed at reducing depressive symptoms by reversing these attitudes and changing
maladaptive behaviors for more functional and positive beliefs [6]. Obstacles to treat-
ment, such as the lack of health professionals, and geographical limitations, have led
to proposing computerized interventions to increase adherence, including computerized
CBT, online interventions, and serious games [7–9].

According to the Mood Management Theory, highly absorbing media are generally
used for mood regulation, aimed at either maintaining a positive mood or changing a
negativemood [10]. Being video games among these absorbingmedia, Serrone proposed
that they interrupt cognitive rehearsal of the circumstances that triggered the negative
mood, providing individualswith a temporary positive relief that is important to dealwith
depression symptoms [11]. Most games aimed at Depression treatment in the literature
have been based on CBT and designed for children, adolescents, and/or young adults
[9, 12]. Among the best known in the literature we have gNAT Island [13], Journey to
the Wild Divine series (Wild Divine, 2001 - now Unyte Health: https://unyte.com/), and
SPARX/Rainbow SPARX [14]. gNATS island is a computer game aimed at adolescents
and to work together with face-to-face therapy [13]. The players are in a world full of
creatures that can sting them and cause them automatic negative thoughts, where they
will find characters that give them strategies on how to deal with such thoughts [12];
Journey to the Wild Divine is a series of adventure games available for PC and Mac that
use biofeedback software to reduce stress and learn to balance emotional responses [12];
SPARX is a fantasy roleplaying game aimed at teaching young people suffering from
depression how to deal with their condition [8]. The players control a character whose
mission is to restore balance in a fantasy world through problem-solving and shooting at
negative thoughts, and it has proven to be effective as a standard treatment in reducing
depression for children [8, 12].

However, these games might sometimes be challenging to find, costly, require spe-
cialized software (e.g., biofeedback software), and belong to a genre that requires cer-
tain regular commitment (e.g., roleplay). These are different from another type of video
game known as Casual Video Games (CVG), which are based on familiar game con-
cepts, played in a short time, quick to access, easy to learn, and with no regular time
commitment to play [15]. Russoniello et al. [15] performed studies using three CVGs:
Bejeweled 2 (a matching-sequencing game where the player string jewel-like objects
together in order to get points), Bookworm Adventures (a crossword/scrabble type of
puzzle game), and Peggle (pachinko/pinball type of game). Analyses in a first study
revealed that these three games decreased depression scores compared to control groups
[15]. A subsequent study aimed at studying whether a prescribed regime of CVG play
would have the same effects also showed significant reductions in depression symptoms
after playing one of these three games for at least 30 min, three times a week for a

https://unyte.com/
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month [16]. Further studies by Fish et al. also showed that the same prescribed regime
of CVGs using the same three games reduced anxiety symptoms in a population suf-
fering from depression [17]. In fact, it has been suggested that playing puzzle video
games improves the player’s mood by promoting relaxation and reducing anxiety as
they are more rewarding and less frustrating than other genres [18]. Overall, out of the
three CVGs mentioned above, at least two can be clearly classified as puzzle games,
supporting their use for mood regulation purposes.

Another highly absorbing media widely used for emotion and mood regulation is
listening to music [19]. Research has demonstrated that young people are more likely to
recur to this media and withdraw from social activities whenever they are in a negative
mood. This is marked in cases of clinical depression, usually leading to an emotional
dependency on music [20]. Research suggests that most young individuals who suffer
from depression had, at some point, listening behaviors that showed limited awareness
when it came to their music choices, with frequent negative results, until they were made
aware of the consequences of their habits [20]. A study by Stewart suggests that the most
common strategies used to manage negative mood can be reduced into two: 1) selecting
music that differs from the negative emotion, and 2) selecting music that mirrors the
negative emotion felt. The first strategy is usually aimed at distracting or hiding the
undesired feeling [19, 20], providing a short-term relief that can benefit individuals with
depression since it reduces the time ruminating on negative events [20]. The second
strategy is reportedly the most used to deal with negative emotions, with some using it to
gradually change to more positive music. According to the author, this strategy produces
more long-lasting results in mood repair [20].

Physical activity also plays a role in the management of depression symptoms. De-
motivation, low mood, and fatigue are common symptoms of depression that lead to a
lack of exercise and can result in physical comorbidities such as cardiovascular diseases
[21]. Studies suggest that the effects of exercise are similar to those of psychotherapy
[21]. Another aspect to keep in mind is the type, intensity and frequency of exercise:
even though it seems vigorous exercise has greater effects on depression, some evidence
suggests that self-selection of exercise intensity is optimal and successful in depressed
individuals [21]. Moreover, a study on the preferred activities for exercise-based depres-
sion programs showed that walking is the most preferred activity (followed by weight-
lifting, yoga, and dancing), with most participants preferring sessions of 30–60 min
that occurred multiple times a week, which were provided at home and individually
[22]. Even though there are not any specific guidelines regarding the number of steps
depressed individuals should walk a day, research by Tudor-Locke and colleagues esti-
mates that healthy adults can take approximately 4,000 and 18,00 steps a day, being
100,000 steps/day a reasonable target [23].

Building on the existing evidence, we designed Symphony, a mobile video game
aimed at supporting young adults with depression symptoms who might not have imme-
diate access to psychological treatment. It is aimed at providing psychoeducation and
symptom relief without the presence of a therapist. We opted for a CVG design as it
does not require a regular commitment, can be played in short periods, and is easy to
learn. Based on the fact that the CVGs that showed negative mood, depression, and
anxiety levels reduction were puzzle-like, we also opted to use puzzles. Considering
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that depression is usually characterized by cognitive impairment, we have decided to
include two specific puzzle games: mazes and nonograms, as they are both characterized
by their cognitive stimulation potential. The evidence in the literature on the common
use of music for emotional regulation, and the need to increase awareness of the strong
influence our music choices can have on our mood, led us to include a mini-game we
will refer to as Emotion Identification and Regulation game (EIRg), aimed at showing
how our music selection can improve, or worsen, a character’s mood while giving tips
on how to select music appropriately based on the found literature: emphasizing the
benefits of either using music that differs from or that mirrors the negative mood but in
less intensity, and the drawbacks of using songs mirroring the negative mood to intensify
it. Furthermore, considering that lack of activity and exercise is a common symptom in
depressed individuals, we included walking as a necessary activity to gain access to
the different chapters of the game. Finally, further psychoeducation on strategies for
improving mental well-being is given through the game’s narrative and mission. Sym-
phony was developed through an iterative design approach involving 21 participants,
whose prototype was finally tested by 8 volunteers from the target population.

2 Materials and Methods

2.1 Iterative Design Process

We developed the prototype of game called Symphony, a casual video game to aid young
adults (18–30 YO) with minimal to moderately severe depression symptoms. We used
an iterative design approach that included the following steps:

Input from Therapists. Aimed at gathering information on what a proposal of this
nature should consider, 3 therapists (female, 30–45YO, 12–23 years of experience) from
the University of Madeira’s Psychology Service (UMaPS) provided a written document
with the most important aspects to consider for our design, such as encouraging the
person to share healthy and pleasurable activities (e.g. do exercise), have supportive
relationships, exposure to the sun and nature, minimizing stress, maximizing relaxation,
and developing emotion regulation strategies.

Gathering Video Game Preferences of the Target Population. Aimed at under-
standing the gaming profile of young adults with depression symptoms, a sample of
9 patients of the UMaPS (3 females, 18–28 YO) volunteered and filled in a question-
naire on “The use ofVideoGames byYoungAdults”. All participants signed an Informed
Consent and completed the PHQ-9 questionnaire to make sure they met the criteria for
mild to moderate levels of depression symptoms (a score of 5 points or above). 78%
played video games, all played at home in their free time for relaxing. 44% reported
playing for up to one hour a day and 33.3% for about 1–2 h. 55.6% reportedly liked
puzzle games or games played online with others, 55.5% put on some of their ownmusic
while playing, and 33.3% of participants reported listening to video game music all the
time. Overall, we can conclude that a game to be played in their free time, for up to 1
h a day, with relaxation purposes would be acceptable for this population. Furthermore,
puzzle games are among the most liked genres, suggesting their acceptability. Finally, a
game that allowed them to use music of their own selection is likely to be well received.
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Designing Puzzles. A set of mazes and nonograms with different configurations were
tested by 2 participants (1 female, 30 and 45 YO). Paper versions of 10 × 10 and 15 ×
15, with and without checkpoints to reach, and nonograms 10 × 10 and 15 × 15 were
tested. Based on observations and the participants’ oral feedback, 15 × 15 mazes with
checkpoints and 10 × 10 nonograms were selected to be implemented in Symphony.

Assessing the Emotional Content of Popular Songs. Because depressed individuals
are normally unsuccessful when selecting music that helps them improve their mental
state, we decided to work with a list of popular songs instead of their own selection for
this pilot. Hence, we aimed at classifying these songs in terms of emotion recognition
and intensity, it had two phases:

Classifying Valence. 15 participants (8 female, 18–40YO),with each song evaluated by
6. They were asked to listen to the excerpts of about 100 songs through a set of speakers
and point at a smiley that better represented the song, and classify them within the six
basic emotions proposed by Paul Ekman: Joy/Happiness, Sadness, Disgust, Anger, Fear,
and Surprise [24]. 82 of the tested songs showed consistent ratings among participants
and were selected as follows: Joy/Happiness (34 songs), Sadness (20 songs), Anger (11
songs), and Fear (7 songs).

Classifying Intensity. Subsequently, 11 participants (7 female, 20–40 YO) were given
the list of 82 songs with the classification given in the previous phase, and empty boxes
corresponding to three levels of intensity: light, medium, and strong. They were asked
to listen to the excerpts of each song through headphones and tick one of the three
levels based on how intense they perceived the emotion each song had been classified
as. 78 songs showed consistent ratings and were finally selected to be implemented in
Symphony.

Observations on Uses of Music for Mood regulation. Aimed at comparing the
music selection strategies used by the general population with the literature, 6 par-
ticipants (2 females, 24–40 YO) participated in this study. A song of negative valence
was played, and participants were asked to pick a song out of four options with positive
valence for improving the negative mood. Results showed that facing sadness, looking
for a boost to leave the negative state (contrasting) was preferred; facing fear, choosing
something that inspired calm, no worries, and tranquility was a tendency; and when
facing anger, making anger diminish without creating big contrast (gradual reduction)
was a tendency.

Low-fidelity Prototype: Story and Game Mechanics. Aimed at confirming whether
the psychoeducational message was perceived and story-mechanics-gameplay were
balanced, we tested a low-fidelity prototype in two phases:

Therapists. 3 therapists from the UMaPS (female, 30–45 YO) enacted playing using a
paper prototype of the game and existing puzzle apps. Notes from observations were
taken, and the therapists gave oral feedback. Positive feedback included walking, the
mini-games and the well-structured narrative. Recommendations included adding back-
ground music and a ‘skip dialogue’. Based on the observations, mazes of up to 15 × 15
and 10 × 10 nonograms were considered ideal.
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General Population. 7 participants (3 female, 24–43 YO) followed the same proce-
dure. Among positive feedback was the connection between story-mechanics-gameplay,
the possibility of listening to enjoyable music, cognitive stimulation, and how walking
reflects in the game. Changes recommended were reducing the narrative complexity and
adding puzzle tutorials. Observations showed that a ‘back dialogue’ button would be a
good addition.

High-fidelity Prototype: Usability Test. 5 participants from the general population (3
females, 25–27 YO) filled in an Informed Consent, and an Adapted Game Experience
Questionnaire inspired by IJsselsteijn and colleagues’ Game Experience Questionnaire
[25]. Results showed appreciation for the game’s story and aesthetics, the puzzles (espe-
cially mazes), music mirroring and contrasting songs, and the encouragement to go
outside for a walk. Changes recommended were improving the game dynamics of the
EIRg, the number of steps, and bringing more variety of tasks.

2.2 Implementation

Based on the participatory and iterative process outlined above, we developed Symphony
using Unity Software (version 2019.4.1f1) [26]. Psychoeducation on strategies to tackle
depression symptoms was implemented mainly through the story, making the goal of the
game to restore four relics that represent four important principles to maintain a healthy
mind: Nature, Friendship, Resilience, and Creativity (Fig. 1.a), and the environment
improves as these are collected. For this, they need to rescue the Guardians (embodied
healthy thoughts and emotions) (Fig. 1.c) who are trapped in a negative mood and avoid
or neutralize Voids (embodied negative thoughts and emotions) (Fig. 1.d). To move
throughout the world and set the Guardians free, the player has to cross mazes (Fig. 1.f)
and solve nonograms (Fig. 1.e), activities that the literature suggests help with mood
improvement and gradually increase in difficulty.

To provide psychoeducation on the effect of music-listening behaviors on mood, the
Guardian is represented with a negative mood in the EIRg, and the players have to try
to improve their mood by following tips given when selecting appropriate songs from a
provided set, and avoiding songs that might negatively affect the Guardian (Fig. 1.b). To
access each chapter of the game, the participant needs to select an intensity of exercise
(low, medium, high), and a battery will give feedback on the steps walked (Fig. 1.g).
Depending on the participant’s play and walking rhythm, they were to dedicate approx-
imately 5–30 min a day to cross the mazes, 5–10 min to solve the nonograms, and 5–10
min to complete the EIRg. Also, the number of steps and corresponding time taken per
day varied according to the player’s choice on exercise intensity: low (2000 steps/15 min
per day), medium (4000 steps/30 min per day), and high (6000 steps/45 min per day).
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Fig. 1. Screenshots from Symphony: a. Screenshot of the Self-Knowledge Mechanisms with the
collected relics; b. Screenshot of the Emotion Identification and Regulation game; c. Screen-
shot/Detail of two Guardians; d. Screenshot/Detail of a Void; e. Screenshot of one of the
nonograms; f. Screenshot of one of the mazes; g. Screenshot of the screen to select exercise
intensity.

2.3 Measures

Data was collected through a self-reporting questionnaire delivered online, developed
using Google Forms, and disseminated by the UMaPS therapists amongst patients who
volunteered for the study and met the inclusion criteria. The questionnaire included:

Informed Consent. They agreed to participate and to the anonymous use of the
data collected. Only after this verification, participants had access to the following
questionnaires.
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Demographic and Player Profile Questionnaire. It was aimed at getting basic infor-
mation about the participants and characterizing this sample in terms of their video
game experience, preferences, and routines. Composed of 11 items, the participants
were required to give socio-demographic information, such as their age and degree, and
provide information about their profile as video game players, such as how frequently
they played and their favorite types of games.

The Patient Health Questionnaire (PHQ-9)’s Depression Module (Monteiro et al.,
2019). It was used to determine whether the sample met the inclusion criteria of a
minimum of mild depression symptoms and changes between the baseline and post-
intervention levels of depressive symptomatology. The Portuguese version of this instru-
ment is composed of 9 items and uses a 4-point Likert scale (0–3) to measure depression
severity based on the 9 DSM criteria. The results are interpreted as follows: 0–4= none;
5–9 = mild depression; 10–14 = moderate depression; 15–19 = moderately severe
depression; and 20–27 = severe depression. Both the original and Portuguese versions
of the PHQ-9 have shown test-retest reliability. Further, the Portuguese version has
been determined to have a strong construct validity in assessing depression in university
students [27].

ThePositive andNegativeAffect Schedule (PANAS) (CostaGalinha&Pais-Ribeiro,
2005). It was used for determining both the baseline and after-intervention levels of
positive and negative affect. The Portuguese version of this instrument is composed of
20 emotions distributed in two subscales: 10 items for positive affect and 10 items for
negative affect. It uses a Likert scale (1–5) to assess positive and negative affect. Ideally,
the sum of all items on the positive affect subscale should be greater than 30, and all
items on the negative affect subscale should sum up to less than 20. Both the original
and Portuguese versions have proven to have good internal reliability [28].

Adapted Game Experience Questionnaire (GEQ). It was used to collect information
on the game experience as a whole and the mini-games (mazes, nonograms, and EIRg),
being most of the items inspired by IJsselsteijn and colleagues’ Game Experience Ques-
tionnaire [25],marked from0 (Not at all) to 4 (Extremely). It also includedopenquestions
aimed at collecting their opinions on what the game was about, the role of music in the
game, strategies used during the game, and what they liked the most or least. Since it
was primarily used to collect qualitative data not destined for systematic analysis, no
scoring system was applied.

2.4 Sample

This was a within-group experiment with a convenience sample composed of university
students receiving support at the UMaPS that met the following inclusion criteria: being
at or over 18 years of age, and scoring a minimum of 5 points in the PHQ-9. A total
of 8 people participated in this study, all students (5 women, 1 undisclosed gender;
20–28 YO, M = 22.63; SD = 2.77) from different areas of knowledge. The initial
screening resulted in 2 participants with mild depression symptoms (P3 and P7), 3
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with moderate depression symptoms (P1, P2, and P5), and 3 with moderately severe
depression symptoms (P4, P6, andP8). 3 participants (P1, P2, andP8) reportedly received
external psychiatric support during the study for other comorbidities. One participant
(P1)was reported as being through a complicated situation during the experiment and had
recently started takingmedication, and another participant (P4) happened to havefinished
his/her university evaluations when the experiment started. Baseline data revealed that
100% of the participants showed lower than average Positive Affect scores (<30) that
ranged from 10 to 25; 75% (P2, P3, P4, P6, and P8) had higher than average Negative
Affect scores (>20) that ranged from 22 to 34, while 25% of participants (P1, and P7)
had lower than average Negative Affect scores.

2.5 Procedure

This research was conducted in accordance with the Declaration of Helsinki as revised
in 2013. Due to health and safety measures demanded by the Covid-19 pandemic, all
contact with the participants took place online, in Portuguese, and with the therapists
from the UMaPS as intermediaries. First, the Google Forms questionnaire was sent
to participants. A researcher was made available through e-mail for any difficulties
they would encounter with the game and was reminded to recur to the UMaPS for
any psychological and/or emotional support they needed. Once the participants gave
their consent, they answered the Demographics and Player Profile, the PHQ-9, and the
PANAS questionnaires. Following this, they were instructed to download the game on
their mobile phones. Even though CVGs aim to be played at the individual’s rhythm,
participants were instructed to play 1 chapter per day (5 days in total) but were given
7 days to complete it for research control purposes. After completing the game, they
completed the PHQ-9, the PANAS, and our adaptation of the GEQ.

2.6 Statistical Analyses

Data analysis was performed using IBM SPSS Statistics for Windows, version 26.023
[29]. Due to the ordinal nature of our data, we performed non-parametric analyses,
more specifically the Wilcoxon signed-rank test, to evaluate pre- to post-intervention
differences in depressive symptomatology, positive affect, and negative affect, with a
significance level of 5%. Pearson’s r was used to determine effect size.

3 Results

3.1 Game Experience Assessment

All of the participants finished the intervention within the given time frame of 5 to
7 days. The GEQ was used to assess the game experience of Symphony as a whole
and for each of the mini-games (mazes, nonograms, EIRg). Regarding Symphony as a
whole, they reported being interested in the story (Mdn = 2.5), while they felt it was
not difficult or required much effort (Mdn = 1). Regarding the mazes, participants did
not feel challenged (Mdn = 1) and were frustrated and bored (Mdn = 1). Nonograms
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elicited positive feelings (Mdn = 3) and made them feel skillful and challenged (Mdn
= 3). Regarding the EIRg, participants reported not being challenged (Mdn = 0) and
being tiresome (Mdn= 3) but at the same time made them feel good (Mdn= 2). Overall
ratings after playing the game were reasonably neutral for items such as satisfaction,
exhaustion, or pride (Mdn= 2). Notably, Symphony scored low on bad feeling elicitation
(Mdn = 1).

Information collected from the open questions indicated that most players under-
stood the gamewas aboutmusic, emotions, and emotional regulation, and alsomentioned
self-knowledge and cognitive stimulation. The role of music was mostly perceived as a
contributor to our well-being, provoker of diverse emotional reactions, and make players
know how to use them for emotional regulation. The nonograms were the most liked
features, regulation of emotions, and the background music from the puzzles second;
25% of participants also mentioned walking and choosing their objectives as a liked
feature. Consistent with the GEQ data, what was liked the least was the Emotion Iden-
tification and regulation game, more specifically, the objective and strategies not being
clear enough and the little variety of emotions. When asked, on a scale of 1 to 4, to what
extent this game might influence their future daily behavior, the median value was 2.
Finally, some technical issues were mentioned, such as small collision boxes, NPC’s AI,
slow loading, low responsiveness of some elements to touch, and device overheating.

3.2 Baseline to Post Experiment Changes

In this pilot intervention to assess the feasibility of Symphony as a tool to alleviate
depression symptoms through gameplay, we compared PHQ-9 and PANAS data before
and after playing the game, using both individual scores and statistical analyses (Table 1).
The PHQ-9 scores revealed overall improvements, with a median reduction of 3 points
after the intervention: 50% of the participants (P3-P6) showed reductions in depression
scores that ranged from 1 to 4 points, 12.5% (P7) showed no changes, and the remaining
37.5% (P1, P2, and P8) had a mild increase in depression scores that ranged from 1 to
2 points. Overall, 50% of participants (P2, P3, P7, and P8) remained within their pre-
intervention ranks of depression levels, 37.5% (P4-P5, and P6) reduced in their ranks of
depression levels, while only 12.5% (P1) showed a mild increase in his/her depression
level rank. Although we identified a decrease, the statistical analysis indicated that the
differences in levels of depression symptoms obtained from the PHQ-9 before (Mdn =
13.00; SD = 3.82; IQR = 6.25) and after the experiment (Mdn = 10.00; SD = 4.44;
IQR = 7.75) were not statistically significant.

Consistent with the PHQ-9 data, the PANAS questionnaire revealed an overall
median increase of 2 points on the Positive Affect score and a reduction of 5 points
on the Negative Affect score. Regarding the Positive Affect subscale, 75% of partic-
ipants (P1, P3-P6, and P8) showed improvements in their scores ranging from 1 to 7
points, while 25% (P2 and P7) showed reductions of 1 point. On the other hand, on the
Negative Affect subscale, 50% (P3-P6) showed a decrease in their scores ranging from
2 to 17 points, while the other 50% (P1, P2, P7 and P8) showed an increase ranging from
1 to 4 points. Overall, 100% of participants continued with lower-than-average Positive
Affect scores after the intervention, but the Negative Affect scores of 62,5% (P3-P7)
dropped below the average, with 35.5% (P1, P2, and P8) maintaining an above-average



A Pilot Study to Evaluate the Feasibility of a Science-Based Game 157

Negative Affect score. Statistical analyses of both subscales of the PANAS were also
made: changes in the Positive Affect subscale showed statistically significant differences
before (Mdn= 20.00; SD= 4.37; IQR= 3.50) and after the experiment (Mdn= 22.00;
SD = 4.81; IQR = 6.25), with a T = 32.00, p = 0.049, and r = 0.697. There were no
statistically significant changes in the Negative Affect subscale before (Mdn = 23.00;
SD = 5.44; IQR = 5.00) and after the experiment (Mdn = 18.00; SD = 5.45; IQR =
9.00).

Table 1. Individual scores for the PHQ-9 and PANAS pre- and post-intervention.

P# Age Sex PHQ-9
before

PHQ-9
after

PANAS
POS
before

PANAS POS
after

PANAS NEG
before

PANAS NEG
after

1 21 N/I 13 15 21 22 19 23

2 21 F 11 12 19 18 23 27

3 25 F 8 7 21 25 23 17

4 21 M 15 8 10 13 22 11

5 24 M 13 7 18 20 24 19

6 20 F 16 14 22 29 34 17

7 21 F 5 5 25 24 15 16

8 28 F 15 17 19 22 25 26

M = 22.6 - - - - - - -

Mdn = - - 13 10 20 22 23 18

4 Discussion

The deployment of Symphony was successful in terms of adherence, with 100% of the
participants finishing the intervention. No statistically significant changes were neither
expected nor found in terms of depression levels reduction due to the reduced sample size
(n = 8) and the length of the intervention (1 week). Regardless, median and individual
scores reflected improvements in half of the sample and relative stability in others. It is
worth mentioning that the 3 participants (P1, P2, and P8) who showed a slight increase
in symptoms were receiving external psychiatric support for other comorbidities. P1,
in particular, was reportedly going through a very difficult situation in his/her life and
had started taking medication by the time of his/her participation. All of these factors
may have affected the results of an experience that could have otherwise helped them
improve or remain stable. Let us also consider that P4, who showed dramatic reduc-
tions in depression levels, finished his university evaluations while participating in the
intervention, a factor that may have influenced such results.

The statistically significant increase in Positive Affect suggests that a multicompo-
nent CVG like Symphonymay be effective formood improvement, providing a small but
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significant relief for depressed individuals. Further, despite not being statistically sig-
nificant, individual reductions in Negative Affect in most participants may once again
suggest that it has potential as a tool for mood management. Overall, these results seem
to support the viability of our approach, and the need for further research and to extend
the current study.

As a multicomponent tool, we cannot determine precisely which elements of Sym-
phony worked the best or the worst, and which ones had the greatest or lowest influence
on the results. However, data on their game experience may give us some helpful insight
on what was appreciated about the game and what could be improved, data that we
consider useful to inform future designs of mobile CVGs to aid individuals suffering
from depression. For instance, feedback revealed that the participants appreciated the
narrative and did not find the game required too much effort. The added exercise factor
was highly appreciated, and according to the feedback from one of the therapists, it
might be even more beneficial if it can be adapted to the player’s daily routine. This
suggests that not only adding the exercise factor to a mobile game is feasible, but it has
good acceptability among depressed individuals.

Feedback also revealed that some mini-games could be improved and made more
challenging, highlighting the importance of achieving ideal levels of challenge. We
speculate that allowing the player to select the level of difficulty they would like to app-
roach the mini-games in each chapter would be beneficial for a population of depressed
individuals, whose fluctuations in mood and self-confidence can strongly affect their
performance facing different degrees of challenge and, subsequently, their perception
and enjoyability of the game.

Further, the participants’ feedback regarding music’s role as a contributor to our
mental well-being suggests that the EIRg’s psychoeducational purpose was met. How-
ever, it needs further development in mechanics and playability, as it scored the lowest
in enjoyability and challenge. Improvements might include the use of music they listen
to every day. A video game that teaches emotion regulation strategies and obliges the
player to apply this knowledge both in the game and the real world could have much
more impact because they are learning through doing. Overall, results suggest that Sym-
phony managed to provide relief to some participants, which is meaningful in cases of
depression.

This research has some limitations that need to be considered. First, our sample was
quite small and not very varied, which makes these results preliminary only. Another
one is the casual nature of this type of game: it is designed to be played in the player’s
own private space, on their own devices, without external supervision, and out of the
controlled environment of a lab. This means that we rely on the participants’ reports,
as we could not monitor whether they followed the instructions of playing one chapter
per day, or if they walked all the steps required, as a step-meter can be easily tricked.
Further, as a CVG, it is supposed to be played at the participant’s own pace and whenever
they feel like it. Hence, the fact that they were instructed to play one chapter a day
systematically and were given a time limit to complete the game may have affected the
results. Another considerable limitation is the fact that we mainly used self-reporting
psychometric measures, so the risk of biased answers is always present.



A Pilot Study to Evaluate the Feasibility of a Science-Based Game 159

Much work can be done to determine what aspects of Symphony work the best,
how to improve it and explore other research methodologies to test their efficacy. As a
CVG, we aimed at testing the mobile video game in its ‘natural environment’; in other
words, in the comfort of their homes, or while on a walk in the park rather than in a lab
or wired to any instruments. However, complementing the self-reporting psychometric
tests with measures such as heart rate would be helpful in strengthening the evidence.
We also believe that it would be useful to carry out studies focused on each mini-game
that makes up Symphony (mazes, nonograms, and EIRg), not only to determine which
of them might have a greater influence on mood improvement, but also to find their
flaws and make them better games. This would be especially beneficial for the EIR
game; to our knowledge, there are no references to game mechanics that use popular
music selection for emotional regulation. Thismini-game could be improved by, not only
providing psychoeducation, but also a relaxing and engaging gameplay experience, and
this requires testing feasible mechanics.

Furthermore, Symphony was not used here in conjunction with therapeutic sessions,
which the literature has shown to be feasible and successful at reducing symptoms of
depression and anxiety. Thus, it would be interesting to compare the independent use
of Symphony by affected individuals against its prescribed use as part of a therapeutic
program. Moreover, even though results show short-term improvements in the partici-
pants’ mood, we could not carry out long-term studies that allow us to measure whether
these improvements would be sustained over time and to see whether playing the game
brings, or not, any behavioral changes in the long term. Finally, this study would ben-
efit from being extended to a larger population, and future adaptations to the personal
characteristics of each participant.

5 Conclusion

The results show that Symphony is feasible and can be a valuable tool to provide psy-
choeducation andmood relief to individuals withmild-to-moderate symptoms of clinical
depression. Results might suggest that puzzle-solving tasks can provide relaxation while
cognitively stimulating users. Also, adding physical activity to amobile game has proven
feasible, positive, and can be well received by the players. However, research on how
to aid clinically depressed individuals adaptively using their personal music selection
through gameplaymust continue, preferablywith larger samples. The use ofmusic in this
game had mainly psychoeducational purposes, but the field would benefit from future
studies on game mechanics that allow depressed individuals to use their own music
selection to train their mood regulation skills in a motivating, challenging, and engaging
environment.
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Abstract. The phenomenon of aging, which has become more prevalent in our
society in recent decades, has raised a number of concerns about the well-being
of the elderly. Studies show that a significant percentage of retired seniors suffer
from depression as a result of inactivity and a poor social environment. In order
to provide seniors an opportunity to reintegrate into a healthy work environment,
a knowledge transfer platform was created, with the goal of allowing seniors
to share their knowledge with organizations that required the experience of a
specialist. The paper presents a hybrid system that can recommend mentors for
a certain assignment to companies, based on their abilities. Using AI agents, a
combination of a matchmaking system and a collaborative filter calculates the
similarity between the corporate profile and candidate profiles. The functionality
of the system has been tested on different scenarios.

Keywords: Active Ageing · Knowledge Transfer · Recommendation System ·
Matchmaking System · Machine Learning · Semantic Similarity

1 Introduction

Over the centuries our society has grown as a result of human involvement, the purpose
towards which this evolution tends, being that of providing an adequate level for living,
regardless of ethnicity, gender or age. Based on this idea, many studies have been made,
to observe and analyze the life of the elderly, considering that the standard of living
has increased significantly in the last decades. The World Health Organization (WHO)
states in [1] that the phenomenon of rising life expectancy would result in fast ageing
populations all around the world, including in areas with a young population structure.
They estimate that the category of people over 60 years will increase from 46 million in
2015 to 147 million in 2050.

One of themajor concerns regarding aging is the psychological condition, depression
being often met on older adults. To prevent this medical illness, many studies [2, 3] have
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been made, which demonstrated how important is to offer out elderly people social
support, integrating them in all aspects of society.

In order to provide this support, many projects were developed, some of them
being focused on reintegrating the seniors into the work environment, giving them the
opportunity to share their knowledge.

There are various on-line platforms dedicated to helping older people discover jobs
that suit their needs, but the problem is that these sites follow the same basics and struc-
tures as all other job search sites. The weakness of this classic approaches consists in the
fact that they don’t provide an environment friendly to seniors. Besides the complicated
interfaces, these sites are created to offer a normal job (full-time/part-time), neglect-
ing the possibility of mentoring for a specific project or a single task or a system for
exchange of knowledge. Furthermore, the recommendation systems for these types of
sites offers recommendations to seniors, which means that seniors must choose the best
alternative for them from a long list of work opportunities, making the entire process
time-consuming.

The recommendation systems used for job search sites are varied and include systems
like [4], where the recommendation for a job is made based on a favorite list, created by
the searcher. When the list is formed, the algorithm recommends jobs that are similar
with those from favorite list. Another approach [5] use convolutional Neural Network
(CNN) to extract and match the words from skills section, to recommend a job. The
authors of [6] used Word2Vec to calculate the similarity between a candidate for a job
and a company based on different elements such as: skills, experience, designation,
distance and progress.

In [7] the authors purpose a recommendation system for knowledge transfer platform,
which wants to bring together the young and the older generation, the first category,
benefiting from the knowledge and experience of the latter one. The recommendation
system has the role to bring in contact the mentor (person who has an expertise in a
domain) and mentee (person who benefits by the mentor knowledge). The suggested
system is based on the history of user, one of suggested approaches being that of using
machine learning algorithms to recommend a person based on previous needs of a
mentee.

The WisdomOfAge platform was presented in [8], where the authors provide an
excellent perspective on a very suitable architecture for senior people. The platform
is developed as a knowledge transfer platform, which brings together companies and
mentors from the engineering sector. In this way the companies having the possibility
to work with specialists in certain domains, and the mentors having the possibility to
share their experience. The WisdomOfAge motto and goal is presented on the front-end
interface as in Fig. 1.



164 G. Rus et al.

Fig. 1. Interface of WisdomOfAge platform.

The aim of this paper is to provide a hybrid system for the WisdomofAge platform,
composed of a recommendation system and matchmaking system, using machine learn-
ing (ML) algorithms, to recommend a mentor (senior) to a mentee (company). This
system will take into consideration aspects such as skills, descriptions, and the choices
of other companies from a similar field, to recommend the best candidates for a task
or a project. This approach is focused on the comfort of seniors, who can avoid the
employment search, since the recommendation is for mentees, who will contact the
mentor.

The paper is organized as follows: Sect. 2 makes an in-depth an analysis of the exist-
ing recommendations systems, Sect. 3 illustrates the architecture of the proposed recom-
mendation system, followed by Sect. 4 where the matchmaking system was tested based
on different scenarios. Section 5 summarizes the work and presents the conclusions.

2 Critical Analysis of the Current Recommendation Algorithms

Recommendation systems are designed to offer the best option for a person based on
different features like behavior, interests, or similaritieswith other profiles.Because these
systems are developed to create recommendation based on profile specifications, they
can be implemented in various domains, being often used to suggest movies or music,
to help consumers on shopping sites or to recommend jobs, on jobs search websites.
Considering the sector for which the recommendation is made, these systems can be
approached considering three recommendation techniques.
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2.1 Content Based (CB)

As can be seen in Fig. 2 Content Based (CB) recommendation is focused on the interests
of the person. This type of system, like the one described in [4], identifies characteristics
that are reflective of a profile and then suggests material based on those characteristics.
The benefit of this method is that it is person-oriented, with suggested content based
on his tastes and what that individual like or dislikes. However, these systems have the
problem of requiring a large amount of data for training.

Fig. 2. Schematic representation of Content Based system

2.2 Collaborative Filter (CF)

This type of system is based on similarities between persons and their previous choices,
as shown in Fig. 3. Based on the assumption that people with similar profiles have
similar interests, these algorithms try to figure out what similar users might like, making
recommendations based on cluster preferences, where a cluster can be a collection of
people with similar wishes. An example of using collaborative filter in job search sites
can be seen here [9], where the authors proposed a collaborative filter algorithm to
support the recruiter in the final decision. Compared with content-based recommender,
these algorithms have the advantages to be more tender, helping the users to discover
a new interest. However, these algorithms present weaknesses such as the cold-start
problem, which is caused by the system’s inability to handle elements that were not seen
during the training phase.
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Fig. 3. Schematic representation of a Collaborative Filter

2.3 Hybrid Recommendation

Combining characteristics from both Content Based Recommender and Collaborative
Filtering, Hybrid Recommender represent a viable choice for jobs search sites. Based
on the different kinds of approaches, there are several types of hybrid recommenders:

a) Weighted: In this configuration, the system takes outputs from both CF and CB and
combine the scores to produce a single recommendation.

b) Cascade: This type of hybrid recommendation system uses a system for a prelim-
inary recommendation, and another system to adjust and resolve issues of the first
result.

c) Switching: The system is built to switch between systems depending on dataset in
order to provide the best output.

d) Mixed: This approach is ideal for extensive number of recommendations because
this technique uses both CB and CF simultaneously, combining at the end the results
and producing a single recommendation.

e) Feature combination: In Combination Features system the collaborative system is
used to provide additional feature data, the data being associated with examples and
Content Based system use this augmented data to make the final prediction.

f) Feature augmentation: One of the systems is used to produce a rating or a
classification and this output is used in the main recommendation system.

g) Meta-Level:Being very similar to feature augmentation, this technique uses amodel
generated by one system, as an input for the other one. The difference is the output
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from first system. In the first case a learned model generates features as input for the
second one, in Meta-level, a whole model is used as input [10].

3 Recommendation System Implementation

As the previous section shows, there are many techniques that can be used to build a rec-
ommender system, dependingon the task. Toprovide a friendly platform for older people,
a highly adaptive recommendation system is essential [11]. Because the traditional rec-
ommendation systems have weakness, a new approachwas adopted, and a hybrid system
consisting of a matchmaking system and a collaborative filter was developed.

As previously illustrated, one of the disadvantages of traditional job search sites is
that candidates for a job or a task must search through a large list of positions to find the
right one, this process being time consuming. Even while this method works for a certain
group of individuals, it could be exhausting for an elderly person who wants to work for
pleasure and does not want to waste time searching. To do so, this system will send an
email to the company recommending a good applicant, and a representative person from
that organization will choose and contact the individual considered to be the best fit for
the task of company. As a result, the mentor is relieved of additional responsibilities.

The recommendation structure for WisdomOfAge platform have two main compo-
nents: the matchmaking system and the recommendation system, shown in Fig. 4

Fig. 4. Schematic representation of the hybrid system

The matchmaking system is composed of two similarity algorithms. Similarity algo-
rithms are used to calculate the similarity between the keywords of the mentor and the
keywords of the company, as well as the similarity between the description of the mentor
and the description of the company. Based on that concept, the end result is a combination
of these two similarities, with the highest-scoring individuals being the best prospects
for the mission of the company. This result is checked by a human agent and after that,
is sent to the company.
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A collaborative filtering is utilized in addition to recommend mentors who were
suited for companies located in the same sector, in order to gain a big and diverse
viewpoint of candidates. The recommendation is based on the industry in which the
company operates, as well as the ratings of the candidates who have worked with the
company.

3.1 Matchmaking System

The role of the matchmaking system, as shown in the diagram from Fig. 4, is to match
the company with the mentor based on the similarity degree between their profiles. To
do this, two aspects were addressed: the keywords and the description. Both are required
in the preliminary phase, when the mentor is setting up his profile, and the company sets
its own requirements. The similarity is calculated using semantic similarity algorithms.
Word2Vec algorithm has been used to calculate the similarity between keywords and
the BERT NLP sentence similarity algorithm was used to calculate similarity between
descriptions.

a) Word2Vec Algorithm
Although many algorithms for similarity were studied, Word2Vec algorithm

turned out to be the best option for this task, being capable to compute semantic
similarity between words, based on the information from training phase.

This algorithm is a trivial neural network, with just two layers, capable to recon-
struct a contextual environment for words based on what was learned in training.
The training phase was performed using large corpus of words, where each word
receives a corresponding vector, known as word embeddings, also. The totality of
these vectors produces a vector space with multiple dimensions, where each unique
word represents a vector in the space. Based on the idea that words from a similar
context will be placed one in the vicinity of the other, a semantic similarity between
them can be calculated. A very common method to calculate the similarity between
two vectors is represent by Cosine Similarity.

The cosine similarity method it’s based on the known facts that cos(0°) = 1,
cos(90°) = 0 and 0 ≤ cos(θ) ≤ 1, which leads to the following formula to calculate
the similarity between two vectors:

cos(θ) = A × B

‖A‖ × ‖B‖ (1)

The algorithm was trained using a database which contains information about
engineers with different specializations, in order to obtain relevant results when the
similarity between keywords is calculated. The Fig. 5 illustrates in a word cloud a
representation of the text database.
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Fig. 5. Words Cloud of database

Because the recommendation system recommends severalmentors to a company,
the similarity is calculated between every word from keywords list of the company
and every word from keywords list of the mentor, for all mentors registered on
platform. Between the values obtained from each calculation, an arithmetic mean
is made, at the end resulting in a single corresponding value of similarity for each
mentor, as can be seen in formula (2):

∑
VC × VT

M

nVC × nVM
(2)

Were VC and VM represents the vector of the company, respective the vector of
the mentor, VC · VT

M represents the similarities between the keywords of company
and the keywords of a specific mentor.

b) BERT NLP sentence similarity algorithm
In order to achieve a high level of accuracy in the pairing process, in addition to

the similarity between keywords, the similarity between descriptions was calculated
as well. This addition brought to the system, was thought to avoid the situations in
which a mentor didn’t introduce a keyword correctly or the candidates don’t have
an equal number of words in list. Furthermore, the additional information about
the abilities of the mentor (detailed in the description of the mentor) or detailed
information about a specific task (detailed in the description of task of the company),
can offer a fresh perspective about a candidate. Has been assigned 50% ponder from
the final result, the other half being provided by the similarity between keywords.

The pre-trained models like BERT (Bidirectional Encoder Representations from
Transformers), used for natural language processing (NLP) have been shown to be
very effective in tasks such as: conversational bots [12], online speech translation
[13], classification for spam filters [14] or natural language inference [15].

The way in which this algorithm is working, is very similar with Word2Vec, but is
applied for a sequence of a text. Basically, the sentences are transformed into vectors, and
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the distance between these vectors is calculated using the cosine similarity to calculate
the angle or the Euclidian distance to calculate the distance. The purpose of BERT in
this process is to construct these vectors, also known as dense vectors, by embedding the
meaning of the words in them. To do this, BERT makes use of the encoder mechanism
from a Transformer (the typical structure of Transformer is composed from an encoder
and a decoder). The training phase for this algorithm is composed from two stages:

– pretraining, where BERT learns what language and context is, using Masked Lan-
guage Model (MLM), to mask random words (tokens) from a sentence, and Next
Sentence Prediction (NLP), where the algorithm establishes if a sentence is in the
following of another.

– fine-tuning for a specific task represents the step where the weights are modified,
replacing the output layers of the network [16].

Based on this idea of fine-tuning in order to use BERT for a specific task, such as
semantic similarity, the authors presented in [17], Sentence-BERT known as SBERT.
This architecture was obtained by adding pool layers to the output of BERT, creat-
ing siamese and triplet networks, capable to calculate the semantic similarity between
sentences.

For this paper, all-MiniLM-L6-v2 model was used to create proper embeddings, this
model presenting these days the best performance with a short time for computation.
This model is fine tuned for semantic similarity on a large dataset which contain over 1
billion of training pairs.

3.2 Recommendation System

The recommendation system is based on collaborative filters. As discussed in the pre-
vious section CF are systems based on idea that similar people have similar interests.
Based on this principle, CF can be applied to a variety of activities in which human
behavior and preferences provide information from which predictions can be derived.

This type of system uses a “user-item” matrix, which contains some values that
indicates the preferences of user, the recommendation being based on this matrix where
the values can indicate an explicit feedback (direct user ratings) or implicit feedback
(indirect user behavior).

In order to implement a robust recommendations system, beside the matchmaking
system, a collaborativefilteringwhich canoffer a newperspective on the list of candidates
was also implemented. Considering that companies from the same sector, have similar
tasks, it can be assumed that a mentor who works for a company, can work for another
from the same domain, in this case the recommendation being made based on ratings
given to the mentor, by the company. The approach based on explicit feedback has been
chosen for this task.

The main goal for this matrix is to help in profile similarity calculation, based on
rating score for every candidate. Since a company already has a good collaboration with
a mentor, the system will recommend a mentor who has a similar rating score, and it is
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for the same domain of activity like the previous one. To obtain a list of possible mentors
based on similarities, the k-nearest neighbors (KNN) algorithm was used.

KNN Algorithm
KNN algorithm is a Machine Learn (ML) algorithm, based on supervised learning tech-
nique, which assumes that similar neighbors belong to a group. Based on this, the algo-
rithm can assign the new data to the most similar existing group. Using cosine similarity,
the distance between the target mentor and every other candidate from database has
been calculated. A top X similar candidate was selected and made predictions using the
average rating of top-k nearest neighbors [18]. The resemblance between companies is
calculated based on their preferences for a given number of mentors, as shown in Fig. 6.
A company’s recommendation is based on the preferences of other companies that are
similar to it.

Fig. 6. A schematic representation on KNN algorithm used in Collaborative Filter

4 Testing and Validation

In order to test the system, a set of possible scenarios were elaborated because of which
the matchmaking system could fail, recommending an inappropriate person for a certain
task as can be seen in Table 1 and Table 2.
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Table 1. Test 1 - Managing different descriptions

Description of test A: In this scenario different types of 

descriptions ranging from short concise ones (enumera-

tion of keywords) to very long ones (large and irrelevant 

descriptions for a task) have been compared.

Profile of the company 

Keywords: “electrical” 

Description: “You design, de-

velop, integrate, and validate 

electronic circuits, primarily in 

the field of digital circuit tech-

nology and microprocessor

systems”

C1: Keywords: “electrical, circuits”

Description: "Mechanical Engineer with experi-

ence in Research and Development and CAD De-

sign. I try to combine the useful with the pleasant, 

engineering and art, to improve the quality of life."

0.7 (70% similarity between 

description of Candidate 1 and 

the de-scription of company)

C2: Keywords: “electrical, circuits”

Description: „Experienced Electrical Engineer with a 

demonstrated history of working in the electrical and 

electronic manufacturing industry.”

0.76 

C3: Keywords: “electrical, circuits”

Description: “Experienced Mechanical Engineer with a 

demonstrated history of working in the mechanical or 

industrial engineering industry. Skilled in Microsoft 

Word, SolidWorks, Industrial Engineering, Management, 

and Technical Writing. Strong engineering professional 

with a bachelor’s degree focused on Manufacturing En-

ginee ing from UTCN”

0.69 

C4: Keywords: “electrical, circuits”

Description: “Experienced Civil Engineer with a demon-

strated history of working in the civil engineering indus-

try. Skilled in Tekla Structures, Timber Structures, Auto-

CAD, Archicad, AxisVM, Construction and Reinforced 

Concrete. Strong engineering professional with a mas-

ter’s degree focused on Civil Engineering. “

0.67 

C5: Keywords: “electrical, circuits”

Description: “I enjoy creating useful and well-designed 

products and working in an organized manner. I can work 

well on my own or as part of a team. I am currently build-

ing experience as Mechanical Design Engineer, transi-

tioning from Industrial Design. Previously I gained valu-

able experience in the Garment Industry, working as 

Sample Room Manager & Designer, then as Pattern 

Grader and Pattern Maker.”

0.70 

Results Interpretation: According to the results of the test, Candidate 2 is the best fit for 

the company's needs. It's also worth noting that the similarities amongst candidates don’t 

vary too much, which is understandable given that the descriptions all describe an engineer. 

In any case, if the organization need someone with electronical experience, and that person 

has a job description that fits the bill, that person is recommended as the ideal choice.

(continued)
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Table 1. (continued)

Description of test B: In this scenario were compared 

two types of descriptions, one with a common structure 

and one with a deprecated structure, where a word is re-

peated several times, to confuse the system.

Profile of the company 

Keywords: “SolidWorks, Me-

chanical” 

Description: “Your tasks will 

include design of enclosures of 

electronics and camera systems 

for car applications, require-

ments management, supplier 

contacts, and driving in further 

development of methodology 

and processes within the me-

chanical department”

C1: Keywords: “Design”

Description: “I am currently building experience as 

Mechanical Design Engineer, transitioning from 

Industrial Design. Previously I gained valuable 

experience in the Garment Industry, working as 

Sample Room Manager & Designer, then as Pat-

tern Grader and Pattern Maker”

0.72 

C2: Keywords: “Design”

Description: “I am mechanical engineer, working in 

mechanical engineering in the mechanical department of 

a company which produces mechanical components and 

mechanical engineering services.”

0.84 

Results Interpretation: As can be seen the system recommend the second candi-

date as the best one, just because the word “mechanical” is repeated for several 

times. This test shown a weakness of the system, which can be resolved making the 

system sensitive to repeated words.

Description of test C: In this scenario were com-

pared two types of descriptions, one with a com-

mon structure and one with the entire structure 

formed from keyword succession. 

Profile of the company 

Keywords: “SolidWorks, Me-

chanical” 

Description: “Your tasks will 

include design of enclosures of 

electronics and camera systems 

for car applications, require-

ments management, supplier 

contacts, and driving in further 

development of methodology 

and processes within the me-

chanical department”

C1: Keywords: “Design” 

Description: “Mechanical Engineer with experi-

ence in Research and Development and CAD De-

sign.” 

0.78 

C2: Keywords: “Design”

Description: “Skilled in AutoCAD, Microsoft Excel, 

Microsoft Word, PTC Creo, and Solid-Works.” 

0.75 

Results Interpretation: This test was thought in order to see if the system can be exploit 

introducing an inappropriate description (created from keywords only). The results show that 

Candidate 1, is considered the best choice, which means that the system can make the differ-

ence between an appropriate description and an inappropriate one.
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Table 2. Test 2 - Managing different Keywords

Description of test A: In this scenario 

was simulated the situation when one of 

the candidates has one more keyword 

than the other candidates, but the key-

word that is extra, is irrelevant for task 

of the company. All candidates have the 

same description.

Profile of the company 

Keywords: "electrical, engineer" 

Description: "Collaborate in an engineering auto-

motive project that can address Communication 

networks (on-board and off-board), Elec-

tric/Electronic Architecture (functional architecture 

& design, conceptual E/E architecture and system 

integration) and Data privacy and automotive secu-

rity (risk analysis and management)"

C1: Keywords: “Electrical, Elec-

trical, Civil”
0.90  

C2: Keywords: “AutoCAD, PCB” 0.57 

C3: Keywords: “Electrical, Electrical” 0.94 

C4: Keywords: “Electrical, Current” 0.82 

C5: Keywords: “Voltage, Schematics” 0.72 

C6: Keywords: “Electrical, Engineer” 0.97
Results Interpretation: According to the result of this test, a longer list of keywords, doesn’t 

influence the similarity, just because is longest, because the system can recognize the words 

that are irrelevant.

Description of test B: In this scenario 

was simulated the situation when one 

candidate has two keywords while the 

other only has one, but the keyword of 

the second candidate is identical to the 

keyword of company.

Profile of the company 

Keywords: "electrical, engineer" 

Description: "Collaborate in an engineering auto-

motive project that can address Communication 

networks (on-board and off-board), Elec-

tric/Electronic Architecture (functional architecture 

& design, conceptual E/E architecture and system 

integration) and Data privacy and automotive secu-

rity (risk analysis and management)"

C1: Keywords: “Electrical” 0.98  
C2: Keywords: “Voltage, Schematics” 0.72 

Results Interpretation: The result of this test reveals that many keywords in a list, even that 

are all relevant with the requirement of company, cannot propel a candidate if another has 

identical words with the company.

5 Conclusions

Many studied have revealed that depression is one of the major problems for the elderly
people, the major cause being the inactivity and the poor social life. In this context Wis-
domOfAge is a platform designed to provide a solution to a real challenge of our society,
trying to reintegrate the elderly in a healthy social activity, like working environment.
The structure of this platform was thought to be oriented for the comfort of mentor,
including the recommendation system. The recommendation system was developed to
recommend candidates for a task (mentors) to a company, based on a system composed
from matchmaking system and collaborative filter using AI agents.
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A series of trials were effectuated to verify the effectiveness of matchmaking sys-
tem, analyzing both the Word2Vec and the BERT algorithm in order to calculate the
similarity between a company and a mentor. As the trials reveals, Word2Vec algorithm,
offers relevant values of similarities for different situations which can usually confuse a
matchmaking system e.g. when a mentor introduces more words than others, although
the words entered are not closely related to the company’s words. Pretrained SBERT
model, also presented good performance in calculating the similarity of the descrip-
tions, even though this presents weakness when the description is perturbated with a
word repeated several times.

Future work focuses on eliminating these weaknesses to provide a good experi-
ence for both company and mentor, increasing in this way the level of trust in the
recommendation system and implicitly in the platform.
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Abstract. Individuals’ characteristics are different, therefore we need
personalized sports nutrition programs. Modern sports nutrition pro-
grams should analyze multi-dimensional data such as genetic informa-
tion, clinical manifestations (e.g., gender, age, health status, family his-
tory, diet preference, food tolerance and allergens), biometric data, and
sports ability to improve health and sports performance. Revealing the
genetic and biological mechanism of human sports ability at the molec-
ular level has made some remarkable achievements in the fields of sports
nutrition supplementation, sports injury prevention, sports performance
improvement, etc. Wearable devices such as smart watches are broadly
used to monitor the biometric data of users. In this paper, we first intro-
duce the development of wearable devices, and describe the genetic fac-
tors affecting sports and nutrition, then we summarize the physiological
indicators could be collected by wearable devices and discuss the indica-
tors suitable for application in the field of personalized nutrition. Further,
we demonstrate our sports genetic testing service. Combing genetic test-
ing data, wearable device data, and lifestyle data, finally, we give our
personalized sports and nutrition solution, which can improve individ-
ual’s sports effect and health effectively.

Keywords: Personalized Nutrition · Sports Nutrition · Personalized
Sports · Genetic Testing · Wearable Devices · Lifestyle

1 Introduction

Wearable devices such as smart watches, smart bands, and smart glasses, are
popularly used to track the biometric data of people [1]. With the full application
and market promotion of artificial intelligence technology, 5G technology and
internet of things technology in the real economy, people have a deeper pursuit of
sports health, and intelligent wearable devices have a good technical environment
and broad market demand.

Since 2006, the American College of Sports Medicine (ACSM) released a
report predicting the global fitness trend in the next year based on the industry
c© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
G. A. Papadopoulos et al. (Eds.): IHAW 2022, CCIS 1799, pp. 177–186, 2023.
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survey results for practitioners in the global fitness industry (education, training,
community, medical, business, etc.) every year. Recently, the 2022 global fitness
trend survey report [2] released by ACSM showed that wearable technology once
again topped the list.

Nowadays, wearable devices have entered everyone’s life, covering health
management, sports measurement, leisure games, social interaction and many
other fields, including smart watches, smart bands, Virtual Reality (VR) / Aug-
mented Reality (AR) glasses, smart clothing, flexible patches, smart insoles, and
etc. From scientific research to practice, intelligent wearable devices, with their
advantages of real-time monitoring and visual feedback, help more and more
ordinary people understand a healthy lifestyle and develop regular exercise and
fitness habits.

Revealing the genetic and biological mechanism of human sports ability at the
molecular level has made some remarkable achievements in the fields of nutrition
supplementation, sports injury prevention, sports performance improvement,
etc.

It has been found that aerobic endurance is related to CYP1A2, ACE,
CKMM, ADRA2A, PPARA and other genes [3]; speed strength is related to
CDF8, CNTF, ACTN3 and other genes [4].

For example, research [5] shows that there are multiple gene loci associated
with elite endurance athletes (P<3.97×10−5), further validation research found
that: MYBPC3 rs1052373 and NR1H3 rs7120118 reached a significant impact
level among elite Russia and Japan athletes (P<0.05); that is to say, athletes
with rs1052373 GG and rs7120118 TT genotypes have better endurance per-
formance. Functional analysis showed that MYBPC3 encodes myosin binding
protein C. MYBPC3 is only expressed in myocardium and is a key regulator
of cardiac contraction. Previous studies [6] found the mutation of MYBPC3 is
related to hypertrophic cardiomyopathy (HCM). In endurance athletes, carriers
of rs1052373 GG genotype will show a benign phenotype of HCM (that is, cardiac
hypertrophy, increased cardiac cavity size and wall thickness), which will lead to
higher maximum oxygen uptake (VO2max), better cardiorespiratory function,
and thus higher level of endurance sports performance.

After high-intensity and large amount of training, the immune system will be
temporarily suppressed and a “window period” will appear, which will reduce
the immunity of sports people and make them more susceptible to infection
or illness. Adequate vitamin A can improve exercise ability and maintain body
immunity. Individuals with GG genotype at rs11645428 of BCMO1 gene have
low carotene conversion rate and high risk of vitamin A deficiency, therefore
vitamin A should be supplemented in daily diet [7].

The nutrition problem that sports population should first consider is that
nutrition can meet energy demand without excess energy. In the past, energy
recommendations for sports population were generally estimated based on their
height, weight, age, and coefficient of physical activity level. Among them,
45%–65% of energy intake came from carbohydrate, 10%–35% from protein,
and 20%–35% from fat [8]. In combination with the sports characteristics,
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specific recommendations for carbohydrate, protein, and fat were adjusted.
When such a broad recommendation is implemented for individuals, the effect
is often unsatisfactory.

Compared with the traditional “one size fits all” sports and nutrition inter-
vention, in this paper we proposed a personalized sports and nutrition solu-
tion, relying on the analysis of individual’s genetic information (genotype), clin-
ical characterization (such as gender, age, health status, family history, food
tolerance and allergens), and lifestyles (such as food frequency, and amount
of exercise), so that to reduce sports injuries and improve individual’s health
effectively.

2 Physiological Indicators Collected by Wearable Devices

Wearable devices in the field of sport and fitness mainly monitor the indica-
tors of: cardiorespiratory, physical activity, sleep, body fluid, neuromuscular,
and etc. [9]. Cardiopulmonary indicators include: heart rate, heart rate variabil-
ity, blood oxygen, respiration and energy metabolism, oxygen uptake and other
tests, among which wearable devices related to heart rate are most widely used
in practice. Most wrist wear devices (smart watches/smart bands) on the mar-
ket are worthy of recognition that they can accurately and reliably predict the
human heart rate during low-intensity physical activity [10]. However, with the
increase of exercise intensity, the accuracy of heart rate will fluctuate [11], prod-
ucts of different brands also begin to show differences [12], there are relatively
few devices meet the requirement of medical precision.

In contrast, the testing of respiration, energy metabolism and oxygen uptake
requires certain hardware facilities, such as oxygen masks, running platforms,
power bikes and other laboratory environments. At present, they are widely
used among professional sports people, and have great development potential
in terms of popularity. Although many wearable devices can detect the blood
oxygen saturation, their accuracy has not been verified by the gold standard
Arterial Blood Gas (ABG) [13] test, therefore should be analyzed together with
other evidences during application.

Sleep indicators include sleep stage, apnea, sleep duration, sleep quality, sleep
warning, etc. The gold standard of sleep evaluation is polysomnography (PSG),
which records the cerebral cortex and eye electrical activity through electrodes
attached to scalp and other places to conduct sleep staging [14]. When monitor-
ing sleep indicators, wearable devices are prone to be affected by user compliance,
sleep environment, user privacy and other factors to affect their accuracy and
user acceptability. In addition, the lack of a standardized framework for evaluat-
ing the performance of sleep wearable devices, makes the accuracy and reliability
of sleep wearable devices in measuring sleep still unknown [15].

The body fluid indicators include blood, sweat, saliva, urine and other bio-
chemical indicators, which are generally used by professional sports teams. The
test costs are high. From the collection of test samples to the analysis, a stan-
dardized test process is required, and the acquisition of indicators has a certain
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delay. At present, some skin flexible patches [16] and micro needle [17] wearable
devices are applied to the public fitness population to test the sweat composition,
glucose, lactic acid, pH value, alcohol and other biochemical indicators.

Neuromuscular indicators include electromyography, electroencephalography,
near-infrared spectroscopy and other tests, are relatively expensive and vulnera-
ble to displacement, sweat and environmental interference during exercise. They
are used less frequently in sports training.

In addition, wearable devices can also be used for gait analysis, biomechanical
analysis, motion capture and motion trajectory analysis in the field of sports
performance as well as technical and tactical analysis.

Although the above mentioned indicators could all be used in our personal-
ized sports and nutrition system, we need to consider the popularity and accuracy
of the relevant wearable devices, so as to provide more users with high-quality
personalized nutrition services.

3 Application of Dynamic Physiological Indicators
in the Field of Personalized Nutrition

3.1 Personalized Exercise Actions Based on Genetic Testing

Fig. 1. The screen shots of the homepage of sports genetic testing report.

Everyone carries different sports genes, and the exercise program of “one size fits
all” cannot meet individual’s exercise needs. For example, with the same amount
of exercise, some people can quickly return to their normal state, while others will
develop fatigue. Sports fatigue [19] is a physiological phenomenon that can be
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recovered after proper time of rest and adjustment due to the temporary decline
in the working ability of the body caused by exercise itself. It is a comprehensive
reflection process of complex body changes and a protective mechanism for the
human body. If people are often in a state of fatigue, and the fatigue caused by
the previous exercise has not been eliminated but the new fatigue is generated,
fatigue may accumulate, and over time, excessive fatigue will occur, which will
affect the health and sports ability.

The probability of sports fatigue, stress inflammation and sports fracture is
relatively high among the sports population. Individuals with rs7041 GG geno-
type and rs4588 CC genotype on GC gene have low calcium absorption and
utilization rate and high fracture risk [20]. Vitamin C can inhibit the generation
of free radicals induced by exercise and accelerate the repair of muscle, bone,
ligament, tendon and other tissues. Deletion of key loci on GSTT1 gene will
affect the balance of plasma vitamin C [21]. Those who have sufficient serum
vitamin D often have better ability to prevent injury, less inflammatory reac-
tion, stronger functional repair ability, and better adaptability and recovery after
high-intensity exercise [22].

We developed a sports genetic testing service, which will analyze individual’s
DNA data, and then generates a genetic testing report. We collect customer’s
DNA data through a saliva tube that customer can collect saliva sample at
home, and post the saliva tube to our laboratory. When received the sample,
our laboratory will extract DNA from saliva, sequence the DNA, analyze the
DNA data using our bioinformatic pipelines, and interpret the DNA data based
on the recognized interpretation database and scientific publications. The user
interface of the report is demonstrated in Fig. 1 (since our users are Chinese,
therefore the report pages are in Chinese), which includes four categories of
genetic testing items, i.e. Sport Performance, Sport Effect, Sport Protection, and
Sport Nutrition & Lifestyle. Through the genetic testing of “Sport Performance”
which includes the genetic testing item of “Endurance vs Explosiveness” and
so on, an individual’s exercise characteristics can be obtained, and then the
corresponding aerobic training or resistance training program can be provided.
Through the genetic testing of “Sport Effect” which includes the genetic testing
item of “Sport Fatigue Degree” and so on, we can provide exercise nutrition
intervention and active exercise recovery training programs for individuals prone
to exercise fatigue. Through the genetic testing of “Sport Protection” which
includes the genetic testing item of “Achilles Tendon Protection” and so on, we
can evaluate individual’s genetic risk factors of tenosynovitis, muscle injury, and
ligament strain, predicting individual’s risk of injury and the repair ability after
injury, so that to protect body’s weak part specifically during sports to reduce
the occurrence of sports injury or reduce the degree of sports injury. Through
the genetic testing of “Sport Nutrition & Lifestyle” which includes the genetic
testing item of “Appropriate Exercise Time” and so on, we can understand the
biological rhythm of individuals, and then obtain the best exercise effect and
recovery effect after training.
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Additionally, we also developed an online “Sports Health Self Assessment
Questionnaire”, through which we can obtain individual’s sports habits and
sports ability, and provide customer with appropriate exercise intensity and fre-
quency.

3.2 Dynamic Exercise Actions Combining Physiological Indicators

Scientific exercise program is the basis of achieving sports goals, and the correct
implementation of the program is the guarantee of the effect. In order to monitor
the implementation of the exercise program and evaluate the feasibility of the
program for individuals, we choose to obtain accurate, stable, widely used and
highly compliant indicators based on wearable devices, so that to accurately
monitor the sports effect and feedback, and adjust the exercise program. Based
on previous research results [12], the technology of wearable devices to measure
heart rate is relatively mature. Therefore, we choose to monitor the dynamic
heart rate indicator to evaluate individual’s exercise and fitness behavior and
physiological function changes.

By monitoring the real-time heart rate, user’s resting heart rate and its
change trend, maximum heart rate, exercise heart rate, heart rate recovery after
exercise, and heart rate during sleep can be obtained. These indicators can evalu-
ate user’s exercise intensity, internal training load and tolerance, exercise fatigue,
sleep recovery, etc., providing a scientific basis for personalized exercise program
customization and exercise program feedback adjustment.

Some wearable devices can also provide early warning indicators such as heart
rate variability, tachycardia/bradycardia, atrial fibrillation, premature beats,
blood oxygen saturation, sleep apnea, etc. Although these indicators do not reach
medical level accuracy, they still have practical significance in the actual health
management to warn users of health risks. Therefore, we have included these
early warning indicators as risk warning information in the design of dynamic
physiological indicator monitoring system.

In addition to analyzing the exercise intensity of users through objective
physiological indicators such as heart rate, we also introduced the rating of
perceived exertion (RPE 6–20) [18] fatigue self-assessment scale as a supplement
to subjective fatigue, which can more truly restore the exercise ability of users,
avoid sports risks, prevent sports injuries, and provide users with personalized
exercise and fitness guidance.

3.3 Multidimensional Comprehensive Evaluation Provides
Personalized Sports Nutrition

The current sports nutrition solutions are often set for the same large population
with the goal of health improvement. However, there are great differences in the
amount of exercise, dietary habits and living habits among individuals, and the
final effects of the sports solutions vary greatly. To solve this problem, for exam-
ple, through the sports and nutrition genetic testing, we can obtain the nutrients
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that individuals are easy to lack, as well as the metabolic sensitivity of individ-
uals to carbohydrate, fat and protein; in combination with the dietary habits
questionnaire, we can obtain individual’s dietary structure and living habits;
and we can also combine wearable devices to obtain individual’s physiological
indicators, so that to give personalized sports and nutrition supplementation
solutions.

The road map of our personalized sports and nutrition service based on the
analysis of genetic testing and heart rate data is demonstrated in Fig. 2. Since
not all the people wear wearable devices, therefore, from Fig. 2, we can see that
for customers with genetic testing data but no wearable device data, our system
can generate personalized sports and nutrition solution based on genetic test-
ing data and lifestyle questionnaire. Our system can also generate personalized
sports and nutrition program based on genetic testing data, lifestyle question-
naire, and wearable device data. Therefore, based on the road map in Fig. 2,
after comprehensive data analysis and evaluation, we can compute personalized
nutrition programs for individuals, including food selection of energy producing
nutrients, time for sports nutrition supplementation, diet guidance for recov-
ery after sports, suggestions for daily healthy diet, recommendations for sports
nutrition selection, and customized nutrition product.

Fig. 2. Personalized sports and nutrition road map based on genetic testing and heart
rate.

The indicators collected from wearable devices include:

– Real-time Heart Rate, used to obtain the maximum heart rate, and further
evaluate the exercise intensity.
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– Resting Heart Rate, used to obtain the abnormalities in heart rate, and the
change trend of heart rate.

– Heart Rate After Exercise, used to obtain the abnormal heart rate recovery.
– Heart Rate During Sleep, used to obtain the abnormal heart rate, and abnor-

mal change trend.
– Early Warning Indicators, used to avoid sports risks.
– Fatigue Self-assessment, used to prevent sports injuries.

Combing the indicators collected from wearable devices, genetic testing data,
and lifestyle data, our system will compute and generate personalized sports
and nutrition solution for each customer. One or three month later, based on
the new wearable device data and lifestyle questionnaire result, we will evaluate
the implementation and tolerance of the personalized solution for user, and then
adjust exercise events, exercise intensity/load and personalized sports nutrition
supplementation solution, so that we can adjust the personalized sports and
nutrition solution dynamically based on customer’s feedback.

Fig. 3. The screen shots of the personalized sports report (left), and the personalized
nutrition report (middle and right).

The personalized sports and the personalized nutrition reports’ web pages are
demonstrated in Fig. 3. Figure 3 left is the personalized sports report, in which
it first gives the genetic testing result (i.e., “Endurance vs Explosiveness”) and
explains the testing result, then the report lists the suggested sports suitable for
the user and gives exercise load.

Figure 3 middle and right are the pages of personalized sports nutrition
report. In Fig. 3 middle, the report first gives the genetic testing item of “Demand
for Vitamin D in Exercise” and its testing result, and explains how the result is
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obtained (i.e., customer’s vitamin D synthesis pathway is blocked, and customer
needs to take more vitamin D to achieve the same effect as most people, espe-
cially if customer exercises regularly), then based on the genetic testing result
the report gives “vitamin D supplementation program” which includes the sug-
gested amount of daily intake of vitamin D, duration of daily sunlight exposure
and etc. In Fig. 3 right, the report explains the relationship between sports and
vitamin D, and gives the knowledge of foods rich in vitamin D, the recommended
vitamin D supplements, the manifestation of vitamin D deficiency, the relation-
ship between vitamin D and exercise performance, and the nutritional status of
vitamin D.

4 Conclusions

The iteration of human-computer interaction technology, artificial intelligence
and sensor technology has greatly expanded and extended the application space
of smart wearable devices. More and more genes that affect sports performance
and nutrition metabolism, absorption, and transformation have been discovered.
Different genetic factors, medical histories, physiological indicators and lifestyle
make everyone need different exercise and nutrition programs.

By integrating wearable physiological monitoring data, genetic testing data,
and lifestyle data, in this paper we give scientific assessment as well as personal-
ized sports and nutrition intervention solution for each person to improve sports
performance, prevent sports injuries and promote the balance of nutrition. Our
personalized solution has provided service for tens thousands of customers, and
received very positive comments from our customers. We will integrate more data
and continue to optimize our data model and personalized sports and nutrition
solutions.
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Abstract. Preeclampsia (PE) is a hypertensive disorder of pregnancy, occurring
in 2–8% of all pregnancies. PE can cause life-threatening conditions and result in
adverse events for both mother and baby. The only treatment of the condition is
delivery of the baby, which often leads to preterm delivery. It is shown that pro-
phylactic treatment with aspirin from early pregnancy can prevent or delay severe
preeclampsia inwomenwith high risk of PE. Screening by a combination ofmater-
nal risk factors and biomarkers has been shown to identify up to 90% of women at
risk of developing early-onset PE. The aim of this study was to investigate the time
spent for each step in the screening program in the first-trimester screening pro-
gram inweek 12 as input for an analysis of the potential for the automated stepwise
screening program. The time used for obtaining maternal risk factors (MF), mean
arterial blood pressure (MAP), and uterine arterial pulsatility index (UtA-PI) was
measured through observations and using dedicated timekeeper tablet apps. The
study found that the mean duration for measuring the UtA-PI was 2.7 min ranging
from 1.3–8.5 min, based on 39 participants. In addition, there was no significant
time difference (p = 0.4, effect size = 0.2) in answering the questions on MF
by using a self-reported digital questionnaire compared to being interviewed by
a healthcare professional, based on 18 and 14 participants, in each group. There
was significant difference in the time spent for placement of the blood pressure
(BP) cuffs when done by a healthcare professional compared to the participants
doing it themselves, (p< 0.001, effect size= 0.8), based on 32 participants, where
participants would be slower than the healthcare professional. In conclusion, we
found that if a screening programme for PE is introduced, the duration for the first
trimester ultrasound scan should be extended by 5 min to include the UtA-PI mea-
surement. Also, guidance is needed to assist the woman or her partner to choose
and place the BP cuffs correctly, otherwise it could require extra staff resources.
Finally, the participants are likely to be able to self-report MF using a tablet user
interface.

Keywords: Preeclampsia · hypertension · first trimester · telemedicine ·
telemonitoring · stepwise screening program · time study · ultrasound · mean
arterial pressure ·MAP
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1 Introduction

Every year pregnancy-related complications are the cause of death for half a million
women. Around 10–15% of these deaths are related to preeclampsia (PE) and eclampsia,
which are both hypertensive disorders occurring in 10% of all pregnancies worldwide
[1]. Hypertensive disease during pregnancy is also associated with an increased risk
of developing long-term maternal cardiovascular diseases like ischemic heart disease
(relative risk (RR) of 2.16) and hypertension (RR of 3.70) [2]. There are three categories
of hypertensive disorders during pregnancies: superimposedPEon chronic hypertension,
gestational hypertension, and PE [3]. PE occurs in 2–8% of all pregnancies worldwide
and can lead to life-threatening conditions such as the HELLP-syndrome [1].

The only curative treatment for PEduring pregnancy is delivery of the baby.However,
studies from recent years have shown that treatment with aspirin from the first trimester
has reduced the rate of severe PE [4, 5].

Several studies have investigated the first-trimester screening program for PE with
different risk factors to identify pregnant women at high risk of developing PE [6–12].
Poon and Nicolaides [2014] and Tan et al. [2018] investigated different risk factors
and the detection rate when adding them together in different combinations [12, 13].
They found that the detection rate increases as more risk factors are combined [12, 13].
Poon and Nicolaides [2014] found that combining the pregnant woman’s maternal risk
factors (MF)with uterine arterial pulsatility index (UtA-PI), mean arterial blood pressure
(MAP), serum placental growth factor value (PLGF), and serum pregnancy-associated
plasma protein-A value (PAPP-A) could detect more than 90% of the women that would
later develop early-onset PE with a false-positive rate of 10% [12]. The definition of
early-onset PE is delivery before week 34 of gestation [11, 12]. An analysis of which
steps are most feasible to include in the week 12 screening programme requires initial
knowledge of the time spent and other practicalities of the various steps.

The aim of this study was to investigate the time spent for each step in the screening
program in the first-trimester screening program in week 12 as input for an analysis of
the potential for the automated stepwise screening program.

2 Methods

Two research prototypes called the WODIA Sonograph App and the WODIA Data
Collector App were created to assist in the data collection process, both running on
tablet computers in the ultrasound clinic.

Three sub-studies were performed at the Department of Obstetrics and Gynaecology
at Aarhus University Hospital in 2022.

Sub-study 1 was a time study measuring the time used to measure the pulsatility
index in the uterine arteries (UtA-PI) by ultrasound at the first trimester routine scan.
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Time measurements of the ultrasound scan were registered using the research pro-
totype WODIA Sonograph App. Sonographers were equipped with a tablet containing
the research prototype and were verbally instructed in the usage, and further written
instructions were provided.

Furthermore, the study facilitator collected data on the time spent walking from the
waiting room to the ultrasound examination room. The measured time spent walking
combined with the time spent in the ultrasound examination room was registered using
the facilitator’s research prototype: the WODIA Data Collector App.

The study facilitator provided verbal and written information regarding sub-
studies 2–3 in the waiting room and obtained consent from the participants.

Sub-study 2 was a time study on obtaining MF questionnaire results and involved
two groups in which the participants were randomized into either: Group A or B. Group
A involved the participants completing the MF questionnaire using a tablet containing
the research prototypeWODIAData Collector App with the questions displayed. Group
B involved a nurse asking the MF questions and registering them in the research pro-
totype WODIA Data Collector App. In both groups, the time was measured from the
questionnaires began until completion.

Sub-study 3 was an observational time study regarding the time spent before and
after a BP measurement. The time spent to get to the BP measurement room from the
ultrasound examination room, getting instructions before a BP measurement, placing
BP cuffs on each arm respectively, removing the BP cuffs, and time used to exit the BP
measurement room were all measured. For each participant, placing the BP cuffs from
the dual arm blood pressure device (Microlife WatchOffice AFIB, Microlife Inc, Taipei,
Taiwan) on both arms was first performed by the participant and then by the facilitator: a
trained nurse. The facilitator also investigated the participants’ ability to correctly place
the BP cuffs. The facilitator observed the participants’ actions during the different steps.
Observations included registering if the participants changed the BP cuff size as relevant
or failed to do so. Additionally, the study facilitator measured the circumference of the
participant’s upper arm.

The statistical program R was used for the statistical data analysis.

3 Results

A total of 39 participants agreed to participate out of 56 approached, resulting in a
participation rate of 70%. Sub-studies 2 and 3 achieved a participation rate of 57%, with
32 participants included out of 56 approached. Demographics are listed in Table 1.
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Table 1. Demographic data based on the 32 participants from sub studies 2 and 3. This data is
analysed with the use of descriptive statistics, these being median, the interquartile range (IQR),
minimum (min) value, maximum (max) value, variation width, and mode.

Parameter Median
[IQR]

Variation
[min – max]

Mode

Age (year) 30 [26;34] 21 [20 – 41] 28

Circumference of upper arm (cm) 28 [25.8;31.3] 15 [24 – 39] 28

Participant percentage

Nullipara (no previous childbirth) 66%

Currently working 72%

Had to take time off work to attend 34%

Partner present at the scan 97%

Partner had to take time off work 31%

Sub-study 1 concerned the scanning time used to acquire the UtA-PI, and the waiting
time before the scan, and the time used to walk from the waiting room to the ultrasound
examination room. The results from sub-study 1 are listed in Table 2, and the distribution
of the participants is illustrated in Fig. 1.

Table 2. Results from descriptive statistics of sub-study 1 showing the different time measure-
ments median value, the interquartile range (IQR), minimum (min), maximum (max) & variation
width.

Time measurement (minutes) Median
[IQR]

Variation width
[min – max]

Waiting time before the ultrasound scan 16 [10.1;25.1] 38.0 [1.8 – 39.8]

Walking to ultrasound from waiting room 0.3 [0.2;0.5] 3.4 [0.02 – 3.4]

UtA-PI scanning time 2.7 [1.8;4.0] 7.2 [1.3 – 8.5]
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Fig. 1. Time measurements were obtained in sub-study 1, where the height of the histograms
visualises the proportion of the participants within the same time measurement.

Sub-study 2 investigated the time spent to obtain the MF. Figure 2 visualises the
time spent answering the MF questions of groups A and B respectively. Group A filled
out the questionnaire independently. Group B filled out the questionnaire together with
a nurse. The participants were distributed with 56% in Group A and 44% in Group B.

The difference between the time measurements from the two groups had a p-value
of 0.4 with an effect size of 0.2, indicating no significant difference.
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Fig. 2. Sub-study 2 included two groups (A and B). The respective time spent on the MF ques-
tionnaire within these two groups is illustrated in this boxplot to highlight the differences. The
groups median values are visualised with a black line. Group A’s median value is highlighted in
red, and Group B’s median in purple.

Sub-study 3 investigated the time spent before and after BP measurements. The
descriptive statistics concerning these data are illustrated in Table 3.

Table 3. Descriptive statistics of the data in sub-study 3 resulting in the given median value, the
interquartile range (IQR), minimum (min) value, maximum (max).

Time measure
(minutes)

Median
[IQR]

Variation width [min – max]

Walking to BP room 0.2 [0.3;0.7] 0.8 [0.2 – 1.0]

Getting into the BP room 1.4 [0.9;1.7] 2.6 [0.5 – 3.1]

Giving BP instructions 0.8 [0.7;0.9] 1.0 [0.3 – 1.3]

Participant is placing first BP cuff 0.8 [0.6;1.2] 2.2 [0.3 – 2.5]

Participant is placing second BP cuff 0.6 [0.4;0.9] 1.5 [0.1 – 1.6]

Nurse is placing both BP cuffs 0.3 [0.3;0.3] 0.4 [0.2 – 0.6]

Participant is removing the cuffs 0.2 [0.2;0.3] 0.4 [0.1 – 0.4]

Participant is leaving the BP room 0.2 [0.1;0.3] 0.5 [0.1 – 0.6]

Figure 3 illustrates the time spent before placing and removing the BP cuffs.
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Fig. 3. Histograms illustrating the participants’ time use before and after blood pressure
measurements.

Figure 4 visualises the different time measurements regarding placing the BP cuffs.
The participants’ placement of the first and second BP cuffs and the time spent placing
both BP cuffs by the participants. Finally, the time spent by the nurse placing the BP
cuffs is shown.

A total of, 41% of participants had correctly placed the first BP cuff, while 37% had
correctly placed the second BP cuff. Additionally, the sub-study found that only 1 out
of 32 participants changed the BP cuff size from a medium to a small.

There was a significant difference (p < 0.001) in the time used by the participants
versus the nurse when placing the BP cuffs.
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Fig. 4. Boxplot illustrates the time spent placing blood pressure cuffs on the participants’ arms.
The participants’ timemeasurements are visualised in the first three boxplots (left). The time spent
for the nurse to place the cuffs is illustrated in the last boxplot (right).

4 Discussion

The additional ultrasound scan for obtaining the uterine arterial pulsatility index (UtA-
PI) took an average of 2.7 min with a variation of 7.2 min (1.3–8.5 min). A first-trimester
ultrasound scan usually takes approximately 20min, with 50% of the appointments com-
pleted within 20–27 min. However, this duration does not include additional mandatory
sonographer tasks such as: calling the patient into the examination room, talking with
the patient if there are any concerns, cleaning the equipment, and documenting the visit
in the electronic patient file. This correlates well with the time duration mentioned by
Tan et al. [2018] who found that ultrasound scans had a duration between 20 to 30 min
[14].

Using the upper limit of the interquartile range (IQR) and the time assumptions for
documentation and cleaning, 75% of the ultrasound scans would be performed within
38 min. Next, if a participant is identified as being at high risk, it would arguably involve
extra time to clarify the further steps with the woman. Additionally, it is crucial to inform
the woman about her risk profile before sending her home. Finally, there could be added
patient record registration tasks, as well as consulting with colleagues.

Only 2 out of 32 participants waited less than 5 min in the waiting room, which
substantiates the possibility of using the waiting time to complete the MF questionnaire.
This optimisation could potentially save time, given that no healthcare professional
would need to participate, however, this only saves 80–90 s per participant.

Furthermore, the p-value (p = 0.4) indicates no significant time difference between
the two study groups with an effect size of 0.2. The calculated effect size shows a small
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effect, which indicates a need for more participants. With 32 participants divided into
two groups (56% in Group A, 44% in Group B), the dataset of each group is small. A
power calculation shows that 251 participants are needed in each group to reject the null
hypothesis.

The participants used 13.1 min on average to complete the screening step regarding
mean arterial blood pressure (MAP) by themselves, according to the study’s results
and the knowledge about BP measurement resting time and duration. With the help of
a healthcare professional, the participants used only12 min on average, but here, the
assisting healthcare professional had to spend up to 0.6 min placing the BP cuffs. The
healthcare professional was significantly (p< 0.001) faster in placing the BP cuffs than
the participants themselves, with an effect size of 0.8, and thus implying a substantial
effect on having a healthcare professional place theBP cuffs. The healthcare professional
used a maximum of 0.6 min to place both BP cuffs. However, it would likely take
additional time to complete this task during most screening sessions, as the nurse would
also need extra time to meet the participant and communicate about the tasks at hand. A
practical implementation could arguably be, that a healthcare professional must always
be available in the BP room for the task, or at least be on call nearby to assist in the
BP room as needed. Another approach could be to use the participants’ partner. We
found the partner to be present for 96% of the participants, indicating this to be a viable
strategy. However, this must be investigated further.

In Lindahl et al.’s study [2019], the participants felt comfortable performing BP
measurements independently at a self-measuring station [15]. In our study we found
that only 41% were observed to correctly mount the BP cuffs on the first arm and 37%
on the second arm. Consequently, 59% and 63% could not mount the BP cuffs correctly,
which substantiates potential general obstacles in tightening the BP cuffs or complying
with prior guidance provided on cuff size. Sub-study 3 found that only 1 out of 32
participants chose to change their BP cuff size even though they were informed about
changing the cuff size if needed or asking for help. This could indicate a problem with
selecting the appropriate cuff size, and it could lead to measurement bias.

Thus, the strategy to allowparticipants to self-measureBPwas found to bemore time-
consuming for the individual participant, and with the risk of biased BP measurements
due to potentially wrongful placement and size of the BP cuffs. However, according to
Sandager et al. [2019], having an active guide could help the participants complywith the
recommendation [16]. Implementing a context-aware system informing the participants
to comply with the rest time and checking the placement of the cuffs could be a relevant
approach in order to possibly increase the adherence rate, but more work is needed.

5 Conclusion

Implementing the screening for preeclampsia in a stepwise manner as part of the week
12 first trimester visit appears practical. It will extend the total duration with at least
the 2.7 min average extra scanning time. Also, the maternal factors questionnaire will
increase the total duration with a further 1.5 min on average. Finally, participants on
average spent 16.2 min on measuring the required series of 3 blood pressure measure-
ments on each arm. Thus, a total of 20.4 min on average must be set aside for each
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woman for ensuring sufficient time for the screening. Assuming the woman, or her part-
ner, can facilitate the blood pressure measurement themselves, the total added time for
staff would be less than 5 min on average. However, if healthcare staff needs to assist
with the blood pressuremeasurement, this will represent a potential major increase in the
use of staff resources. Thus, arguably additional guidance is needed to help the woman
and her partner to choose and place the BP cuffs correctly in order to ascertain high
quality and unbiased measurements. Finally, the study found, that participants are likely
to be able to self-report maternal factors using a tablet user interface with or without
staff assistance.
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Abstract. COVID-19 is one of themany infectious diseases which rely on human
interactions for its spread and infectivity. In an environment where human mobil-
ity is constantly subjected to change, measuring the impact of this on infectivity
would be amajor challenge. Amongmany indicators of transmission, mobility has
emerged as an important factor contributing to the surge in COVID-19 cases and
deaths. Here, we study the coupling between the COVID -19 impact and mobility
trends caused by government NPIs (Non-Pharmaceutical Interventions) such as
lockdown and social distancing. The study includes mobility reports from Google
(about varied dimensions of local mobility), daily number of COVID-19 cases
and deaths and information on NPIs in 9 Italian regions for over 2 years from
2020. The intent is to find possible associations between the COVID-19 impact
and human mobility. The methodology is inspired by a study of Wang et al. in
2020. Our findings suggest that the trend in local mobility can help in forecasting
the dynamics of COVID-19. These findings can support the policymakers in for-
mulating the best data-driven approaches for tackling confinement issues and in
structuring future scenarios in case of new outbreaks.

Keywords: Human mobility · COVID-19 pandemic ·Mortality rate ·Morbidity
rate

1 Introduction and Background

The COVID-19 pandemic has posed unprecedented challenges for cities around the
globe. Countries have tackled this challenge with a variety of non-pharmaceutical
interventions (NPIs), ranging from complete regional lockdowns, and closures of non-
essential businesses, to testing and tracking [1]. In response to the threat, the research
community has exerted impressive efforts to understand on one side the epidemiological
features of the outbreak [2] and on the other side its economic consequences [3, 4].
This unprecedented scenario calls, indeed, for a better understanding of human mobility
patterns during emergencies as well as in the immediate post-disaster relief.
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1.1 Impact of COVID – Mortality and Morbidity Rate

Italy was the first European country to experience the impact of the SARS-CoV-2 virus
mostly duringMarch andApril 2020 even though the first wave started in February [6, 7].
During the initial phase, Italy was the first European country (and second only to China
in the world) to adopt a hard national lockdown in March and April, whereas a different
containment strategy was adopted in the autumn of 2020, based on regional parameters
that resulted in a three-colour classification of regions (yellow, orange, and red). Each
colour corresponded to a different risk scenario, from the lowest to the highest and was
characterized by different prevention measures against the diffusion of COVID-19 [9].

In terms of mortality, the first wave has shown heterogeneity across the north being
more impacted than the centre and south of Italy in contrast to it the second wave impact
was more homogenous throughout the country [6, 7]. Mortality and morbidity rates
plunged as a reason of the 2-month lockdown period during summer. The two epidemic
waves were characterized by a substantial number of COVID-19-related deaths [8]. In
total the number of deaths is more 0.6 million and the number of cases is 0.65 billion.
The mortality and morbidity of COVID-19 depend on various factors and one of them
is human mobility.

1.2 Impact of Human Mobility on SARS CoV-2 Transmission

Human mobility has been a driving factor for the introduction of infectious diseases
and their spread to new locations. In the past years, the world has witnessed that many
infectionswere spreadwell beyond their previously understoodgeographical boundaries,
as was demonstrated by the Zika virus toAmerica andMERS-CoV (previously unknown
Middle Eastern respiratory syndrome coronavirus) to Saudi Arabia. [10]. While SARS
spread to 37 countries (8000 cases) and the MERS spread to 27 countries (2494 cases),
[11]. COVID-19 has spread to more than 200 countries and infected more than 600
million people in the world [24], initiating an unprecedented global health crisis.Wuhan,
the epicentre of the pandemic, is central China’s major air and train transportation hub.
High air and train traffic across China due to the lunar new year Spring Festival, which
started on January 10th, 2020, appeared to have played a facilitating role in the spread
of COVID-19 throughout the country and abroad [11].

The first COVID-19 case outside China (a traveller from Wuhan) was reported to
the WHO by the Thai government on January 13th 2020 [12]. Three days later, the
Japanese government informed the WHO of its first confirmed infection in a traveller
from Wuhan [13]. Strikingly, owing to China’s lockdown of the coronavirus-hit Hubei
province on January 23rd, many people left Wuhan, which has resulted in the spreading
of the diseases in and outside China [14]. Soon afterwards, India, the Philippines, Russia,
Spain, Sweden, and the UK confirmed their first cases.

But in reality, the transmission dynamics of infectious diseases are precipitated by
several heterogeneous factors, including the seasonality of diseases, [15] the contact
networks of the population, [17] population heterogeneity, and human mobility [14].
Human mobility undeniably plays an essential role in the temporal and spatial transmis-
sion dynamics of infectious diseases. Human travelling can impact the speed and extent
of an epidemic [17]. Moreover, understanding the roles of human mobility on disease
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spreading is notably useful for designing effective disease control strategies, such as
vaccination or travel restriction [16].

Due to the availability of human travelling data (e.g., check-ins from locations, GPS
navigators, or mobile-phone records), researchers have discovered various properties
of human mobility [18]. A myriad of human mobility models has been developed to
understand the fundamental mechanism hidden behind these findings [19]. Although
several research works have studied the effects of human mobility on the spread of
diseases, incorporating a human mobility model into an epidemic model is still needed.
So, through this study relationship between the virus spread and mortality and human
mobility is studied across 9 regions of Italy.

During the current COVID-19 crisis, researchers from academia, industry, and gov-
ernment agencies have started to utilize large-scale mobility datasets to estimate the
effectiveness of controlmeasures in various countries includingChina,Germany, France,
Italy, Spain, Sweden, United Kingdom, and the United States. However, to estimate the
effect of epidemic spreading and to plan further policy measures, a countrywide quan-
tification of the effect of the measures was necessary [1]. Thus, the effects of nonphar-
macological pandemic control and intervention measures, including travel restrictions,
closures of schools and nonessential business services, wearing of face masks, testing,
isolation, and timely quarantine on delaying the spread of COVID-19, have been largely
investigated and reported.

To mitigate and ultimately contain the COVID-19 pandemic, one of the important
nonpharmacological Interventions (NPIs) to reduce the transmission rate of SARS-CoV-
2 in the population is social distancing. An interactive web-based mapping platform that
provides timely quantitative information on how people in different counties and states
reacted to state-at-home social distancing mandates has been developed. It integrates
geographic information systems and daily updated human mobility statistical patterns
derived from millions of anonymized and aggregated smartphone location data at the
county level [2].

Taking above into consideration, a study on mobility vs COVID-19 impact was
conducted in Australia [22] where the aggregated mobility data of partial population
samples was provided by Google. The results were compliant with the objectives and so
in an endeavour to validate the applied method, we have adopted the same method in our
study about the Italian regions. The significant difference in our study is that the impact
of the Policy interventions with respect to mobility is analysed against the COVID-19
fatality rate rather than confirmed cases as in the Australian study.

In this paper, the Background section is about the existing literature, relationship
between COVID-19 and fatality rate and the trends of mobility. Followed by this, is
the section on Method where the study area, data sources, collection methods and data
preparation and visualization are discussed. Then the section for the results and discus-
sion highlights the findings of the study and lastly the conclusion provides suggestions
for future research.
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2 Materials and Method

2.1 Study Area

Italy is a country in south-central Europe with an area of around 301,230 km2 and a
population spread throughout 20 regions. The country has a population over 60 million
and is economically rich with a GDP of 1.886 trillion USD as of 2020. Nine regions of
Italy namely, Campania, Emilia Romagna, Puglia, Piemonte, Lazio, Lombardia, Sicilia,
Toscana and Veneto are taken into this study as these regions show a high number of
affected cases and high mortality rates.

2.2 Data Sources and Collection

According to the previously mentioned Australian study [22] the choice of mobility data
source was Google Mobility data instead of Apple Mobility Reports so considering this,
we have chosen the data from the same source but for 9 Italian regions from 2020 to
2022.

The data sources for mobility data are taken from Google mobility Trends (https://
www.google.com/covid19/mobility/) as in [22]. So, mobility data is extracted from 24th

February 2020 to 30th May 2022 fromGoogle COVID-19 CommunityMobility Reports
in the same period [4]. Google provides GPS-derived location information about the
amount of time people spent in six types of locations, including workplaces, residential,
parks, grocery and pharmacy, retail and recreation, and transit stations. Accordingly,
mobility measures are divided into six categories with accessibility to these six types of
locations, such as mobility to parks. Each type of data stream is encoded as a percentage
change in the mobility metric, based on a baseline derived for the period of 3 January to
6 February 2020. These mobility data are regularly updated and released to the public
for the express purpose of supporting public health bodies in their response to COVID-
19. All these datasets are fully anonymised and aggregated at the level of the Italian
region over each day. Data about the COVID deaths is collected from Presidenza del
Consiglio dei ministri - Dipartimento della Protezione Civile (https://github.com/pcm-
dpc/COVID-19/tree/master/metadata). The information is provided in detail in [A]. The
data file comprises information about the regions and the total cases per day, total deaths
per day and total positive cases reported per day etc.… The data was created by Civil
Protection Department from February 2020 to May 2022.

2.3 Data Preparation and Processing

Since 9thMarch 2020, the Italian Government has started to implement a series of travel
restrictions, self-isolation, social distancing, and lockdown policies at the national level,
with border closure policies implemented by state governments (Table 1). After the
growth curve of COVID-19 flattened in May, some national restrictions were lifted on
12 May but were reintroduced in mid-June in the Lombardia region due to the second
wave of the pandemic. A series of local closure policies were implemented again, mainly
in northern regions, while other regions’ borders remain closed. Considering this unique
four-wavepattern, our inspection of the temporal variation ofCOVID-19,mobility levels,

https://www.google.com/covid19/mobility/
https://github.com/pcm-dpc/COVID-19/tree/master/metadata
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and policy implementation at the first stage focuses on the full timeline from 24 February
to 15August, while the examination of the relationship betweenCOVID-19 andmobility
levels is divided into periods, covering Italy as a whole and all regions during all the
waves.

2.4 Method Used

Methodically, we have applied a combined mobility index (CMI) to represent the overall
mobility change in a day compared to the pre-pandemic period, calculated as themean of
the mobility of each type of mobility i (namely Retail & Recreation, Parks, Residential,
Workplaces,Grocery&Pharmacy andTransit Stationsmentioned in theGoogleMobility
reports) in a day t (3 days after the implementation of the policy):

For COVID-19 cases, we examined its change over time alongside the implementa-
tion of the key policy interventions.

CMI(t) =
∑6

i=1 Mobilityi
6

. (1)

Next, we calculated the growth rate and the doubling time of COVID-19 cases.
Growth rate (percentage) at day t is calculated as

GR(t) = C(t)− C(t− 1)

C(t− 1)
, (2)

where C(t) is the cumulative number of confirmed deaths at day t. C(t−1) represents the
cumulative number of confirmed deaths a day before. We also calculated the doubling
time as another measure of virus spread. Compared to the growth rate as a percentage
value, the doubling time as a typical epidemic measure indicates how long it will take
for the infected population to double in size. It has also been commonly used in previous
COVID-19 studies (e.g., [7]) to inform the impact of policy interventions on epidemic
transmission, especially at the initial stage of the exponential growth. The doubling time
(day) of confirmed deaths at day t is calculated as:

DT(t) = Ln(2)

Ln(1+ GR(t))
. (3)

It has been acknowledged that the median incubation period was estimated to be
5.1 days, and 97.5% of COVID-19 patients develop symptoms within 11.5 days of infec-
tion [16]. Therefore, we selected three scenarios, accounting for the delays in reporting
from the illness onset date, testing, and incubation over five time periods—right after
the lockdown date, 7 days after the lockdown date, and 14 days after the lockdown date,
21 days and 28 days after the lockdown—to examine the relationship between mobility
change and growth rate/doubling time of COVID-19 deaths. We then conducted a cor-
relation analysis between CMI and the growth rates/doubling time of COVID-19 deaths
and further investigated the association between each of the six types of mobility mea-
sures and growth rates/doubling time in Italy as a whole and in each region via a series
of ordinary least square regression models, accounting for the time lag effect:

COVs,t = αS + βiMobi,s,t−n + γt + εs,t (n = 0, 1, . . . , t− 1), (4)
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Table 1. Social restriction policies implemented at the national and regional level in Italy

DATE POLICY RESTRICTION

23/02/2020 ten municipalities in the province of Lodi and one in the province of Padua are
placed in quarantine

9/3/2020 26 provinces of Northern Italy are then quarantined, including all the Lombardy,
the ban on travel for unnecessary reasons, the suspension of sporting activities,
demonstrations and events, the closure of museums, places of culture and sports
centres are extended to all of Italy

11/3/2020 the suspension of common retail commercial activities, catering services,
religious celebrations, and prohibits gatherings of people in public places or open
to the public.

22/3/2020 a new Prime Ministerial Decree prohibits all natural persons from moving to any
municipality other than the one in which they are located, and a list of other
activities deemed unnecessary, which must be suspended, is published

4/5/2020 following the descent of the contagion curve, eases the containment measures,
allowing travel for visits to relatives (within the regional territory), the opening of
public parks and the resumption of various productive activities

18/5/2020 retail businesses, museums, activities such as bars, restaurants, hairdressers and
beauty centres reopen throughout Italy, and religious celebrations are allowed

25/5/2020 Sports centers re open

3/6/2020 free movement between regions is permitted

11/6/2020 further eases the containment measures, with the reopening of gaming and
betting rooms, theatres and cinemas, cultural and social centres.

12/6/2020 with local measures, various Regions are also starting to reopen discos and dance
halls started

17/8/2020 Due to the increase in infections, the discos are then closed with an order of the
Ministry of Health

13/10/2020 the Italian parliament approves a law in force, that limits the possibilities of
gathering with precise rules for activities such as restaurants, cinemas, theatres,
sports competitions and parties

2/12/2020 imposes restrictions on travel between Regions during the Christmas holidays, in
particular starting from December 21, 2020 and until January 6, 2021

11/1/2021 face-to-face teaching resumes in high schools at 50–75% (except in the red areas).

14/1/2021 establishes a “white zone” for areas with a low risk of contagion. The DPCM of
January 14, 2021 provides for the reopening of museums on weekdays in the
white and yellow area and the ban on takeaways for bars after 6.00 pm

2/3/2021 provides for the closure of schools, hairdressers and beauticians in the red areas,
and in the white and yellow areas the reopening of museums also at the weekend,
and of cinemas and theatres starting from March 27, 2021.

(continued)
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Table 1. (continued)

DATE POLICY RESTRICTION

15/3/2021 the yellow zone is abolished starting from March 15, 2021, and a national red
zone is established during the Easter holidays (from April 3 to 5)

1/9/2021 also to school and university staff and university students, and school activities
must take place primarily in presence. Green certification becomes mandatory for
the use of medium-long distance means of transport.

26/11/2021 expands the vaccination cycle to a booster dose, mandatory (five months after the
last vaccination) for health, school, law enforcement and other categories of
workers. The same decree extends the obligation of green certification to sectors
such as hotels and local public transport. The restrictions for the yellow and
orange zones are also applied only for the unvaccinated

6/12/2021 the green pass is required exclusively certifying the vaccination or recovery
(“super green pass”) to access activities such as shows, sporting events, indoor
restaurants and discos.

30/12/2021 the use of the “super green pass” is extended to various other activities (such as
bars, gyms, museums, restaurants, parties resulting from ceremonies, etc.); the
use of FFP2 masks becomes mandatory for many indoor activities;

24/3/2022 regulates the gradual exit from the health emergency. The law no longer provides
for the quarantine for close positive contacts, while the obligation of green pass
to access shops, public offices, means of transport, museums, libraries and hotels
lapses. The basic green pass, on the other hand, becomes sufficient,

1/5/2022 the obligation to wear masks lapses, with the exception of means of transport,
theatres, cinemas, indoor sporting events and health facilities, where the FFP2
mask obligation remains until June 15, and the compulsory wearing of a surgical
mask in schools until the end of the school year. [95] The obligation also lapses
for workers in the public sector, while in the private sector it is regulated by
individual protocols between trade unions and companies.

where COV denotes the growth rate/doubling time of COVID-19 cases in the region on
date t as described above; Mobi denotes each type i (i= 1, 2::: 6) of mobility; andMobi,
s, t − n is the mobility index in regions on the date (t − n). In this research, n equals
0, 7, 14,21 and 28. i is the standardised coefficient for each type of mobility; ε “ is the
standardised error; S denotes the fixed place effect of region s and t denotes the fixed date
effect for a transmission period after date t. In our interpretation of the regression model,
we emphasise the magnitude and significance of the coefficients, indicating the extent
of the association between COVID-19 spread and the different types of mobility, rather
than the fixed place effect and fixed date effect, denoting the variations of unobserved
potential confounders underlying virus spread across space and time.
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Fig. 1. Confirmed COVID-19 Deaths in each state/territory

3 Results

3.1 Human Mobility and Policy Intervention

Figure 1 represents the number of deaths that occurred over 2 years from March 2020
to May 2022 and the initial rise of deaths is shown way after the implementation of
policies such as the 9th March 2020, all regions were quarantined and 22nd March 2020
Ministerial Decree prohibition of movement to other municipalities. Due to the change
in the contagion curve, the containment measures are eased during May 2020 while on
3rd June 2020, free movement among the regions was permitted. On 17th August 2020
due rise in cases containmentmeasures are brought into action by reducing the frequency
and number of people in gatherings but the impact of this rise in cases is shown with
the spike in deaths during later months. Furthermore, the containment on the Christmas
holiday gatherings was also made on 2nd December 2020. The third peak of deaths is
shown during April 2021 preceded by a small drop during February accounting for the
measures taken on 14th January 2021, the establishment of zones according to risk and
closures of schools and commercial places on 2nd March 2021. The vaccination and
establishment of a super green pass as well as obligatory use of FFP2 masks led to a
remarkable drop in deaths. Lastly, a spike is shown during February and March 2022
accounting for vacation and Christmas holiday gathering.

The Combined Mobility Index (Fig. 2) shows a reduction during the first lockdown
across all 9 regions and the mobility shows an altered pattern after June 2020 accounting
for the rise in CMI in the Puglia region and at least in the Lazio region, followed by a drop
in mobility during December 2020, January 2021, and March 2021 with an intermittent
rise but below the baseline.AfterMarch 2021, Toscana showed a spike above the baseline
and the mobility along with other regions and remains the same way. This means that
the re-introduction of restriction policies in all the regions responding to the pandemic
also affects the mobility in the adjacent region.

On further examination, each type of mobility in each region will be presented in for
the journal and for understanding purpose Sicilia mobility is shown (Fig. 3). The pattern
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Fig. 2. Combined mobility index (CMI) within 3 days after the implementation of each policy

of mobility presents a regular variation across weeks, evident as weekly cycles in most
types of mobility with couples of “outliers”, indicating a substantial change in mobility
on holidays. Compared to the baseline (the period of 3 January to 6 February 2020 before
the global COVID-19 pandemic), there are some common changes in mobility observed
in all regions: the mobility to residence increased, indicating that more people stayed
at home; the mobility to transit stations and retail/recreation decreased, reflecting that
people used public transport and recreational facilities less; the mobility to workspace
dropped substantially due to lockdown.

Except for Lazio, all the regions show a significant rise in mobility in Parks with
the lowest mobility to Transportation Stations. Retail and Recreation places were less
visited by people accounting for the initial drop in the mobility index, followed by
a trend close to the baseline. Mobility change concerning Grocery and Pharmacy is
also noticeably plunged during lockdown like Retail and Recreation. As transportation
has been remarkably reduced due to the lockdown and restriction of travel across the
region’s leading to a decline in the mobility index except for Puglia exhibiting a few
spikes during the vacation period in the August months of 2020 and 2021. Since the
lockdown in March 2020, the workplaces mobility index has been low and has not been
showing a great change due to smart working. The mobility in the residential areas is the
only mobility index which has maintained positive and above baseline change during
the lockdown and so on due to the stringent confinement of quarantine.

3.2 Human Mobility and COVID 19 Mortality

Figure 4 depicts the CMI distribution, growth rates, and time intervals between dou-
blings of COVID-19 confirmed deaths during the pandemic in Sicilia. The increase rate
of fatalities displays four waves, with the first and biggest peak occurring during the
lockdown when the CMI and Doubling Time are low. This is followed by a shorter wave
during the second pandemic wave, which corresponds to low mobility and Doubling
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Fig. 3. Six types of mobility in Sicilia.

Time. In addition, a further wave with a similar impact as the first is seen in early 2021,
and the last wave with a high CMI, except for Puglia, occurs in March 2022. Except
for Emilia Romagna, Lazio, Piemonte, Puglia, and Lombardia, all other areas exhibit 2
distinct increases in Doubling Time, one each in August 2020 and 2021.

Combined Mobility Index GrowthRate Doubling Time

Fig. 4. Combined mobility index, growth rates, and doubling time in Sicilia Region. Note: In
each graph, Y-axis on the left denotes doubling time (day); Y-axis on the right denotes growth
rates (%); A combined mobility index is shown on the Y-axis on the right of each row.

The correlation coefficients between CMI and growth rates during the first 4 weeks
after lockdown are showing different correlation(Fig. 5 A), as right after the lockdown
the correlation is low except for the region Veneto, after 7 days the correlation is shown
significantly in 2more regions alongwithVeneto that is Lombardia andEmiliaRomagna,
14 days later, the correlation is high in Lazio region than all the other regions and except
for Sicilia and Campania, 21 days after the correlation in Campania, Veneto and Puglia is
less significant than the other regions. Lastly, 28 days after lockdown, remained the same
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(A) Growth rate 

      Lockdown 7days after 14days after 21 days after 28days after
          Lockdown Lockdown Lockdown Lockdown

(B) Doubling Time

     Lockdown 7days after 14days after 21 days after 28days after
Lockdown Lockdown Lockdown Lockdown

Fig. 5. Correlation between CMI and growth rates (A), and between CMI and doubling time (B)
in Italy and each state/territory over five periods of time.

for all the regions except for Veneto. The correlation between CMI and Doubling Time
during the 4 weeks after lockdown, is positively significant right after the lockdown and
decreases within 7 days with the lowest being Lombardia, but after 14 days of lockdown
shows a negative correlation followed by a positive correlation during 21 days after
lockdown. Lastly 28 days after lockdown, a similar trend of negative correlation is
observed (Fig. 5 B).

The regression coefficients between various mobility change and Growth Rate in
Fig. 6 (A) 7 days after lockdown shows a positive correlation in Emilia Romagna and
Lombardia.Regression coefficients betweenvariousmobility change andDoublingTime
(B) 7 days after lockdown the association is negative only in Piemonte and Campania.

Due to space confinement, all the graphs will be presented in for the journal and for
understanding purpose graphs only after 7 days after are shown).
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Fig. 6. Regression coefficients of six types of mobility in Italy and each state/territory over 7 days
of time after lockdown.

4 Discussion

Because of the transmission dynamics and confounders underlying the epidemiological
studies, we interpret our findings with caution and link them to the empirical experiences
in other countries for a more holistic understanding of how human mobility intertwines
with COVID-19 spread and for better policy implications. Validating the method applied
for the Australian study [22] these are the findings and explanation to our study done
in Italy. Even though our study has difference in the duration and demographics when
compared to the Australian study, we found a similar correlation between COVID spread
and mobility in the earlier stages of pandemic.
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To begin with, an observation of the COVID-19 deaths and mobility level along-
side the timeline of policy interventions in Italy suggests that containment and social
restriction policies mitigated the COVID-19 spread effectively in the early stage of
the pandemic, during which the substantial decrease in human mobility because of the
increasing level of social restriction was followed by a steep drop in growth rates and a
sharp increase in a doubling time of COVID-19 spread. This important drop in growth
rates could reflect the basic association between viral transmission and human inter-
action dynamics, also observed by [13]. Something has gradually eased the mobility
change decline with the dissolving of restriction policies in mid-May. However, during
two years of the study, the association between humanmobility and death rate has shown
a lagging effect, which was controlled by the measures taken by the Government. There
are also imperfect correspondences between social restriction and mobility levels with
mobility declining before formal restriction and in certain circumstances, increasing
before formal restrictions easing and such observations have also been found in other
countries including China, the U.S., Sweden, and South Korea [7, 19, 20]. People may
have intended to reduce access to public facilities and spaces with precautions against
virus spread before implementing social restrictions.

The restriction of mobility has a time lag effect on COVID-19 spread and deaths,
as the mobility-spread relation lasts from 7 to 14 days, which is possibly tied to the
incubation period. An increase in the strength of the mobility-spread correlation over
the period from the time when restriction policies were implemented to 7 days after
the policy implementation, but a decline in correlation from 7 days to 14 days after the
policy implementation, 21 days and lastly 28 days after lockdown. We mix the patterns
of mobility change among all the 9 regions after the initial stage of intensive lock-
downs. An explanation can be that the virus spread depends on mobility and human
behaviours, personal hygiene habits and protection[5]. The government-level supervi-
sion and the efficacy of policy implementation, together with environmental conditions
(such as changes in weather), also affect growth rates in a manner that weakens the
association between mobility and virus spread [13, 21]. For example, the increase of
mobility in Lombardia after 1 April was followed by a well-controlled flat curve of
growth rates compared to an obvious increase of growth rates in Campania in the same
circumstance, possibly as the temperature on winter days in Campania is much higher
than that in Lombardia, which helps to control the virus spread.

Besides the above, humanmobility is associatedwith the contagion risk andCOVID-
19 spread, and themagnitude of such an association varies across space and time dynami-
cally.During the initial outbreak of the pandemic, growth rateswere positively associated
with the mobility of public transit and grocery/pharmacy in most states, but negatively
associated with the mobility of retail/recreation and workspaces. Because of the growth
of COVID-19 cases, people prefer to stay at home and avoid places of retail/recreation.
Kistler et al. [20] in their study of New York City, have also observed a similar find-
ing where the reduction in transportation is negatively correlated with the COVID-19
prevalence. The mobility of public transit appears to be the only factor positively linked
to the rise of growth rates over three periods of time in most states, and such a link-
age becomes stronger after the 7-day incubation period. This inconsistent relationship
between mobility and COVID-19 spread reflects the fact that virus spread is not only
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relevant to variation in mobility levels but is also subject to variation in other forms
of preventative behaviours and perceptions, whether voluntary or government-enforced
[19]. Without taking into consideration of the other potential factors, which may affect
COVID-19 spread, it would be arbitrary to conclude that any observed drop in growth
rates is attributed to changes in mobility levels.

Interpreting our results serves as an endeavour that considers the publicly available
measures of human mobility and COVID-19 data to study and understand an epidemi-
ological question with enormous social importance. Some of the important limitations
and challenges in this relationship between human mobility and virus spread are: first,
the CombinedMobility Index as the value is the mean of all the mobility change to study
the disease spread, which is a weighted measure. Second, there are different delays due
to time and place and other contributing factors, such as human behaviours and the
use of personal protective equipment, are not considered. Third, Google mobility data
provides a relative measure of mobility change compared to the period from 3 January
to 6 February 2010 as the baseline. The selection of the baseline may introduce some
biases across different geographic contexts where human mobility may decline as an
early reaction to COVID-19 and thus, it may not represent the pre-pandemic level. Last,
the delay in the death’s reporting as the case confirmation occurs much before the death
and the individual might travel from one region to another.

5 Conclusion and Future Works

Accurately estimating human mobility and gauging its relationship with virus transmis-
sion during a pandemic is critical for the control of the spread of COVID-19 and any
other highly contagious disease. Unlike the Australian study, our study depicts the rela-
tion of mobility behaviour of humans with the COVID-19 spread for the whole duration
since the beginning of pandemic until now.

Even though a thorough analysis of the results has been provided, consideration
of slight caution is called for, as they may not exactly show the causal relationship
between human mobility and virus transmission. By considering the results of the study,
the inference to policy prescription calls for implementing better containment measures
in highly contagious areas/regions. Prompt measures to handle the outbreak through
technological implications such as smartphone applications namely Immuni [23]. Also,
implementing robust contact tracing systems and self-isolation within the 14-day incu-
bation period would be crucial to attenuate the strength of the mobility-spread relation.
Last, understanding the lagged effect of the policies to be made prior to avoid any crisis.

Futurework needs to focus on studying the transmissionmodes in various regions and
studying their association with human behavioural association. Studying the dynamics
of other respiratory borne and airborne diseases across the globe for formulating better
policies and also developing strategies for health risk management, especially during
epidemics and pandemics.

DATA SOURCES

• [A] https://github.com/pcm-dpc/COVID-9/tree/master/metadata
• [B] https://github.com/pcm-dpc/COVID-19

https://github.com/pcm-dpc/COVID-9/tree/master/metadata
https://github.com/pcm-dpc/COVID-19
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• [C] https://www.google.com/covid19/mobility/
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