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Abstract

Conventional cars with combustion engines are responsible for greenhouse gas emissions affecting
the climate, health impacting air pollutants and traffic related noise whilst taking up public space.
To reduce conventional private cars in cities, the promotion of cycling and walking is a promising
alternative. Cycling and walking is not only space-saving, pollution-free and noise-abating, it also
supports people’s physical activity and wellbeing. It is societally beneficial to make cycling and
walking more attractive by making it a pleasant and healthy experience. Improving the trip and
reducing health burdens whilst in traffic can contribute to that. One of these health burdens is the
exposure to environmental stressors: air pollutants, such as particulate matter, and high noise levels.
This thesis investigates these health burdens and other factors influencing cyclists’ and pedestrians’
wellbeing and practices en route. Moreover, as a growing usage of smartphones has occurred in
recent years, the possibilities of mobility apps for supporting a healthy and pleasant trip are
investigated. Hence, the scope of this thesis is to combine the topic health, specifically air pollution
and noise, wellbeing and pleasant mobility with possibilities of mobility apps. First, the thesis
explores how cyclists and pedestrians perceive their personal exposure towards air pollution and
noise. Additionally, other factors influencing commuting experience, perceived health and
wellbeing on-the-move are examined. This is contrasted to actual measured particulate matter and
noise. A mixed-method design is applied: qualitative interviews on-the-move with 28 cyclists and
pedestrians in Berlin, Germany, so called go-/ride-alongs, are complemented by wearable sensors
measuring particulate matter and noise. The perceived and measured exposure is visualized and
analysed via Geographic Information Systems (qualitative GIS). The results show spatial
discrepancies and coherences between perceived and measured air pollution and noise and other
factors influencing wellbeing on-the-move. The go-/ride-alongs highlight that the situational
context, sensory awareness (e.g. greenery/water, urban aesthetics, interesting sites) and social cues
(e.g. seeing other people, neighbourhood areas) are important for a perceived healthy and pleasant
commute, even in polluted areas. However, perceived noise and polluted air, not always in line with
the measurements, also influence wellbeing on-the-move. Cyclists and pedestrians frequently use
hidden-paths, cover their mouth/nose or apply emotions focused coping to protect themselves.
Second, this thesis identifies how far health impacting factors are considered in research using
mobility apps in order to identify their possibilities for supporting a healthy commute. A literature
review reveals that current research applying mobility apps is lacking the consideration of health
topics, such as air pollution and noise. It is proposed to integrate health topics in mobility app
development. Following these findings, the thesis ultimately investigates communication options
to inform cyclists and pedestrians about healthy and pleasant commute. Focus groups were applied,
exploring experiences with air pollution and noise and information needs. It is shown that pollution
should be made relatable, feasible coping strategies should be presented and self-efficacy should be
increased. Pleasant trip characteristics could be included in a healthy mobility app. It is a matter of
not only focusing on health impacting exposure, but also factors that improve wellbeing on-the-
move. The findings are of interest for mobility app development, but also encourage new directions
for urban and transport planning and policy. If active mode users’ experiences, perceptions and
practices are considered, the attractiveness of cycling and walking can be enhanced, encouraging
more people to cycle or walk. Hence, active modes can unfold their potential for supporting the
transformation towards liveable, healthy and environmentally friendly cities in the future.
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Zusammenfassung

In dieser Doktorarbeit wurde untersucht, welche Faktoren Wohlbefinden, wahrgenommene
Gesundheit und Mobilitdtspraktiken von Radfahrenden und Fuflgdnger:innen wéahrend des
Unterwegsseins  beeinflussen. Ziel war es, die personliche Exposition gegeniiber
gesundheitsbelastenden Stressoren wie Feinstaub und Larm unterwegs zu messen und diese der
individuell wahrgenommenen Belastung gegeniiberzustellen. Zudem wurden weitere Faktoren, die
das Wohlbefinden wéhrend des Unterwegsseins beeinflussen, untersucht. Die Arbeit beleuchtet
iiberdies, wie Fahrradfahrende und Fullgénger:innen iiber gesunde und angenehme Mobilitét in der
Stadt informiert werden konnen. Hierbei liegt ein Fokus auf Mobilitits-Apps und der Frage,
inwiefern das Thema Gesundheit, speziell Luftschadstoff- und Larmbelastung, sowie angenehme
Routenumgebungen in Mobilitdts-Apps integriert werden. Mit 28 Radfahrenden und
FuBgédnger:innen in Berlin, Deutschland, wurden mobile qualitative Interviews (so genannte Go-
bzw. Ride-Alongs) durchgefiihrt und mit tragbaren Sensoren zur Messung von Feinstaub und Larm
erginzt. Die geo-lokalisierten Feinstaub- und Larmmessungen konnten so mit den qualitativen
Daten und dem situativen Kontext, in dem die Daten erhoben wurden, zusammengefiihrt,
visualisiert und analysiert werden und Unterschiede und Ubereinstimmung zwischen
wahrgenommener und gemessener Belastung sowie weitere, das Wohlbefinden beeinflussende
Faktoren, untersucht und in ihrem situativen Kontext betrachtet werden. Der situative Kontext (z.B.
das Verlassen der Arbeit, das Erreichen des eigenen Wohnviertels), die sensorische Wahrnehmung
(z.B. Griinflichen/Wasser, Asthetik stidtischer Strukturen, StraBenmusiker:innen) und soziale
Aspekte (z.B. Menschen bei Freizeitaktivititen, die Nachbarschaft) beeinflussen, ob das
Unterwegsseins in der Stadt als gesund und angenehm empfunden wird. Diese Faktoren kdnnen in
vergleichsweise gemessenen hoch belasteten Situationen ausgleichend wirken. Auch Schleichwege,
um Belastungsorte zu umfahren, und Schutzmafnahmen, wie das Zuhalten von Mund/Nase, zeigten
sich als Schutzpraktiken auf Alltagswegen. Aber auch als belastend wahrgenommener Lirm und
Luftschadstoffe, die nicht immer mit den Messungen iibereinstimmen, kdnnen das Wohlbefinden
beim Unterwegssein negativ beeinflussen. Um zu untersuchen, wie Feinstaub- und Larmbelastung
auf Alltagswegen kommuniziert werden kann, wurden Informationsmoglichkeiten fiir eine gesunde
und angenehme Mobilitdt exploriert. In einem Literaturreview wurde aufgezeigt, dass
Gesundheitsthemen, insbesondere Luftschadstoffe und Larm, kaum in Forschung zu Mobilitdts-
Apps beriicksichtigt werden. In den daran anschlieBenden Fokusgruppen mit Teilnehmer:innen aus
den Go- bzw. Ride-Alongs wurde ermittelt, wie gesunde und angenehme Routen kommuniziert
werden sollten. In den Fokusgruppen erhielten die 20 Teilnehmer:innen Feedback zu ihrer
gemessen Belastung, diskutierten ihre wahrgenommene Gesundheit, Schutzmechanismen, ihre
Routenwahl und ihr Informationsbediirfnis. Ein zentrales Ergebnis war die Relevanz von
verstandlichen Informationen und umsetzbaren Routenalternativen. Es wurde eine ,pleasant routing
app‘ vorgeschlagen, die angenehme und gesunde Routenaspekte integriert und auf partizipative
Mapping-Methoden zuriickgreift. AbschlieBend zeigt diese Doktorarbeit Moglichkeiten auf, eine
als gesund und angenehm wahrgenommene Mobilitdt in der Stadt zusammen mit messbaren
Umweltstressoren in den Blick der Planung zu riicken und diese verstéirkt bei der Entwicklung von
Mobilitits-Apps zu beriicksichtigen. Um die Attraktivitdt des Fahrradfahrens und zu Ful Gehens
zu steigern, sollten die Erfahrungen, Wahrnehmungen und Praktiken von Radfahrenden und
FuBginger:innen im Fokus stehen, sodass aktive Mobilitét ihr Potenzial entfalten kann, zu einer
lebenswerten, gesunden und umweltfreundlichen Stadt beizutragen.
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1. Introduction
Everyday people move around the city for daily purposes such as going to work. Some commute
by car, others by bicycle, on foot or public transport. When moving around in cities, people are
directly exposed to the passing environment. The urban environment and related environmental
stressors, such as air pollution or noise, affect human health and wellbeing (Krzyzanowski et
al., 2005; WHO, 2011). Specifically, cyclists and pedestrians, also on their way to public
transport, are exposed to environmental stressors, but also experience positive environmental
influences on-the-move. Cycling and walking is an embodied experience, it is shaped by the
bodily movement itself and influenced by the sensually perceived route environment on-the-
move (Cresswell, 2010; Degen & Rose, 2012; van Duppen & Spierings, 2013). Meanwhile,
mode and route choices can be influenced and supported by information and communication
technologies, especially smartphones (Dal Fiore et al., 2014; Lenz, 2011). Smartphone apps
with a focus on mobility, so called mobility apps, are increasingly used to organize mobility in
cities (Andersson et al., 2018; Gossling, 2017). This thesis sheds light on possibilities for
supporting healthy and pleasant mobility. It is the aim to understand what factors influence a
perceived healthy and pleasant trip for cyclists and pedestrians and detect to what extend the
exposure to air pollution and noise influences perceived health and wellbeing. Consequently,

possibilities of mobility apps to improve healthy and pleasant commuting in cities are explored.

1.1 Background and motivation: healthy and pleasant cycling and
walking

Urban areas are hotspots of adverse lifestyles as well as environmental exposure, impacting
human health in a variety of ways (Khreis et al.,, 2017). Specifically, people’s sedentary
lifestyle, air pollution, noise, high temperatures, urban heat island and lack of green spaces
impact human health in cities (Khreis et al., 2017; Nieuwenhuijsen & Khreis, 2019). Tackling
these health risks following international recommendations could lower mortality!, with
physical activity having the greatest potential for preventing deaths, followed by reducing air
pollution exposure, traffic noise and heat (Mueller et al., 2017). Moreover, climate change will
explicitly affect urban areas now and in the future, around the world as well as in Europe (EEA,
2016b). Increasing temperatures and heat waves compromising the burden of air pollution will
affect cities and be as well a health risk for urban dwellers? (EEA, 2016b). Therefore, it is both
a global and local societal goal to mitigate climate change and lower its impact on cities, as it

is to improve human health in urban areas to make cities a sufficient place to live.

Urban transport is closely linked to topics such as climate change, environment and health and

can be regarded as both: detrimental, but also poses benefits for creating healthy and sustainable

! A study from Barcelona, Spain, showed that nearly 20% of mortality annually could be preventable if
international recommendations regarding physical activity, air pollution, noise or heat would be followed
(Mueller et al., 2017).

2 In the thesis, urban dwellers or residents refer to people living and moving around in the city.
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cities (Nieuwenhuijsen & Khreis, 2019). Motorized road traffic with combustion engines is a
major emitter of climate impacting greenhouse gas (GHG) emissions and responsible for a
quarter of GHG emissions in the European Union, emits health impacting air pollutants and is
the leading source of environmental noise (EEA, 2016a, 2020b; Sims et al., 2014). Being
exposed to adverse traffic-related air pollution is associated with a variety of physical and
mental health impacts (EEA, 2020a; Krzyzanowski et al., 2005). Specifically, PM2.5, referring
to particulate matter with a diameter smaller than 2.5um, is regarded as the leading
environmental health risk factor in European cities causing a high number of premature deaths
a year’ (EEA, 2020a; Hinninen et al., 2014). Also, the exposure to traffic-related noise impacts
physical and mental health, for example due to annoyance (WHO, 2011, 2018). Annoyance
from road traffic noise is constituting most of the burden of environmental noise in western
Europe, next to sleep disturbance (WHO, 2011). Noise is among the leading environment health
risk factors in Europe, following particulate matter (Hanninen et al., 2014). It is estimated that
at least 1 million healthy life years are lost each year in western Europe due to traffic-related
noise (WHO, 2011). Promoting walking and cycling for everyday trips, which are noise-abating
and pollution free, can be a possible way to address these health impacts and lower GHG

emissions.

In Germany, one third of all trips are work and education related (in this thesis considered as
commuting trips) (Vollmer & Gruschwitz, 2019). By supporting the usage of active modes of
transport not only climate change, but also negative health effects can be tackled: Commuting
by bicycle or on foot promotes physical activity and fitness, prevents illness and improves the
overall quality of life and wellbeing (Mouratidis et al., 2019; Mytton et al., 2016; Synek &
Koenigstorfer, 2019). Walking and cycling has gained attention in recent years. One third of all
trips in Germany are made by bicycle or on foot, with an increase in cycling since 2002
(Vollmer & Gruschwitz, 2019). Public transport users can also be considered as active mode
users, since they spent a substantial amount of time walking (Hillnhiitter, 2016). Promoting
cycling, walking and public transport is essential for a transition towards sustainable, i.e.
environmentally friendly, healthy and socially just, mobility in urban areas (German
Environment Agency, 2020). In recent years priorities on promoting sustainable mobility have
been placed on the policy agenda, for example the European Urban Mobility Framework
(European Commission, 2021) or the German national cycling strategy (Federal Ministry for
Digital and Transport, 2022). Generally, cities should be designed “of such quality and at a
suitable scale that people would not need to have a car” (Banister 2008, p. 74). Quality in that
sense can refer to cycling infrastructure or safety issues, but also to a perceived pleasant
environment, which is important when cycling and walking through urban space: the visual,

olfactory and auditive experiences en route (Degen & Rose, 2012; van Duppen & Spierings,

3 The European Environmental Agency (EEA) provides numbers of premature deaths caused by PM2.5 in
Europe per year for each country, showing that all in all approximately 417.000 premature deaths a year in
Europe are attributable to PM2.5 (for more information see: the “Air quality in Europe” Report (EEA, 2020a)).
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2013). As van Duppen and Spierings (2013) point out, “commuting cycling is an everyday
practice in which experience is mediated through the senses” (van Duppen & Spierings, 2013,
p. 235). This thesis draws attention to the question how to increase the usage of active modes,
by specifically investigating cyclists’ and pedestrians’ sensory experiences on-the-move and

how they perceive their passing environment.

However, cyclists and pedestrians are directly exposed to the aforementioned air pollutants and
noise. This thesis focuses on two leading environmental health risks in urban areas when
addressing health: particulate matter (PM2.5) and noise. Specifically, cyclists’ and pedestrians’
exposure of traffic-related particulate matter and noise. Particulate matter und noise are high
alongside road and rail traffic (Apparicio et al., 2016; Chaney et al., 2017). For example,
cyclists have high noise exposure exceeding 60 dB(A) en route in European cities (Okokon et
al., 2017), whereas according to the WHO guidelines, road traffic noise shall not exceed 53
decibels Laen* on average (WHO, 2018). Cyclists and pedestrians recorded higher measurable
particulate matter exposure than other transport users (Chaney et al., 2017; Okokon et al.,
2017). Minimizing negative impacts on wellbeing, for example by lowering air pollution or
noise exposure, is argued as a promising way forward for transport policy, could encourage
cycling and walking and improve its health and wellbeing effects (Reardon & Abdallah, 2013).
Moreover, not only the measurable exposure impacts health and wellbeing, also the perceived
exposure has an effect (Orru et al., 2018). Perceived and measured exposure are not always in
line (Ueberham et al., 2019), hence, it is important to consider both. Consequently, this thesis
explores how to make commuting by bicycle or on foot (incl. public transport) more attractive

by addressing measurable and perceived exposure to air pollution and noise en route.

For increasing the attractiveness of active modes, informing about healthy and pleasant trips is
considered relevant. Informing about mobility options is nowadays increasingly relying on
information and communication technologies (ICT), which influence people’s travel choices
and desire to travel (Dal Fiore et al., 2014; Gdssling, 2017; Lenz, 2011). With location-aware
mobile devices information can be gathered, one’s own location be checked in real time and
one can be “socially networked” whilst on-the-move (Sheller, 2018). The usage of location-
aware smartphones influences mobility practices, offers people new reasons to be mobile and
helps them to make informed mobility choices (Dal Fiore et al., 2014; Lenz, 2011). Receiving
travel information via smartphone apps enables to choose a route or transport mode based on
certain information, for example effectivity and convenience (e.g. time, distance, sharing,
payment options), health (e.g. physical activity) or eco-friendliness (e.g. less CO2-emissions)
(Andersson et al., 2018; Gossling, 2017). Informing about health risks related to a certain mode

or route has the potential to increase recognition and understanding of the severity and

“Lgen (day-evening-night noise level (as an opposite to Laign referring to the night noise level), “refers to an A-
weighted average sound pressure level over all days, evenings and nights in a year, with an evening weighting of
5 dB and a night weighting of 10 dB” (EEA, 2020b). The A-weighted average (called dB(A)) means that the
frequency is filtered that it represents the loudness of a sound as perceived by the human ear.
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vulnerability to a risk. Combined with increasing people’s self-efficacy and response efficacy
to cope with the risk, it can ultimately motivate and support people to undertake health
protective practices and tackle the risk on a community-level (Finn & O’Fallon, 2017; Gray,
2018; Lindell & Perry, 2012; Maddux & Rogers, 1983). Informing about the health risk of air
pollution or noise en route and providing options to avoid exposure is considered to improve
health and wellbeing of cyclists and pedestrians. Mobility apps which organize daily travel
could address air pollution and noise related health-concerns of cyclists and pedestrians and
thus, overall improve healthy active commuting in cities. Therefore, the question arises what
possibilities this technology offers to inform about mobility choices which protect health,

support a pleasant trip and are beneficial for society.

1.2 Research aim and questions

This thesis aims at investigating possibilities for supporting healthy and pleasant mobility®. It
considers cyclists’ and pedestrians’ subjective sensory experiences and how they influence
wellbeing on-the-move (see section 2). Wellbeing is considered part of the broader term health
and is defined based on the ecological perspective of wellbeing. It focuses on how human-
environment interactions impact wellbeing, acknowledging that place and space are decisive
for wellbeing (Nordbakke & Schwanen, 2013). Wellbeing during travel is influenced by the
experience made during the trip and the movement itself, or as Nordbakke and Schwanen
(2013) argue, “the movement is itself a place emerging out of human-environment interactions
and affects one’s happiness, freedom, safety and capability” (Nordbakke & Schwanen 2013, p.
15). As for physical health, this thesis examines air pollution, focusing on particulate matter,
and noise as part of the interrelationship of transport, the environment and health
(Nieuwenhuijsen & Khreis, 2019). Both are two of the leading environmental health risk factors
in European cities (Hénninen et al., 2014). In this thesis, air pollution refers to measurable
particulate matter (PM2.5), and the overall perception of air pollution. Noise, as defined by the
World Health Organization (WHO), refers to environmental noise emitted by all sources
(except workplace), whereas the European Environmental Agency (EEA) refers to noise as
“unwanted or harmful outdoor sound created by human activity, such as noise emitted by
different means of transport [...] and industrial activity” (EEA 2020b, p.8). This thesis relates
to the definition by the WHO, because both the measured and reported perceived noise were

examined and the noise source could not necessarily be distinguished.

The scope of this thesis is to combine health, specifically air pollution and noise, wellbeing and

pleasant mobility with possibilities of mobility apps. The goal is to understand how cyclists and

5 This thesis refers to the term mobility, coming from a rather social sciences perspective, compared to the rather
technical-organizational perspective of the term transport, acknowledging the needs and abilities of people
regarding their movement, activities and accessibility rather than distances and trips, individual view (compared
to the aggregate view of transport) and taking the psychological, cultural and social aspects of movement into
consideration (Wilde & Klinger, 2017). In-depths presented in section 2.1.
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pedestrians perceive and are exposed to air pollution and noise and what other factors influence
a perceived healthy and pleasant commute in the city. Additionally, possibilities of mobility
apps for supporting a pleasant and healthy commute are examined, including the provision of
air pollution and noise exposure information but also considering other decisive factors for a

pleasant commute.

In a first step, the current state of empirical research applying mobility apps is examined. It is
investigated to what extend the mobility apps applied in current empirical research consider

mobility-related health components. The related research questions are as follows:

Q1. To what extent and how is the ‘health dimension’ (specifically air pollution and noise)

considered in mobility apps applied in mobility behaviour change research?

Qla. Which informational dimensions do the applied mobility apps comprise and what effects
on mobility choices do they have?
Q1b. To what extent are air pollution and noise or other health-promoting components

considered and how can they further be integrated?

The aim is to systematically review information, which is presented to the participants in the
empirical studies by mobility apps. Furthermore, the reported effects of the mobility apps on
mobility choices are explored. Mobility-related health components included in the apps are
identified, with a focus on air pollution and noise information. Based on the reviewed empirical

studies, a theory-based inclusion of health components in mobility apps is proposed.

In a second step, cyclist’s and pedestrian’s measured and perceived exposure and factors
impacting their health and wellbeing are considered. It is explored how they themselves
experience their trip, how they perceive their exposure, health and wellbeing en route and if
they feel at risk of air pollution and noise. Knowing people’s experienced commute and
perceived exposure is regarded as relevant to successfully communicate and inform about

measurable air pollution and noise. Hence, the second research question is as follows:

Q2. How is exposure to air pollution and noise perceived while moving in the city and how
does that impact practices en-route?

Q2a. How to examine perceived and measured exposure and related practices on-the-move?
Q2b. Are perceived and measured air pollution and noise in line and if not, what other factors

are decisive for a perceived healthy or pleasant commute?

These research questions draw attention to inconsistencies and similarities in measured and
perceived exposure. The aim is to investigate the objectively measured and the subjectively

perceived exposure together. Reasons behind differences and similarities in perceived and



measured exposure are investigated. Relevant factors, which impact a perceived healthy and

pleasant commute during high exposure levels, are examined.

Drawing on the findings from the first two research questions, the third research question draws
attention to exposure information. Urban commuting routes are often inevitable compared to
mobility as a leisure activity, hence, supporting healthy everyday commuting routes is regarded
as essential. The third question of this thesis is therefore:

Q3. How to inform about a healthy — low air pollution and noise exposure — and pleasant

commute on daily (inevitable) routes in the city?

Q3a. How should information on health impacting factors en route, such as air pollution and
noise, be designed to support healthy and pleasant mobility in urban areas?
Q3b. Is information provision about exposure on daily (inevitable) routes a worthwhile strategy

to support healthy and pleasant mobility?

The aim is to identify the influence of exposure information on the perception, (intended) route
and mobility choices of cyclists and pedestrians. It is investigated how to design exposure
information and it is examined in how far informing about exposure is worthwhile. Ultimately,
possibilities of information provision for supporting a healthy and pleasant commute are

discussed together with cyclists and pedestrians.

1.3 Structure of the thesis

The cumulative thesis comprises four connected research articles (Fig. 1). Each of the articles
answers one of the main research questions and altogether they address aspects of healthy and
pleasant commuting, including exposure and wellbeing on-the-move. Research question Q2 is
divided into two articles due to the methodological and content scope. In the course of this
thesis, two supplementary and related research articles were published: a conference proceeding

and a literature review. Their abstracts can be found in the Appendix A for interested readers.

Article Examine empirical studies applying mobility apps, specifically focusing on
1 health components and health information (Q1)

Investigate how cyclists and pedestrians perceive air pollution and noise,
how they experience their commute and how they are exposed to
stressors on-the-move (Q2)

Article

2+3

Explore how cyclists and pedestrians want to be informed about a healthy,
i.e. less polluted, and pleasant commute
(e.g. using mobility apps) (Q3)

Article
4

Figure 1: Articles of the cumulative dissertation and related research aims



Following the introduction (section 1), a comprehensive overview of the theoretical background
is provided (section 2). Section 2 presents how the thesis is embedded in the field of geography
and mobility research and draws connections to risk communication and health theories and
concepts. In section 3 the study design is presented and the methods used are described. The
methods will also be described in the respective articles. Section 4 is the core of the thesis and
comprises four research articles. The section contains a short introduction to the articles and
contextual transitions between the articles to guide the reader. Table 1 presents the articles of
this thesis, their scope and topics. Finally, section 5 brings together the findings from the
research articles, draws conclusions and presents this thesis’ contribution to scientific research,

policy and planning and concludes the thesis with an outlook.

Table 1: Overview of the published articles as part of the cumulative thesis (see section 4)

Article Title Authors Journal Scope and topic Section
I Promoting sustainable Marquart, H., Sustainability | Literature review 4.1
mobility: To what extent is Schuppan, J. findings
“hea}th” c0n51der§d by . Mobility apps and
mobility app studies? A review health

and a conceptual framework

11 Extending the dimensions of Marquart, H., | Journal of Methodological and 4.2

personal exposure assessment: | Ueberham, Transport empirical findings
A methodological discussion M., Schlink, Geography Go-/ride-alongs and
on perceived and measured U. wearable sensors
noise and air pollution in
traffic
I How are air pollution and Marquart, H., | Journal of Empirical findings 4.3
noise perceived en route? Stark, K., Transport & | Go_pi de-alongs and
Investigating cyclists’ and Jarass, J. Health wearable sensors

pedestrians’ personal exposure,
wellbeing and practices during

commute
v Informing about the invisible — | Marquart, H. European Empirical findings 4.4
Communicating en route air Transport Focus groups on risk
pollution and noise exposure to Research communication and
;ychsts and pedestrians using ReV1eW pleasant routing
ocus groups (submitted)



2. Theoretical background

For researching how air pollution and noise are perceived by cyclists and pedestrians on-the-
move, how the experienced environment impacts their everyday mobility and for investigating
how to communicate air pollution and noise to cyclists and pedestrians, different theoretical
backgrounds have to be considered. Therefore, this thesis refers to theories, concepts and

approaches from social geography, mobility research as well as health research.

Firstly, the “new mobilities paradigm” will be introduced, which draws attention to the
importance of considering perceptions and sensory awareness on-the-move, as well as the
practice of movement (section 2.1). Secondly, the term of environmental perception as defined
in the disciplinary field of geography will be explained, drawing attention to the field of
cognitive geography (section 2.2). Thirdly, the focus will shift to the field of health research,
providing the theoretical background for researching risk perception (e.g. risk from air
pollution and noise) and how to motivate people to protect themselves (section 2.3). Finally,
the concept of Environmental Health Literacy (EHL) will be presented, which will be used to
identify exposure risk communication and information needs concerning air pollution and
noise on-the-move (section 2.4). All of these approaches offer a valuable background for this
thesis (Fig. 2).

Section 2.1 Section 2.2 Section 2.3
Protection
Theories Sensory ey
Mobility and _ ) theo Environmental
and awareness y Perception of the environment v/

Protective healthliteracy
actiondecision
model

Research New mobilities paradigm Coanitive aeoaraph Risk perception and risk ﬂ
field Mobile ethnography g geography communication

iceth
concepts on-the-move practice theory

Explore how cyclists and pedestrians perceive and are exposed to air pollution and noise and what other

Research e .
aims of the factors influence a perceived healthy and pleasant commute
thesis Identify possibilities to inform about a pleasant and healthy commute by providing information on risks

regarding air pollution and noise exposure

Figure 2: Theories, concepts and research fields this thesis addresses

2.1 Commuters on-the-move: new mobilities paradigm and mobility
practices

Following the “new mobilities paradigm”, which was introduced by Sheller and Urry (2006), a
shift from traditional transport research towards the term mobility and a new understanding of
being mobile took place. The term ‘mobility’ acknowledges the needs and abilities of people
regarding their movement, the activities and accessibility of activities rather than distance and

trips and considers mobility from an individual perspective, which considers the psychological,
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cultural and social aspect of movement (Wilde & Klinger, 2017). People move rarely because
of the physical act of movement itself, rather is mobility the basis of participating in society
(Hunecke, 2015). Traditional transport research has often argued from a quantitative logic,
focusing on technical-organizational aspects of transport coming from engineering and
economics without considering the subjective meanings of transport (Wilde et al., 2017). As a
reaction to that technical-organizational view, work following the new mobilities paradigm
argues that transport research has looked at movement too much as an “empty space that needed
to be limited” (Cresswell, 2010, p. 18). The embodied experiences of movement, the context
(e.g. social) in which the moving body operates or the activities occurring on-the-move need to
be considered (Sheller & Urry, 2006). As a result, mobility research centers around the
individual. Mobility is not only about covering a physical distance from a place A to a place B,
but mobility is defined as a form of social practice, which contributes to personal wellbeing
(Wilde et al., 2017). The studies which are rooted in the new mobilities paradigm range from
researching the micro-movements of the individual body to questions of global travel,
considering as well the mobility of goods, the digitized act of moving through virtual reality or
the digitized world that enables people to move through space while connecting with the world
“on-the-go” (Cresswell, 2010; Sheller & Urry, 2006). It is argued that movement and travel
should not be considered as a given and the time of being in-transit should not be seen as a
“dead time” which should be minimized, but rather take a holistic understanding of mobility
and “take the actual fact of movement seriously” (Cresswell, 2010, p. 18). Mobility research
focuses for example on the physical movement of the body or reaching a specific place, the
representation of movement as, for example, freedom, or the embodied practice of movement
as the individual experiences it (Cresswell, 2010). This thesis focuses on experiences,
perceptions and practices of cyclists and pedestrians during movement (i.e. on-the-move) and
specifically considers the time being in transit (Article IL, III and IV), hence, it relates well to

the work following the new mobilities paradigm.

When researching mobility and movement of individuals, practice theory is a valuable
theoretical background. Research in geography and mobility has increasingly taken into
consideration the term practice and its associated methodologies (see, for example, Everts et
al., 2011; Greene & Rau, 2016; Manderscheid, 2019; Schifer & Everts, 2019; Stephan, 2019;
Wilde, 2013). Schatzki (2001), an important representative of practice theory, defines social
practices as a “set of actions” that “are either bodily doings and sayings or action that these
doings and sayings constitute” (Schatzki, 2001, p. 56). Hence, it is about #ow something is
happening, not what is happening (Kiihl, 2016; Schatzki, 2001). For researching both these
“doings” and ‘“‘sayings”, engaging with a person in the field through a mobile or walking
interview, i.e. interviewing on-the-move, is valuable (Kiihl, 2016; Wenzl et al., 2019). Hence,
for researching cyclists’ and pedestrians’ doings and sayings on-the-move, taking practice
theory as a background for this thesis is beneficial (see section 3.3). Based on Shove et al.

(2012) “practices involve the active integration of materials, meanings and forms of
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competence” (Shove et al., 2012, p. 45), which mutually shape one another. Taking the practice
of cycling to work as an example, materials would be a bicycle or a route/destination to cycle
to or cycling infrastructure, meanings could involve emotional engagement with cycling as a
healthy and pleasant way to commute, forms of competence would be knowing how to cycle or
where to cycle. Generally, practices are not abstract scripts of actions, but they exist by its
performance and until they are performed (Schéfer & Everts, 2019; Schatzki, 2001)°. This thesis
(explicitly Article III) explores cyclists’ and pedestrians’ practices whilst on-the-move and
refers to the understanding of practices coming from practice theory and the new mobility

paradigm.

Following this new understanding of ‘being mobile’ and mobility practices, many new research
topics and methods came along. These include, for example, participating in the pattern of
movement of an individual through walking or cycling with people (as applied in this thesis,
see Article II and III), time-space diaries in which participants record activities and movement
or taking poetry or literature as a basis for exploring the affects and feelings of a place (Hein et
al., 2008). Existing research in that field explores, for example, the sensory awareness of
pedestrians (sights, touch, sound and smell) (see Degen & Rose, 2012; Vasilikou, 2016), the
perception of the thermal-spatial conditions when walking outdoors (see Vasilikou &
Nikolopoulou, 2020), the sensescapes’ of the city when cycling (see van Duppen & Spierings,
2013) or walking through it (see Kelly et al., 2011) or the kinesthetic sensations of cycling (see
Spinney, 2016). As argued by Biischer and Urry (2009), researching the sensescapes of people
when moving is important to understand movement, because “bodies are not empirically fixed
and given but involve performances to fold notions of movement, nature, taste and desire, into
and through the body. Bodies sense and make sense of the world as they move bodily in and
through it, creating discursively mediated sensescapes that signify social taste and distinction,
ideology and meaning” (Biischer & Urry, 2009, p. 102). This sensory awareness when moving
around in the city is regarded as important for a pleasant and perceived healthy commute (see
Article II, IIT and IV).

For researching sensescapes and practices on-the-move, taking the approaches of mobile
ethnography into consideration is regarded as valuable for developing the methodology of this
thesis (see Article II and III), because mobile ethnography enables a deep engagement with the
research subject, his/her patterns of movement and various sensescapes which are experienced
as the body moves (Sheller & Urry, 2006; Biischer & Urry, 2009). Many studies following the

new mobilities paradigm are rooted in ethnography and can be considered as so called “mobile

¢ For more information on practice theory in the field of mobility see for example Wilde (2013). For practice
theory in the field of geography see for example Schifer and Everts (2019).

7 With the term “sensescapes” the attention is drawn to the sensory perceived environment, i.e. the visual,
olfactory, auditive, haptic and taste experience of a specific place or environment (a singular sensescape is e.g.
called “soundscape” if it refers to the auditive experience of a place). It refers to “the relationship and interaction
between the sensory body and the urban environment” (van Duppen & Spierings, 2013, p. 235). For further work
see e.g. Andringa et al. (2013), Degen & Rose (2012), van Duppen & Spierings (2013), van Kamp et al. (2016).
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ethnographies” (Biischer & Urry, 2009). They involve a participation of the researcher in
“patterns of movement [of the research subject] while conducting ethnographic research”
(Sheller & Urry, 2006, p. 217). When participating in the research subjects’ patterns of
movement, their perceptions, their sensory awareness and their mobility practices can be
investigated in relation to the passing environment. The understanding of mobility and practices
following the mobilities paradigm, as described before, was shaped by mobile ethnographies
“and [is] thereby intrinsically connected into practice” (Biischer & Urry, 2009, p. 111). The
methodological approach of this thesis is based on mobile ethnography and practice theory,
specifically considering the perceptions, practices and sensory awareness of people on-the-
move (see section 3.2, Article II and III).

2.2 Perception of the environment in the field of cognitive geography

For investigating how cyclists and pedestrians perceive their environment, approaches coming
from cognitive geography underpin the theoretical background of this thesis. Cognitive
geography, which is closely linked to psychology, aims at exploring how people perceive their
environment or symbolic representations of it (e.g. maps), how they conceptualize or
emotionally respond to potential hazards or how their affection to certain places can be reflected
(Lloyd, 1997; Montello, 2018). This field of geography, based on a definition by Montello
(2018), focuses on “the person as a thinking, knowing and feeling agent” and understands
people as “active information gatherers and processors, not passive recipients of stimuli, forces
or events” (Montello, 2018, p. 5). Hence, the attention is on “understanding subjective worlds™®
(Lloyd, 1997, p. 4). This thesis’ definition of perception is rooted in the disciplinary field of
geography and psychology next to the already presented mobility research and will now be
presented in detail.

The nervous system of a person is responding to external stimulus. These physiological
processes are called sensation. Sensations are “experienced qualitatively differently, occur in
response to different types of environmental energy (e.g. chemical, thermal, electromagnetic),
result from the stimulation of different types of receptors, and reflect or encode different
properties of the world” (Montello, 2018, p. 8). More specifically, sensory modalities refer to
vision, smell, taste, hearing, touch or kinesthesis, the latter being important for gathering body
movement (Montello, 2018). In summary, perception’ describes the process and result of
receiving and interpreting this sensory information (Flade, 2013; Lloyd, 1997). For example,

past experiences influence how environmental stimuli are perceived and only environmental

80ther well-known representatives in the disciplinary field of cognitive geography are, for example, Kevin
Lynch’s (1960) “Image of the city”, or the work from Roger M. Downs and David Stea (1973) on cognitive
mapping and spatial behaviour.

9 In the field of cognitive geography, the term perception is usually synonymously used to cognition (Lloyd,
1997; Weichhart, 2018). Hence, this study will also refer to the term perception. Cognition can actually be
defined as the larger concept which includes perception, i.e. is the interpretation of perceptions, and can be
defined as the process and result of mentally creating a meaning, concept, identification and representation
(Flade, 2013; Montello, 2018; Weichhart, 2018).
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stimuli, which are relevant, important or have a meaning for the individual, are filtered and
received; in other words, only those which are important for the current contextual goals and
motivation of the individual, other stimuli are rather blocked (Weichhart, 2018). Thus, the way
external stimuli are perceived is depended on how the person evaluates the stimuli, based on
own experiences, values, current motivations and aims as well as his/her beliefs about spatial
and non-spatial properties and relations of objects, events and places (spatial: e.g. location,
distance, direction, shape; non-spatial: temporal, thematic or hedonic) (Montello, 2018;
Weichhart, 2018). This thesis also draws attention to the experiences, values and aims of people

on-the-move in order to explore how they perceive their environment.

It should be emphasized that the field of behavioural geography, to which cognitive geography
is linked, has been criticized since its appearance (Montello, 2018). Its ability to explain human
actions is argued to be limited, because people are too much seen as recipients of external
stimuli and their actions are mainly explained depending on these stimuli: human actions are
reduced to mechanical stimulus-reaction-relations (Weichhart, 2018). Hence, it is argued that
behavioural geography is not able to explain the complexity of human actions, which is more
than just a reaction to external stimuli (see section 2.1) (Weichhart, 2018). However, cognitive
geography, its understanding of cognitive representation of the environment and definitions of
environmental perception can still be considered as an “important desideratum of research” and
is from today’s perspective still relevant (Weichhart, 2018, p. 243). This thesis acknowledges
the criticism of behavioural geography for explaining movement. Therefore, another theoretical
perspective for studying ‘doings’ is applied (see ‘practices’ section 2.1.)!°. However, for
exploring environmental perception and air and noise pollution perception, the insights from
cognitive geography are considered as valuable, explicitly if they are enriched by examining

people’s emotions and underpinned by risk perception theories (see section 2.3).

Emotions are of relevance for environmental perceptions, they shape the experiences and
evaluations of the environmental stimuli (pleasant/unpleasant) and the way an environment is
perceived (Flade, 2013; Montello, 2018). Emotions are also important for evaluating transport
modes (Flade, 2013). Therefore, this thesis considers the reported emotions of people on-the-
move towards their transport mode or their perceived environment (i.e. positive or negative
evaluation or stated emotions, such as anger, anxiety, happiness) (Article II and III). Moreover,
attitudes are important, combining what someone believes (e.g. air pollution impacts health)
and what his/her affect is (e.g. worry/anger regarding air pollution) (see Article IV) (Montello,

10 Article 1, which is a literature review article, reviews studies applying mobility apps which intervene in
mobility practices. The reviewed studies belong to a research field focusing on “behaviour change
interventions”, which refers to the term “behaviour”. In accordance to the reviewed studies, the literature review
in Article I uses the term “mobility behaviour”. However, the thesis refers to the definition of “mobility
practices” as described in section 2.1. Hargreaves (2011) discusses a similar difficulty concerning behaviour
change interventions and the term “practices”. He argues, that “it would be unwise [...] and empirically
misleading to call them [authors comment: behaviour change interventions] by another name.” (Hargreaves,
2011, p. 84).
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2018). This is additionally considered in this thesis for exploring perceptions and further
described as part of risk perception (section 2.3). Summarizing, the way individuals perceive
their environment is initially based on the primary sensory physiological processes caused by
the direct stimulus and filtered by the individual; the “cognitive representation” of these stimuli
is the environment as subjectively perceived by the individual (Weichhart, 2018).

The terms perceptions, sensory awareness and practices from a mobility and geography
perceptive as used in this thesis are now clarified. The attention will next be drawn to the field
of health research. Theoretical-conceptual approaches from the field of health research are
considered for researching how risks, such as air pollution and noise pollution exposure, are

perceived and coped with and how to communicate these risks.

2.3 Risk perception and protective actions

Health risks are not necessarily perceived by individuals as severe as they are claimed to be by
experts and proven to be by statistics (Renn, 2014). In order to understand this discrepancy, a
multidisciplinary field of research deals with this issue: risk perception (Bickerstaff, 2004). Air
pollution and noise are health risks to people moving around in the city: urban residents are
specifically exposed in or alongside urban traffic (Chaney et al., 2017; Cole-Hunter et al., 2012;
Okokon et al., 2017; Park, 2020). Thus, risk perception and risk protection theories are

considered valuable for investigating air pollution and noise exposure on-the-move.

Risk perception is based on the physical (received by own senses) and communicated (by
others) information about the source of the risk, the mental processing of that information and
past experiences with the risk (Renn, 2014). Environmental risks are easier perceived by people
if they can sense them, e.g. hear, see, smell or feel them (see Article III and IV) (Gatersleben
& Uzzell, 2000). In case of risks whose danger is difficult to evaluate, because there are no
previous experiences with it nor is it possible to sense it, one is dependent on receiving external
information, e.g. from peers or experts (see Article IV) (Renn, 2014)!!. Summarizing, risk
perception and responses to risks are based on analytical brain functions, grounded in the
experiences of everyday life and formed in the context of social, cultural and political factors
(Bickerstaff, 2004; Gober, 2018). As Renn (2014) points out, risk information has to be directly
beneficial for the person and be of interest in order to stimulate an engagement with the risk. If
a risk is difficult to perceive, such as, for example, the invisibility and related threats and long-
term effects associated with smoking cigarettes, which is similar to inhaling polluted air, are
difficult to perceive, hence, one needs to refer to information from peers or experts (Renn, 2014;
Elias & Shiftan, 2012).

1 This dependence leads to different psychological mechanisms of searching orientation. This thesis does not go
into detail here, for further information see Renn et al. (2014).
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There is often a discrepancy in scientific evaluated environmental risks and perceived risk by
lay persons: for example, studies show that the statistically high health risk of air pollution as
communicated by experts can be perceived differently by laypersons (Bickerstaff, 2004). In her
review article, Bickerstaff (2004) presents different studies showing how laypersons neglect
their exposure to air pollution. People are not concerned about air pollution, do not acknowledge
its effects on themselves or do not consider air pollution as a problem in their home area
(Bickerstaff, 2004). Gatersleben and Uzzell (2000) found out that urban dwellers in the UK
worry about air quality in their home areas, however, measured pollution data does not show
very serious pollution problems. A recent literature review on studies comparing perceived and
measured air pollution shows that many studies found that measured air pollution and perceived
air pollution are corresponding (e.g. high pollution numbers match perceived high air
pollution), however, some show that air pollution has no or only a small influence on risk
perception (Cori et al., 2020). This shows that there is no clear relationship between measured
air pollution and perceived air pollution. Interestingly, out of the studies which found a
mismatch in perceived and measured exposure, three focused on moving people and personal
exposure (commuters, cyclists and taxi drivers), whereas most of the other studies showing that
the perceived and measured exposure are in line did not explicitly refer to moving urban
dwellers (see Cori et al., 2020). This is essential for this thesis, because it leads to the
assumption that specifically people on-the-move estimate their exposure to air pollution
differently than their actual air pollution measurements. Hence, investigating the relation of

perceptions and measurements of air pollution on-the-move is of high interest.

As for noise, studies showed that the relation between perceived environmental noise and
modeled or measured environmental noise is weak (Ueberham et al., 2019; Verbeek, 2018).
Only around “one third of the variance of annoyance reaction can be ‘explained’ by the
acoustical features” (Guski, 1999, p. 45). It was found that personal, social but also contextual
factors influence noise annoyance (Fields, 1993; Guski, 1999; Verbeek, 2018). A study from
Finland found that the knowledge of road-traffic noise as a health risk and positive
environmental attitudes were associated with noise sensitivity and noise annoyance (Okokon et
al., 2015). Similar to air pollution, recent studies have shown a bias in perceived noise exposure
and the actual measured noise, suggesting that measured high sounds are not always perceived
as noise (Kou et al., 2020; Ueberham et al., 2019; Verbeek, 2018) (see also Article II).

These reported differences in perceived and measured exposure may be due to the fact that from
a social-cultural perspective, as for air pollution, risk perception depends on different
dimensions: locality and place (sensory awareness, experienced physiological impact, (past)
experiences, knowledge and local memory of a place), agency and power (be able to change
situation through behaviour, powerless to influence problem) and trust and communication

(trustworthiness of institutions, information/understanding of risk and trust in information
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sources or communicator) (Bickerstaff, 2004). Further reasons for these differences are
investigated in Article II and III.

This thesis specifically sheds light on the first dimension of locality and place: sensory
awareness. The importance of sensory awareness is also stressed by Gatersleben and Uzzell
(2000), who found that the visual appearance of dust, the smell of exhaust fumes or the
irritations to the eyes, nose or throat when expose to air pollutants reinforces perception. As
shown in section 2.1, sensory awareness on-the-move has also gained attention following the
new mobilities paradigm. Investigating sensory awareness of moving people is essential to
explore perceived air pollution and noise exposure, related threat appraisals and coping
strategies. Moreover, as also presented in section 2.2, attitudes play a role for environmental
perception. For example, the attitude towards the source of the pollution (e.g. cars, traffic
situation) can influence the degree to which people perceive air pollution, but also noise, to be
a risk that one is exposed to (Gatersleben & Uzzell, 2000; Stallen, 1999).

As discussed, road traffic related noise and ambient air pollution in urban areas result in severe
long-term and short-term health impacts and negatively impact wellbeing (Hénninen et al.,
2014; Keuken et al., 2005; WHO, 2018) (see also section 1 or background in Articles I-1V).
However, as previously presented, they are not always perceived as severe as they are measured
(see Article II and III). Therefore, this thesis draws attention to the question how to motivate
people to protect themselves from air pollution and noise en route. The Protection Motivation
Theory (PMT) originally developed by Rogers (1975) and the Protective Action Decision
Model (PADM) (Lindell & Perry, 2012) offer well-established theoretical backgrounds'?. The
PMT, initially developed to research the effect of fear on health perception and behaviour,
explains why people undertake health impacting, risky behaviour and suggests how to motivate
health promoting actions, specifically drawing attention to self-efficacy (Maddux & Rogers,
1983). The PMT was applied in studies on, for example, physical activity (Plotnikoff & Trinh,
2010), respondence to climate hazards such as floods (Bubeck et al., 2018) or in the transport
sector following the Covid-19 pandemic (Barbieri et al., 2021). It can be applied for designing
interventions regarding unhealthy practices, for example exposure mitigation (Becker et al.,
2021). The PMT defines that the intention to protect oneself stems from cognitive beliefs: (1)
threat appraisal (does the current behaviour lead to a severe and harmful outcome for oneself),
encompassing perceived vulnerability and perceived severity of risks, and (2) coping
appraisal (am I able to protect myself (self-efficacy) and do effective possibilities exist to
prevent the risks (response efficacy)) (Maddux & Rogers, 1983; Plotnikoff & Trinh, 2010)
(Fig. 3)".

12 The PMT is applied in Article I and for analysing the interview data in Article VI, the PADM served as a
background for developing the interview guideline in Article II and Article III. An overview of the PMT and
PADM can be found as well in the respective articles.

13 A comprehensive overview of PMT and its application for this thesis can be found in Article I and Article IV.
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Threat appraisal

Perceived vulnerability

Perceived severity of risks

Protection motivation

(intention to undertake protective actions)

Coping appraisal

Self-efficacy:
Am | able to undertake protective actions?

Response efficacy:
Does my actionimprove health?

Figure 3: A simplified illustration of the Protection Motivation Theory (PMT), based on Maddux and
Rogers (1983), Prentice-Dunn and Rogers (1986) and Rogers (1975)

This thesis considers the PMT as a valuable theory for analysing health protective motivations
regarding air pollution and noise en route and as a background for developing communication
strategies for a healthy commute (see Article I and IV). Thus, the threat appraisal (Maddux &
Rogers, 1983; Rogers, 1975) regarding air and noise pollution for this study was defined as:

e Perceived vulnerability: Perception of an individual towards their susceptibility to air
and noise pollution en route, i.e. the perceived probability that air and noise pollution is
harmful to oneself.

e Perceived severity: The perceived severity of air and noise pollution on everyday routes
and the perceived harm that one’s everyday mobility entails.

Drawing on risk perception research (e.g. Bickerstaff (2004)), the perceived vulnerability and
perceived severity of air pollution and noise can be shaped as well by sensory awareness,
experienced physiological impacts, (past) experiences or knowledge of the risk as well as
trustworthiness of institutions, trust in information sources or general information on the risk
(Bickerstaff, 2004). These factors were used in this thesis to further explore perceived
vulnerability and severity of the risks (see Article I'V).

According to the PMT, the degree to which a person believes his/her action can decrease the
threat is influencing protection motivation. This so-called coping appraisal consists on the one
hand of the self-efficacy of a person: To what extent does a person believe that he/she is able
to perform the protective action? If a person believes the protective action or avoidance strategy
can be successfully performed, the more likely he/she will act accordingly (Maddux & Rogers,
1983). Moreover, the response efficacy is the actual effectiveness of the recommended
preventive action or avoidance strategy (Maddux & Rogers, 1983). As for this thesis, the
following definition of coping appraisal will be used:
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(1) Self-efficacy: The belief that one is able to enact proposed avoidance strategies or
protective actions against air pollution and noise on everyday commuting routes in the
city.

(2) Response efficacy: Expectancy that lowering everyday exposure to air and noise
pollution on commuting routes through the recommended avoidance strategies or

preventive actions is possible.

The coping appraisal is regarded to be closely linked to the previously presented dimensions of
risk perception. For example, the perceived ability to change the situation through protective
actions or the feeling of powerlessness can impact risk perception (Bickerstaff, 2004), hence,
affects the self-efficacy and response efficacy of protective actions. Additionally, the PMT
assumes that a protective action is undertaken if the costs of that adaptive action (in terms of
financial costs, or personal costs such as inconvenience or unpleasantness) and the rewards

connected to the mal-adaptive actions are small (Prentice-Dunn & Rogers, 1986).

Sensory awareness of air pollution and noise as well as warning messages (e.g. via mobility
apps) are one key focus of this thesis, hence, the Protective Action Decision Model (PADM)
by Lindell and Perry (2012)'* is additionally consulted for this thesis (Article III'*). The PADM
is another theory from health behaviour research, which is based on environmental disaster or
hazard risk communication (Lindell & Perry, 2012). It specifically sheds light on a pre-
decisional process, addressing the environmental and social context (called environmental
cues and social cues) and “socially transmitted warnings” (Lindell & Perry, 2012, p. 617). The
protective response is either the search of information, a protective action or emotion-focused
coping (Lindell & Perry, 2012). The PADM has been applied for example for researching flood
preparedness (Terpstra & Lindell, 2013) or as a framework for explaining adoptions of electric
vehicles during smog (Liu et al., 2019). The environmental cues (sights, smells, sounds) and
social cues (fellow people) as well as information (warning messages) or perception of
stakeholders (e.g. authorities, media, scientists/experts) are important for threat perceptions and
motivating protective actions. They also relate to the self-efficacy and coping appraisal as in
the PMT (Lindell & Perry, 2012).

Summarizing, the experiences of the commute (e.g. environmental cues, social cues,
attitudes/emotions regarding transport modes or routes, cf. section 2.1), related mobility
practices (e.g. protective practices, cf. section 2.1,) and the perceptions, such as sensory
awareness of the environment on-the-move (perception of a risk, cf. section 2.2), are important
for risk perception and the motivation to protect oneself (see Article II and III). Moreover, also
stakeholders or information sources play a role (cf. section 2.3). These different theoretical

14 Note that this refers to a modified version of the PADM, developed by the original authors of the PADM. For
further information on their first mentions and version of the PADM see Lindell & Perry (2004).

15 Mainly in Article II/I11, as a basis for structuring the go-/ride-along interview, which aimed at researching
sensory awareness and social cues.
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backgrounds enrich this thesis’ approach to investigate environmental health risk perceptions
on-the-move. They also propose a valuable background for researching how to inform about
healthy mobility and health-protective practices en route (see Article I and IV, the latter giving

more background information on advantages and challenges of the PMT).

2.4 Risk communication and environmental health literacy

The previous sections have presented the theoretical background for researching commuters’
perception and practices on-the-move and link these theories with health protection theories.
These theories target the individual level of risk perception and protective practices; however,
they do not draw attention to collective protective actions and do not give indications on how
to effectively communicate en route health risks. One aim of this thesis is to explore possible
information and communication options for a healthy commute (see Article IV), hence, a
concept for environmental health communication is consulted. This is specifically applied in
Article IV to explore how cyclists and pedestrians want to be informed about air pollution and
noise exposure. Thereafter, the concept of Environmental Health Literacy (EHL) is applied.
EHL is an action-oriented concept and provides structures on how to increase awareness and
support people to take action, having its roots in risk communication, health communication
and participatory communication research (Hoover, 2019). Whereas the PMT or PADM have
given background in how individuals protect themselves from a risk, they do not draw attention
to the structural problems underlying a risk. The EHL also incorporates the collective actions,
by drawing attention to community creation. Thus, the EHL highlights how the individual can
influence the community to actually tackle the risk. Environmental exposure, such as air
pollution, is often a community-wide problem and can barely be solved by the individual; the
concept of EHL can address the needed community engagement (Finn & O'Fallon, 2017; Gray,
2018). As the final question of the thesis draws attention to information and communication
strategies, it does not only refer to the individual perceptions and practices, but considers
collective actions. Hence, the concept of EHL is considered for examining air pollution and
noise communication (see Article IV or section 3.5).

The EHL concept has three dimensions: (1) awareness and knowledge, (2) skills and self-
efficacy and (3) community change (Gray, 2018). Based on Bloom’s (1956) taxonomy of
educational objectives, Finn and O'Fallon (2017) define six stages of EHL, namely:
recognition, understanding, application, analysis, evaluation and creation. When becoming
environmentally health literate, a person progresses through each stage, meanwhile, gaining
knowledge and taking action (Finn & O'Fallon, 2017). Firstly, the severity of a certain risk, i.e.,
pollution, and its impact on health is recognized and understood. Subsequently, the EHL
increases, hence a person can apply, analyse and evaluate information regarding that risk and
gains skills to take action. With this increased self-efficacy, one feels that health-protective
actions can be undertaken and exposure reduced (Gray, 2018). Self-efficacy is also a central

part of the PMT, showing the need to increase self-efficacy to motivative health protective
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actions (cf. section 2.3). Ultimately, collective actions for reducing pollution can be undertaken,
e.g. engaging in policy or in the community (Gray, 2018). This information exchange is
beneficial, because different community stakeholders can tackle environmental problems
collectively (Hoover, 2019). For example, presenting cyclists or pedestrians information on air
pollution and noise exposure en route can increase awareness and knowledge (step 1). As this
knowledge develops, in the next step they would be able to find less-polluted routes or
undertake protective actions themselves (step 2, skills and self-efficacy). By approaching step
3, they would then be able to evaluate their knowledge and skills and communicate it to others.
Hence, engage in community (community change). Drawing on these steps, this thesis takes
the concept of EHL for developing and structuring communication strategies as suggested by
the participants, who participated in the research of this thesis (see Article IV for more
discussions on advantages and challenges of the concept of EHL, and section 3.5 for the
application of the EHL concept).
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3. Research design and applied methods

One aim of this thesis is to examine measurable objective exposure to air pollution and noise
and subjective perceptions on-the-move. Therefore, this thesis focuses on the environment that
cyclists and pedestrians pass through every day, as well as their movement as such. The other
aim is to investigate how cyclists and pedestrians want to be informed about a healthy and
pleasant commute including risks from air pollution and noise. Hence, cyclists and pedestrians
are consulted as experts of their commute. These research aims (cf. section 1.2) can best be

addressed by a combination of qualitative and quantitative methods: a mixed-methods design.

Both qualitative or quantitative methods can stand alone and refer to a certain research
paradigm; by mixing both approaches, a quantitative measurable phenomenon can be put in
relation to the qualitative side of understanding its underlying meaning (Kuckartz, 2014).
Mixed-methods designs offer new approaches to generate research questions and provide
comprehensive answers (Johnson et al, 2007). Some mixed-methods designs are
straightforward — sequential or parallel'® — others are more complex and integrate different
methods in more than one stage of the research (Kuckartz, 2014). The research aims of this
thesis demand for a complex design. In order to prevent a lack of clarity in complex mixed-
method designs, it is important to clarify the methods’ implementation, priority, and theoretical
backgrounds (Kuckartz, 2014). To address this, the following section will present the
implementation of the applied qualitative and quantitative methods. The theoretical
backgrounds for the study design are coming from ethnography, practice theory and health
theories. They have been presented in the previous section 2.

This thesis complements go- and ride-alongs (qualitative) with wearable sensors (quantitative)
and focus groups (qualitative). The qualitative methods have a priority and are applied to
investigate the exposure experiences and practices of people on-the-move and the information
required to undertake a healthy and pleasant trip. To consider the movement of the research
subject, a mobile qualitative approach (go- and ride-alongs) was used: the research subjects
were accompanied on foot or by bicycle and meanwhile interviewed. By interviewing people
on-the-move it was possible to dive deep into their everyday mobility practices and en route
experiences (section 3.3). Moreover, focus groups were applied to research how exposure
information should be designed and what collective actions derive from air pollution and noise
risk communication (section 3.5). In qualitative research, the people under investigation are

regarded as experts of their life and experts of the questions under research (Lamnek & Krell,

16 Mixed-method research designs can either be concurrent/parallel (QUALITATIVE + QUANTITATIVE),
sequential (QUALITATIVE>QUANTIATVE; QUANTIATIVE>QUALITATIVE) or complex (integration of
QUALITATIVE and QUANTIATIVE methods in different stages of the research process). The emphasis of the
chosen paradigm can either have an equal status (both equally important) or a dominant status (either
QUALITATIVE and quantitative or QUANTITATIVE and qualitative, hence, one is dominant (QUAL, or
QUAN), while the other (qual, or quan) has lower priority) (Johnson & Onwuegbuzie, 2004; Kuckartz, 2014).
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2016). Qualitative methods are essential in the field of human geography and have also gained
attention in the field of health geography, risk perception research and travel behaviour studies
(Baxter, 2018; Bickerstaff, 2004; DeLyser et al., 2010; Mars et al., 2016). Qualitative research
in human geography recognizes “the complexity of everyday life, the nuances of meaning-
making in an ever-changing world, and the multitude of influences that shape human lived
experience” (DeLyser et al., 2010, p. 5). The aim of this thesis is to in-depths explore these

lived experiences of cyclists and pedestrians; hence, the qualitative approach had priority.

To put this in relation to the quantitative measurable phenomena of air pollution and noise, this
thesis considers simultaneously the dynamic measurable air pollution and noise exposure when
moving in the city. Exposure measurements were applied. The spatiotemporal patterns and
dynamic changes of exposure while moving demand for mobile measurements by wearable
sensors (Helbig et al., 2021; Larkin & Hystad, 2017; Schlink & Ueberham, 2020; Snyder et al.,
2013). It is promising to use wearable sensors for individual-based measurements of
environmental stressors to “overcome the microenvironment and land-use-concepts that are not
individual-based” (Schlink & Ueberham, 2020, p.4). Combining wearable sensors with on-the-
move survey techniques is considered promising (Schlink & Ueberham, 2020). For this thesis’
research aim the measurements receive a lower priority. They are supporting the interpretation

of the qualitative data rather than being investigated in itself.

A systematic literature review (section 3.1) was conducted followed by an empirical data
gathering phase (section 3.2). The empirical phase comprised three stages: qualitative go- and
ride-along interviews complemented by wearable sensors (section 3.3) and GPS-tracking

and questionnaires (section 3.4) followed by focus groups (section 3.5) (Fig. 4).
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Figure 4: Study design of the mixed-method approach
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With each method one of the three main research questions is explored (tab. 2). In the following,
the methods applied in this thesis will be presented in detail. Further descriptions and reflections
of the methods can be found in the articles (see tab. 2) and in the reflection at the end of the
thesis (section 5.4).

Table 2: Overview of the research questions and the focus of the respective studies, the methods
used and the related articles of this cumulative thesis

Research | Focus of the study Method Article

question

Ql Identify current literature applying Literature review I
mobility apps regarding the information (section 3.1)

the applied apps comprise

Q2 Investigate people’s perceived exposure en | Go- and ride-alongs I+ 111
route, experiences of the route Wearable sensors
environment and commuting practices and | (section 3.3)

simultaneously measure their exposure to

air pollution and noise

Q3 Examine how people want to be informed | GPS-tracking and v
about air pollution and noise en route and | questionnaire
explore what aspects would support a Focus groups
healthy but also pleasant commute in (section 3.4/3.5)

urban areas

3.1 Literature review

For investigating research questions Q1, a systematic literature review was conducted (Article
I). The added values of a literature review are to identify gaps in literature, present new research
agendas or to result in conceptual models based on the reviewed literature (van Wee & Banister,
2016). The aim of the literature review was to identify to what extend mobility apps applied in
recent empirical studies address health components and to unravel if air pollution and noise —
or other health components — are addressed in the mobility apps. Furthermore, it was
investigated how mobility apps could inform about mobility-related health topics. The focus
was on studies applying mobility apps which aim at intervening in current mobility choices.
The reason for choosing mobility apps which intervene in mobility choices was because these
apps usually integrate different information (on e.g. environmental impacts or health).
Moreover, they are usually developed to support the user to undertake environmentally friendly,
healthy or cost-effective mobility choices (see Article I). Hence, the mobility apps in the
reviewed studies provided certain information or ‘behavioural change techniques’ to support
the app user to change their mode or route. Usually, they aimed at inducing sustainable mobility

choices (Article I). This was of interest for this thesis’ research question on how to inform
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cyclists and pedestrians about healthy and pleasant mobility choices and gave a valuable

background of the current state of research regarding mobility apps and health.

The literature review was based on the PRISMA guidelines for literature reviews. The PRISMA
guidelines systematically guide the researcher through the reviewing process and makes the
reviewing process transparent (Moher et al., 2009). For in-depths information about the
literature review process see Article I (section 4.1). After identifying and screening relevant
articles, the included literature was examined concerning the information they address, taking
mobility-related health components based on Nieuwenhuijsen and Khreis (2019) and van Wee
and Ettema (2016) as a background. A special focus was set on identifying if air pollution and
noise information were addressed. Based on the reviewed studies and PMT (see section 2.3)
the literature review resulted in the development of a conceptual framework. The literature
review process and its results are presented and discussed in Article 1. Additionally, the
literature review provided a valuable background for the empirical phase, specifically for the
focus groups, and enriched the discussion about how to communicate healthy and pleasant

routes using mobility apps (see Article I and section 5.2).

3.2 Overview of empirical phase

The empirical phase consists of three stages which build on one another (see Fig. 4). The
participants undergo each stage: First, qualitative interviews on-the-move, so called go- and
ride-alongs, complemented by wearable sensors were conducted. Second, the same participants
were asked to track their commuting route for three till five days using a tracking app with
integrated questionnaires. Third, after 8-10 participants have taken part in the first two stages,

they were invited to the third stage, the focus group.

The empirical phase took place in Berlin, the capital of Germany. Berlin has 3,7 Million
inhabitants (2021) and covers an area of 891,7 km?. Berlin has a low topography and is located
between a continental and oceanic climate, having good conditions for cycling and walking
(SenUVK, 2021). Moreover, Berlin is one of the greenest cities in Europe with high values of
vegetation on the neighbourhood level (Lakes et al., 2013). One main river (Spree) and some
smaller rivers flow through the city. Some areas in the city are densely built areas, specifically
the city centre has reported low environmental quality regarding noise and vegetation (Lakes et
al., 2013). Berlin has passed a mobility act in 2018, which specifically considers the promotion
of cycling and walking in the city (SenUVK, n.d.) and has published strategies to lower noise
(SenUVK, 2019b) and air pollution (SenUVK, 2019a). These facts and developments make it

an interesting city to research cycling and walking in combination with air pollution and noise.

Participants were recruited through social media, newsletters, flyers, direct contact with offices
and online neighbourhood networks as well as through snowballing. Therefore, a diverse

recruiting was ensured, reaching people with different life situations and different commuting
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routes. As an incentive, participants were offered personal feedback on air pollution and noise.
Requirements for taking part were commuting to work or educational site (e.g. university) with
a bicycle, on foot or by public transport and living and working/studying in Berlin. In total, 28
people participated in the first stage of the empirical phase (go- and ride-alongs). The
participants were selected, so that there was an equal gender and age ratio in the sample. Out
of these 28 participants, 20 people also participated in the focus groups (third stage). Due to the
the outbreak of the Covid-19 pandemic'” in early 2020, the empirical phase was interrupted.
Therefore, the first 10 participants who underwent the three stages participated in October-
December 2019 before the Covid-19 pandemic outbreak. The other 18 participants were
recruited and participated after the outbreak, from August-November 2020. Possible effects of
the Covid-19 outbreak on the data gathering and results as well as reflection on the recruiting

strategy and sample are discussed in section 5.4.

In general, all interviewees had a driver’s license and a bicycle available, most also had a public
transport ticket and some also used car-sharing. A sample overview can be found in Article 11
and IV. Each method of the empirical phase will now be described. Further information about
the methods and data analysis can be found in Article II and Article III (go-/ride-alongs and

wearable sensors) and Article IV (focus groups).

3.3 Go- and ride-alongs complemented by wearable sensors

For addressing research question Q2 and as a preparation for answering Q3, go- and ride-alongs
complemented by wearable sensors were applied (see Article II and III). The perceived
exposure, sensory awareness and protective practices were explored and enriched by

measurements of air pollution and noise on-the-move.

Go- and ride-alongs, coming from the research fields ethnography, anthropology and
geography, are mobile, on-the-move qualitative interviews during which an interviewer
accompanies the interviewee (King & Woodroffe, 2017). This can be done on foot (in this thesis
referred to as go-along, also called walk-along or walking interview), on wheels, for example
by bicycle (ride-alongs), or both (King & Woodroffe, 2017; Kusenbach, 2003). Therefore, the
interviewers ,,— through asking questions, listening and observing — actively explore their
subjects® stream of experiences and perceptions as they move through, and interact with their
physical and social environment” (Kusenbach, 2003, p. 463). Go- and ride-alongs can be
regarded as mobile methods. Mobile methods, also applied in studies referring to the new
mobilities paradigm, are rooted in the research field of mobile ethnographies (see section 2.1),
making it possible to research the sensing body on-the-move, the ‘“sensory experience,
embodiment, emplacement” (Biischer & Urry, 2009, p. 110). Go- and ride-alongs are
interactive methods and valuable for discussing with the interviewee their perceptions, how

17 For more information on the Covid-19 pandemic see the official website of the WHO:
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
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perceptions change as the body moves through space, as well as reveal the interviewees
interpretations of the physical, built and the social environment (Carpiano, 2009; Evans &
Jones, 2011; King & Woodroffe, 2017; Kusenbach, 2003). Moreover, accompanying the
research subject on-the-move is a valuable way of examining practices in real time and in space
(Carpiano, 2009; Kusenbach, 2003). Hence, the interviewee’s saying and doings, referring to
practice theory (section 2.1), can be observed and discussed with the interviewee in situ (Kiihl,
2016; Schifer & Everts, 2019). Being on-the-move is different compared to being stationary,
hence, mobile methodologies and methods, which make the movement part of the research
process, are valuable to study mobility (Hein et al., 2008). For investigating the movement of
people, applying mobile methods seems crucial. Go- and ride-alongs have been applied in
mobility research, for example for exploring embodied experiences while cycling (see van
Duppen & Spierings, 2013) or walking (see Kelly et al., 2011 or Pooley et al., 2013). For this
thesis, go- and ride-alongs are considered useful to explore cyclists’ and pedestrians’ perceived
personal exposure on-the-move and their sensory awareness, i.e. how they see, hear and smell
their environment whilst cycling or walking. Moreover, go- and ride-alongs are considered
useful for observing and discussing protective practices en route and discuss experiences, aims
and motivations of route choices. Article II (section 4.2) provides further insights into go- and

ride-alongs and discusses benefits and obstacles.

The go- and ride-alongs were complemented by wearable sensors measuring air pollution and
noise on-the-move. Recently, pollution monitoring has given the movement of people attention,
which is due to new technological developments in this field. This ‘changing paradigm in
pollution monitoring’ is based on the increasing usage of portable pollution sensors (Snyder et
al., 2013). These are low-cost and can easily be used and carried by laypersons, allowing
participatory monitoring of health impacting pollution (Helbig et al., 2021; Larkin & Hystad,
2017; Snyder et al., 2013). As a result, local pollution and its variations can be recorded,
meeting the demand to address ‘‘spatial nonstationarity”, i.e. acknowledging that the
relationship between environmental factors and health can vary across a study area (Kwan,
2021). Wearable sensors enrich the go- and ride-alongs with on-the-move exposure measuring
(see Article II and III).

Sample

As describes in section 3.2, the sample comprised 28 adults living in Berlin, Germany, who
cycle, walk or take public transport to work on a regular basis. Three pre-tests (two by bicycle,
one by foot and public transport) were undertaken with participants not included in the sample.
21 go- and ride-alongs were conducted by bicycle, five on foot (and public transport, i.e., bus,
commuter train or subway) and two by bicycle and commuter train (see Article III for an

overview).
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Procedure

After getting in contact with people who were interested to participate, the participants could
suggest time and place after work for the introductory interview and the following go- or ride-
along. The introductory interview was done sedentary and the place was chosen by the
interviewee, for example in a café, at work or on a bench. Having an introductory interview
helped the interviewee to get familiar with the interview situation and with the interviewer'®,
The guideline of the introductory interview addressed the interviewee’s health concerns and
awareness of air pollution and noise en route. The aim was to receive a first impression of the
forthcoming route and the interviewee’s perceptions. The interviewee was asked to describe the
forthcoming route and important route aspects. This was necessary to a.) be prepared for the
upcoming route and possible challenges en route (e.g. streets without cycling infrastructure or
high traffic volume, length of the route, destination), b.) stimulate the interviewee to be prepared
to evaluate and describe their perceptions along the upcoming commuting route and c.) have
background information to which the interviewer could refer to during the go- or ride-along.
For example, during the go-/ride-along questions could be asked, e.g. “during the introductory

interview you talked about [a street/area/...], is this the [street/area/...] you meant?”.

Directly after the introductory interview, the interviewer accompanied the interviewee by
bicycle or on foot (incl. public transport) on his/her way home from work. Meanwhile, a semi-
structured interview guideline guided the on-the-move interview. The questions of the
interview guideline stimulated the interviewee to actively think about and describe their
perceptions, experiences, route choices and their practices en route, but were still open so that
the interviewee could mention important upcoming and unforeseen aspects him-/herself. Using
semi-structured interview formats is “potentially more conversational in nature” and can
improve the conversation during “any rare lull periods” (Carpiano, 2009, p. 11). The interview
guideline was open to add ad-hoc questions if sudden incidents happened en route. The
guideline can be found in Appendix B and is further described in Article I and III. The
guideline was well known by the interviewer due to several pre-tests (as suggested by King and
Woodroffe (2017)) and attached to her bicycle during cycling or at hand during walking.
Interviewee and interviewer were wearing a microphone attached to a recorder and clipped to
the collar. Hence, the interview could be recorded even when moving fast and whilst passing
the environment under investigation (Kusenbach, 2003). Individually attached microphones
and voice recorders also lowered the physical risks of traffic injuries, which needs to be
considered during go- and ride-alongs (King & Woodroffe, 2017). Important observations were

recorded by the interviewer using the voice recorder and by taking pictures en route.

18 “The interviewer” in this thesis (and in the articles) refers to the author of this thesis, who is the only
interviewer in all go- and ride-alongs and as well the sole moderator of the focus groups.
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Whilst accompanying the interviewees, particulate matter (counting of particles smaller than
2.5um per cubic foot, measurement interval: minute; in the thesis referred to as ‘particulate
number count’ (PNC)) were recorded by the air quality monitoring device DylosLogger 1700,
which was carried by the interviewer. Noise was measured including GPS-coordinates (dB(A)
every 2 seconds, device: Motorola G3 with external microphone and pre-installed sensing
application, developed by Ueberham et al. (2018)). The devices were applied and validated in
previous studies (see Ueberham & Schlink 2018; Ueberham et al. 2019), tested during the pre-
tests and tested against equal devices beforehand. The Motorola G3 tracked also GPS and the
wearable sensors had time stamps. The exact time when the go- and ride-along started was
noted so that the qualitative interview data could later be attached to the measurement and GPS-
coordinates. The wearable sensors and interview guidelines were tested and improved

following the pre-tests. For more information on the procedure see Article II and III.
Data analysis

The go- and ride-along interview data was complemented by the wearable sensor measurement
data in two steps. First, the recordings of the go- and ride-alongs were transcribed using the
transcription software f4, including real time stamps. The interview transcripts were then
analysed applying qualitative content analysis following an inductive-deductive approach
(Kuckartz, 2020). Main codes!® were created deductively based on existing literature and the
theoretical background. Specifically, based on the assumption that sensory awareness,
environmental or social cues, influence risk perception and protective practices and influence
how mobility is experienced (see section 2). The coding was open to new and unforeseen
themes, so codes were also built inductively out of the data. As the focus was on perceptions
and practices on-the-move, only statements were coded with spatial relation, referring to the
immediate environment’®. The qualitative data analysis software MAXQDA2020 (version

20.4.1) was used. The coding resulted in:

(a) sensory awareness, i.e. statements related to perceived sounds, perceived air/smells
and visual experiences

(b) protective practices, i.e. practices undertaken on-the-move

(c) perceived physical health and wellbeing in situ

(d) affective/emotional experiences, i.e. a pleasant or unpleasant feeling in situ (often
coded as a supplement to the codes of sensory awareness: when someone stated he/she

negatively perceived noticeable air pollution, it was coded as ‘“unpleasant” and

19 In qualitative data analysis, “codes” refer to categories which are built when analysing the transcripts. They
can be either coming from literature and theoretical background (deductively) or out of the data (inductively).
Statements or sentences of the transcripts are assigned to a specific code, hence, codes “systematize and assign
meanings to [the] data material” (Kuckartz & Réadiker, 2019, p. 19).

20 Note that the interview guideline was developed so that the answers usually referred to the immediate
environment. Hence, most of the statements referred to it.
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“noticeable air pollution”, when someone talked about the calming effects of seeing
nature, it was coded as “pleasant/relaxing” and “seeing nature”)
(e) observations of the environment by the interviewer, i.e. important external situation

such as, for example, crowded area, intersection, side roads or water/greenery

In a second step, the coded transcripts of the go- and ride-alongs were matched with the
wearable sensors data. As shown in Article II (section 4.2), this phase of data analysis applied
an integrated mixed-methods approach, analysing the data by “comparison” and “assimilation”
(see Steinmetz-Wood et al., 2019). First, all measurement data of the wearable sensors (PNC,
noise and GPS-coordinates) were merged. The measurement data was then visualized using the
software QGIS?! and integrated with land use data from the city of Berlin (source: Geoportal
Berlin/FNP, https://fbinter.stadt-berlin.de/fb/index.jsp). For data privacy the first and last
meters were cut off. For comparing the measurement data with the qualitative interview data,
the measured PNC was translated into seven percentiles for each route*? using QGIS, from “1
— comparably extremely low” till “7 — comparably extremely high”. Noise was evenly divided
into eight classes (46 dB(A) - 50 dB(A), ..., 81 dB(A) - 85 dB(A)).

In a next step, the measurement data and selected sub-codes from the interview transcripts were
merged by using time stamps. Especially value-oriented?® codes were considered, i.e.
unpleasant, stressful and unattractive or pleasant, relaxing and attractive (see assimilation as
a strategy of mixed-method data analysis (Steinmetz-Wood et al., 2019)). These were chosen
because they refer to how the participants evaluate their in-situ environment. Furthermore, the
sub-codes noticeable air pollution, good smell/air, noise and quietness and the code protective
practices were merged with the wearable sensor data. The data was then integrated and
visualized in the software QGIS. Integrating qualitative data into Geographic Information
Systems (GIS), so called “qualitative GIS”, offers great potential to visualize and analyse
qualitative data with spatial relation and investigates the complex interrelationships of people
and space (Cope, 2009; Kwan & Ding, 2008). As a result, quantitative measurements could be
compared with the participants’ qualitative evaluations of the environment and their practices
en route. These were interpreted amidst the situational context by consulting observations,

pictures, the basemap and land use data.

21 QGIS refers to a Geographic Information System (GIS) software for analysing, visualizing, editing and
exporting spatial data.

22 Due to high differences of measured PNC depending on time of the day, weather situation and season, the
PNC was translated into percentiles for each route, referring to a rather qualitative evaluation. Hence, the
measurements of the participants were comparable with one another when merged with the qualitative interview
data. The goal was to understand if people on their respective route perceive differences in high and lower
pollution en route. This approach was considered valuable, because pollution peaks on the respective routes
could be still compared to other participant’s peaks and perceptions en route, regardless of variations.

23 Value-oriented codes refer to codes, which represent the value or evaluation of the respective situation as
stated by the participant (e.g. pleasant, unpleasant). Transforming qualitative data into value-oriented codes, to
which quantitative measurements can relate to (high polluted, low polluted - so called “assimilation strategy”), is
beneficial for analysing data gathered through a mixed-methods design (Steinmetz-Wood et al., 2019).
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As a final step, the wearable sensor measurements were integrated into the qualitative data
analysis software (MAXQDAZ2020) by creating two new codes (measured air pollution and
measured noise) with their respective percentile (for example “7 — extremely low”, or “46-50
dB(A)”) being a sub-code. The transcripts were then again coded and the respective exposure
measurement code was assigned to the statements, in which interviewees evaluated their
environment regarding affective/emotional experience and sensory awareness, i.e. noticeable
air pollution, good smell/air, noise and quietness. The data analysis integrated the data in both
ways: the qualitative data in the quantitative data analysis software and vice versa (Fig. 5). The

retrieved codes can be found in the code book in Appendix D.

Subjectively Objectively
perceived measured
Data: Qualitative Data: Quantitative
Software: Qualitative Data Analysis Software: Geographic Information
Software (MaxQDA) System (QGIS)

Figure 5: Illustration of the integration of analysing qualitative interview data and quantitative
measurement data

3.4 GPS tracking and questionnaire

Directly following the go- and ride-alongs, the interviewees were asked to download the DLR
MovingLab smartphone application®*. The DLR MovingLab app is a tracking app, which
automatically detects the transport mode, tracks the route and provides the opportunity to
include a short questionnaire. After participating in the go- and ride-along, the participants were
asked to independently track their commuting route to work and back for five days (due to home
office as a result of the Covid-19 pandemic, some only tracked two till three days). They were
asked to try out different routes to/from work. After each route, a short questionnaire showed
up. It comprised questions regarding perceived air pollution exposure, noise exposure, impacts
on health and stress experienced on the route. The questionnaires were supposed to frequently
confront the interviewee with air pollution and noise exposure perception following the weeks
after the go- and ride-alongs, raise awareness and keep the interest regarding these topics high.
This attention to air pollution and noise en route served as a preparation for taking part in the

focus groups. Moreover, the tracked routes were presented in the focus groups on a table with

24 For more information see: https://movinglab.dlr.de/
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a screen” or via PowerPoint to the participants, hence, served as visualization and stimuli for
the focus group (for information on stimuli in focus groups see Schulz et al. (2012)). The
independent tracking data was solely used as a stimulus for the participants, was not analysed

and is not presented as part of this thesis.

3.5 Focus groups

In the final step of the empirical phase focus groups were conducted, involving the participants
who participated in the go- and ride-alongs and independent GPS tracking. A focus group is a
qualitative research method, which has “a focus on specific issues, with a predetermined group
of people, participating in an interactive discussion” (Hennink, 2014, p. 2). In this interactive
discussion, one interviewee’s statement can stimulate others to have new ideas or opinions
(Schulz, 2012). Focus groups have been used as a qualitative inquiry in human geography
(Cloke et al., 2004). A focus group approach is considered suitable for this thesis, because focus
groups consist of preselected participants who have shared experiences and whose experiences
refer to the research issue, there is a specific topic discussed in detail and there is a range of
perspectives about a specific topic which is meant to be uncovered (Hennink, 2014; Schulz et
al., 2012). The invited participants of the focus groups shared experiences: all had taken part in
the go- or ride-along, the air pollution and noise measurement and the independent MovingLab
GPS-tracking. Based on shared experiences, a focus group is useful to create innovative ideas,
discuss perceptions that the interviewees agree (or disagree) on and create solutions of a
problem (Schulz, 2012). Hence, “the essential purpose of focus group research is to [...] gain
an understanding of the issues from the perceptive of the participants themselves” (Hennink,
2014, p. 2). For answering research questions Q3, which aims at exploring how people want to

be informed about air pollution and noise en route, focus groups are considered as suitable.
Sample

In total, 20 participants participated in three focus groups, six till eight participants each. These
20 participants are out of the 28 who had taken part in the go- or ride-alongs with wearable
sensor measurements (section 3.3) and independent MovingLab GPS tracking (section 3.4). For
further information on the sample see section 3.2, section 3.3 and Article IV. Due to the Covid-
19 pandemic, the first focus group (before the Covid-19 pandemic) took place on-site, the
second focus group was partly on-site with two participants joining online and the third focus
groups was completely online. Effects of the Covid-19 outbreak on the empirical phase are

discussed in section 5.4.

25 The DLR MovingLab includes a stationary Lab, on which the tracked routes of a campaign can be visualized
on a digital touchscreen table. This has been used for the first focus group before the Covid-19 pandemic
(section 3.5) and was considered as valuable for discussing the tracked routes in a focus group discussion (see
section 5.4). Due Covid-19 restrictions the Lab could not be used for the later focus groups.
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Procedure

All three focus groups were digitally recorded and important statements and observations were
noted by the interviewer. The interviewer guided the focus group discussions giving stimulus
and input based on an interview guide (see Appendix C or Article IV) and made sure that
everyone had a saying, while still staying in the background during discussions (see Schulz,
2012). The focus group guideline followed three main topics, namely (a) experiences and
perceptions of air pollution and noise during and following up the go- and ride-alongs and the
MovingLab tracking, (b) receiving feedback of exposure measurements (peaks and low
exposure en route) and discussions about what impact this might have on future route and mode
choices or practices en route and (c) exchanging ideas on how to be informed about a healthy

and pleasant trip (see Article IV for more information).

The interview guideline followed these topics chronologically but left plenty of space for the
discussion. Part (a) and (b) addressed the Protection Motivation Theory (PMT) and
Environmental Health Literacy (EHL) (section 2.3 and 2.4). They aimed at revealing
participants’ motivation to undertake protective practices following the go- and ride-along and
their recognition and evaluation of air pollution and noise risks en route. The participants
exchanged experiences made during the go- or ride-alongs, the exposure measuring and
MovingLab tracking. As a stimulus, a flipchart with the option to rank exposure perceptions
was provided (see Kiihn et al., 2011). Moreover, pictures from the go- and ride-alongs were
shown and guiding questions asked, which altogether aimed at stimulating a narrative about
new understandings, recognition and evaluation of air pollution and noise risks. Furthermore,
this phase aimed at investigating changes in perceived severity and perceived vulnerability to
noise and air pollution. Consequently, it was explored if participants implemented or are

motivated to implement new practices, preventive actions or changed routes.

During part (b) the participants received feedback on their measured exposure. As argued by
Brody et al. (2014), informing participants about personal monitored exposure can lead to
individual and community empowerment, motivate to reduce or avoid exposure and can
improve environmental health literacy. During part (b), participants received brochures with
exposure information, referring to the measurement data of the wearable sensors. It included
graphs and a map which indicated higher exposure en route compared to other route sections
(using color coding, different symbol sizes). Moreover, a short text-based description of
exposure in general and peak exposures en route was provided. Ultimately, avoidance strategies
were suggested, and further information was given (e.g. environmental agency/ WHO websites).

In part (c), the focus groups explored communication strategies and information needs. Based
on their shared experiences, the group discussed information provision options regarding
healthy and pleasant routes. For this, stimulus material (pictures) was provided. Showing

stimulus material can be inspiring for the participants to creatively develop ideas based on the
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stimuli (Mack & Tampe-Mai, 2012). Examples of pollution communication options (e.g.
smartphone apps, digital signs in the city, newspaper) were presented, which stimulated an open
discussion on how the participants want to be informed. The focus group interview guideline is
attached in the Appendix C.

Data analysis

The recorded focus group discussions were transcribed using the software f4 and analysed with
MAXQDA2020 (version 20.4.1). For analysing the data, a thematic coding was applied,
identifying and analysing themes in the data (Kuckartz, 2020). The coding followed an
inductive-deductive approach. Categories and codes based on the theoretical background were
created beforehand and the transcripts analysed accordingly. Meanwhile, the coding system
was open to new and unforeseen aspects, so that codes were also inductively created out of the
data (Kuckartz, 2020; Schulz et al., 2012). The categories deductively developed were based
on the theoretical background: (1) Protection Motivation (components of the PMT) and (2)
Information sources and communication of risks (the codes referring to the stages of EHL) (see
section 2.3 and 2.4). The codes were then retrieved out of the data inductively. During the
analysis, another code was inductively developed: information denial. The transcripts were then
again coded by the final code-system in several iterative rounds of coding and analysed using
MAXQDAZ2020 (see Kuckartz, 2020). Further descriptions of the coding system can be found
in Article IV and the code book in Appendix E.

The mixed-methods design of this thesis has integrated both qualitative and quantitative
methods in different stages of the research process. The mixed-method approach, its benefits
and limitations are described in the respective articles and also reflected upon in section 5.4. In
the following, the articles of the thesis will be introduced and presented.
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4. Publications of the cumulative thesis

The following section presents the four research articles of this thesis. The articles are the main
part of this thesis and address this thesis’ research aims and questions (section 1.2). Three
articles are published in peer-reviewed journals and one is submitted to a peer-reviewed

journal?. A short introduction will be given before each article.

The first article, Article I, is a literature review which investigates to what extent the topic
health, specifically air pollution and noise, is included in mobility apps applied in literature
(research questions Q1). Following this, Article II and III present the methodological approach
and findings from the first stage of the empirical phase: the go- and ride-alongs complemented
by wearable sensors, investigating perceived and measured exposure, sensory awareness and
protective practices (research questions Q2). Finally, Article IV presents the last stage of the
empirical phase, the focus groups, and discusses communication and information possibilities
regarding air pollution, noise and pleasant and healthy route aspects (research questions Q3).
Article II and III give insights into what is needed for a healthy and pleasant commute from
participants’ perspective. Article I and Article IV add to this by framing the thesis and
addressing the topic of exposure information provision. They refer to the aims and findings
from Article I and III. Following this section, in the final section 5, implications and future
research directions derived from all four articles and this thesis as a whole will be given and a

conclusion will be drawn.

26 At the time the thesis was handed in the manuscript was submitted and minor revisions requested.
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In the following, the four research articles will be presented in detail:

Article I

Article 11

Article 111

Article IV

Marquart, H., & Schuppan, J. (2022). Promoting Sustainable Mobility: To
What Extent Is “Health” Considered by Mobility App Studies? A Review and
a Conceptual Framework. Sustainability, 14(1), 47.

Marquart, H., Ueberham, M., & Schlink, U. (2021). Extending the dimensions
of personal exposure assessment: A methodological discussion on perceived

and measured noise and air pollution in traffic. Journal of Transport
Geography, 93, 103085.

Marquart, H., Stark, K., & Jarass, J. (2022). How are air pollution and noise
perceived en route? Investigating cyclists” and pedestrians’ personal

exposure, wellbeing and practices during commute. Journal of Transport &
Health, 24, 101325.

Marquart, H. (submitted). Informing about the invisible — Communicating en
route air pollution and noise exposure to cyclists and pedestrians using focus

groups. Manuscript submitted to Journal of European Transport Research.
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4.1 Articlel:
Promoting sustainable mobility: To what extent is “health”
considered by mobility app studies? A review and a conceptual
framework

The following Article I presents a literature review which gives an overview of the state-of-
research regarding mobility apps and health topics applied in recent empirical studies. Article I
draws on research questions Q1, investigating to what extent and how the ‘health dimension’
— specifically air pollution and noise — is considered in mobility apps applied in mobility
research. It is a starting point for investigating if and how information about healthy and
pleasant trips can be presented to users, specifically by using mobility apps. The findings of
this article provide a background about mobility apps applied in literature and their influence
on mobility choices. Moreover, the article provides insights into the strategies used to support

more environmentally friendly or healthy mobility.

The article reveals a lack of research applying other health-components in mobility apps, such
as air pollution and noise, and gives suggestions for further research. Ultimately, a conceptual
framework based on Protection Motivation Theory (see section 2.3) is developed, with the aim
to give the topic health more attention in mobility behaviour interventions®’. Therefore, it serves
as a starting point for this thesis and integrates the field of mobility-related information
provision with health research. Specifically, this article emphasizes the need to further integrate
noise and air pollution information into mobility apps. Article I is well-connected to Article IV
(section 4.4), which both frame the thesis by addressing information and communication about
healthy and pleasant mobility.

27 As shown in the theoretical background (section 2.1), this thesis refers to the understanding of practices when
referring to people’s doings. However, the literature about interventions in mobility choices typically applies the
term ‘mobility behaviour’ as part of ‘behavioural change strategies/techniques’, therefore, in Article I the term
‘mobility behaviour’ is frequently used. However, the overall thesis and the other articles of this thesis rather
refer to the term “practices’ as defined in section 2.1. For more information and discussion on that see section 2.1
or Hargreaves (2011).
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Abstract: Promoting cycling and walking in cities improves individual health and wellbeing and,
together with public transport, promotes societal sustainability patterns. Recently, smartphone apps
informing and motivating sustainable mobility usage have increased. Current research has applied
and investigated these apps; however, none have specifically considered mobility-related health
components within mobility apps. The aim of this study is to examine the (potential) role of health-
related information provided in mobility apps to influence mobility behavior. Following a systematic
literature review of empirical studies applying mobility apps, this paper (1) investigates the studies
and mobility apps regarding communicated information, strategies, and effects on mobility behavior
and (2) explores how, and to what extent, health and its components are addressed. The reviewed
studies focus on environmental information, especially CO;-emissions. Health is represented by
physical activity or calories burned. The self-exposure to air pollution, noise, heat, traffic injuries or
green spaces is rarely addressed. We propose a conceptual framework based on protection motivation
theory to include health in mobility apps for sustainable mobility behavior change. Addressing
people’s self-protective motivation could empower mobility app users. It might be a possible trigger
for behavior change, leading towards healthy and sustainable mobility and thus, have individual
and societal benefits.

Keywords: mobility app; smartphone app; mobility behavior change; health; protection motivation
theory; literature review

1. Introduction

Urban mobility is still strongly relying on motorized transport, causing adverse im-
pacts on people’s health and has well known societal impacts such as climate change [1].
Motor vehicle exhausts from motorized transport contain harmful air pollutants, engines
cause noise and vehicles require land for infrastructure (e.g., reducing green spaces) [1].
As a result, urban dwellers are exposed to high levels of air pollution and noise, injuries
related to traffic crashes, and adverse health impacts due to urban heat islands [2,3]. A lack
of urban green spaces and the effects of sedentary mobility cause additional individual
health problems in the long-term [2,3]. Even though the concept of healthy cities has been
on policy agendas since 1988 and the European Healthy Cities agenda 2014-2018 highly
prioritizes transport, many cities still face the aforementioned negative health impacts of
increasing urban traffic [2,4,5].

Meanwhile, awareness about healthy lifestyle choices is growing and smartphones
are increasingly used to promote (individual) health: monitoring one’s health is defined
as part of the “quantified-self movement” [6,7]. Health-related smartphone applications
help the user self-monitor their behavior and receive feedback on how to improve health,
focusing, e.g., on weight loss, diet, physical activity, or illness monitoring [7,8]. “Mhealth”
(mobile health technologies) are increasingly used in health research to provide the user
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https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14010047
https://doi.org/10.3390/su14010047
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1561-8543
https://orcid.org/0000-0003-0679-0608
https://doi.org/10.3390/su14010047
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14010047?type=check_update&version=1

Sustainability 2022, 14, 47

20f21

with information about their health—including aspects such as air pollution [6]. These
technologies have radically increased in recent years and can result in behavior changes
towards healthier lifestyles [8,9].

As shown, approaches which digitally inform people about a healthy lifestyle are grow-
ing, meanwhile, mobility-related health components receive attention in transport research.
However, only recently these two fields are integrated. This study addresses this by ana-
lyzing mobility apps applied in recent studies with regard to the addressed informational
dimensions, focusing on the mobility-related health dimension and its components [1-3].
We investigate the mobility apps’ intervention strategies and discuss the (potential) effects
on mobility behavior. We examine the following research question: “To what extent and
how is the ‘health dimension’ (and its components) considered in mobility apps applied in
mobility behavior change studies?”

The research comprises three steps:

(1) Reviewing the current state of empirical studies using mobility apps for mobility
behavior change and investigating the applied mobility apps regarding their informa-
tional dimensions, intervention strategies, and their effect on mobility behavior.

(2) Highlighting the existence and effects of the components of the “health” dimension in
mobility apps in empirical research.

(3) Suggesting a theory-based inclusion of “health” components and intervention strate-
gies to support mobility behavior changes through mobility apps.

We intend to examine the interrelation between health and sustainable mobility. For
this purpose, we use a systematic literature review that focusses on empirical studies
that deal with mobility-related smartphone apps to promote mobility behavior change
(i.e., towards sustainable mobility). In Section 2, we provide the theoretical context of the
literature review by defining the health concept and locating it in the sustainable mobility
discourse and give an overview of mobility behavior change apps. Section 3 presents the
methodological approach and the data used. In Section 4 the results of the literature review
are presented. Section 5 presents the discussion and introduces a conceptual model to
include health in mobility apps. Finally, in Section 6, the conclusion sums up the findings.

2. Background: Defining Health in the Sustainable Mobility Discourse

Recent studies have built conceptual models to define the interrelationship of health
and transport, defined by physical activity (including calories burned as part of preventing
obesity and prevent cardiovascular diseases), safety and traffic injuries, green space provi-
sion, air pollution exposure, noise pollution exposure, extreme weather (e.g., heat), and
subjective wellbeing [2,3,10,11]. Concerning the social dimension, transport impacts on
health equity, e.g., local pollution of air pollutants or noise, are part of the interrelationship
of sustainable transport and health [11].

We argue that addressing these health components can influence people’s mobil-
ity behavior, their mode/route choices and have co-benefits for sustainability (Figure 1).
Following Figure 1, communicating the risks and protective actions regarding each health-
component to the individual can address their self-interest in healthy living: If people
perceive the severity of a risk and their vulnerability towards one of these health com-
ponents as high and they feel that they are able to cope with the health risk easily and
successfully, they may be motivated to change their behavior towards healthier modes or
routes (referring to protection motivation theory (PMT), [12]). As for promoting cycling
and walking or public transport, drawing on people’s interest in leading a healthier lifestyle
may encourage or act as a motivator for using healthy modes of transport or routes with
more greenery or less motorized (less polluting) transport. Hence, addressing people’s
self-interest in health can positively influence sustainability on the societal level.
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Figure 1. Nexus between mobility behavior and health and its potential to encourage sustainable
mobility choices through PMT [12], including important components of transport-related health
dimensions. Own illustration, mobility-health components defined by [1-3,10,11], PMT by [12].

For example, knowledge about air pollution can impact cyclists” route choice [13]
and the knowledge about available safe cycling routes motivates bicycle usage [14], in
turn reducing air and noise pollution. Additionally, increased bicycle usage can enhance
the visibility of cyclists as common road users, which may encourage non-cyclists to
cycle [15,16]. Not only active mobility promotes physical activity, public transport also has
opportunities to improve fitness because people need to walk to the station [10]. Improving
wellbeing in public transport by lowering travel time through appropriate travel plans can
promote public transport usage [9]. Hence, providing information addressing mobility-
health components can have co-benefits in lowering pollution levels, increase importance of
greenspaces and a reduction of the heat island effect, i.e., benefits sustainability (Figure 1).
Providing information and communication measures, e.g., about health-related factors,
can help form intentions to change behavior and support the acceptance of travel demand
measures [17].

In this paper we want to examine whether adding health-related information in sus-
tainable mobility communication has the potential to draw on both healthy and sustainable
mobility choices and triggers behavior changes. Therefore, we review mobility app studies
that intend to change mobility behavior towards sustainable mobility.

The role of mobility apps in supporting route and mode choice has received increased
attention in recent years [18]. Mobility apps introduce new possibilities to easily orga-
nize one’s trip by providing access to information about different modes (shared or public
transport), route-characteristics, payment possibilities, real-time trip information (e.g., de-
parture/arrival time, duration), and supplementary information such as CO,-emitted or
kilometers traveled [19]. Thus, they address different informational dimensions [20].

To support sustainable mobility choices, recent studies have increasingly applied
smartphone applications to intervene in current mobility behavior. Most studies employ
mobility-apps to inform about sustainable trip options or persuade or nudge the user to



Sustainability 2022, 14, 47

4of21

use sustainable mobility modes through behavioral change strategies, persuasive tech-
nologies, or gamification approaches [19,21,22]. Intervention strategies can be education,
persuasion, or incentivization (among others) [23]. More specifically, education involves
descriptive information and can be achieved through increasing knowledge regarding
mobility choices [23]. People are often not aware of the impacts of their mode-choice on
the environment and mobility apps with supplementary information can educate [24]. Per-
suasion is common in mobility behavior change interventions and uses behavior feedback,
social influence, comparison or personal suggestions [25]. Giving feedback is supposed
to raise awareness about one’s (probably undesirable) behavior and activate personal
norm/responsibility [26]. Awareness raising is an important step in changing behavior [24].
Moreover, monitoring behavior can be used to compare previous behavior with present
behavior and show one’s relative performance [27]. As argued in recent literature, the dif-
ferences in personal characteristics demand personalized information and suggestions [28].
For a comprehensive literature review on persuasive technologies in mobility apps see [25].
Incentivization uses the expectation of rewards as stimulus for behavior change [23] and
together with gamification it supports users to achieve their goals [25]. Approaches with
monetary incentives often draw on gamification strategies [29]. In competition, users can
compare their mobility patterns or goals with others.

Comprehensive reviews regarding the sustainability aspects in mobility app studies
were conducted by [30] or [9]. However, there is a gap in the literature concerning whether
or to what extent and how the aforementioned mobility related health components (Figure 1)
are included in mobility app studies to promote mobility behavior change. This is of concern
with regards to the interrelationship and adverse impacts of transport on health and the
co-benefits for sustainability. Research is missing which investigates the opportunities of
health-related information for sustainable mobility, which appeals to one’s self-interest and
thus, enhance the possibilities for mobility behavior changes [31]. We draw attention to
that applying a systematic literature review as presented in the following.

3. Method: Literature Review

A literature review was conducted focusing on empirical studies that developed
or applied a specific mobility app and tested its impact on mobility behavior change.
The PRISMA guidelines were used for the literature review [32]. Relevant databases for
conference papers and complete articles were searched (Figure 2). Specifically, literature
was considered that deals with the effects of mobility-related smartphone applications on
mobility behavior change. Following an initial unsystematic paper search to familiarize
with the research field, we then used a systematic combination of the following keywords:
“behavio* change” AND “mobility” AND “smartphone app*” OR “behavio* change” AND
“smartphone” AND “mobility app*”. In order to ensure a consistent understanding of
mobility as the act of being mobile which recognizes the social and cultural aspects of
mobility alongside the mere physical aspects of moving, the focus was placed on literature
which used the term “mobility”. Therefore, and based on the definition of [33], literature
was targeted that acknowledges the needs and abilities of the individual on-the-move and
takes the social and psychological questions of being mobile into account. We considered
literature on all modes of transport; however, the app should refer to mobility with a
destination (e.g., route planning or route tracking for everyday activities) and not mobility
as an activity in itself (e.g., cycling/walking for fitness purpose, vacations). To make sure
only to include research with apps that have current technological options, the timeframe
2015-2020 was set. However, one article dated before 2015 appeared in our search and was
included due to its relevance. The number of retrieved articles was 784. Subsequently, the
articles were filtered by screening titles and abstracts were reviewed for eligibility. Only
empirical studies were included in which a sample tested /used an existing or developed
mobility app and which researched the effects of the mobility app on participants’ mobility
choices or mobility behavior. Fitness tracking apps or healthcare apps (e.g., hospital
patients) were excluded. The reference lists and previous review articles were screened
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for additional relevant articles. Figure 2 shows the flow diagram of the literature review
process based on the PRISMA guidelines [32].

Electronic database search (n = 784)
(Scopus = 453, SpringerLinks = 282, WebofScience = 49)

. . Studies excluded because no relevance/
Screening of titles ] ot fiting/duplicate
(n=784) v (n=721)
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2 % P app developmentor review)
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methods and conclusion fitness purpose or vacations,
(" = 63) Studies added through snowball-approach
(references check) and initial unsystematic

paper search (n=9)

Literature included in the review
(n=26)

Included

Figure 2. Systematic literature review proceeding according to PRISMA flow diagram [32].

After the literature review process, 26 studies were included in the review. They were
analyzed in an inductive-deductive approach: we defined the informational dimensions
they could address beforehand (environmental, social, organizational, health). The health
specific components were defined based on current literature on the interaction of health
and mobility (Figure 1). Moreover, intervention strategies used, and desired effects were
based on literature on persuasion strategies in mobility app studies (e.g., [25]) as well
as inductively retrieved during the review process. In this study, we specifically draw
attention to the informational dimensions of the applied mobility apps.

4. Results

Figure 3 shows the defined four informational dimensions and their specific informa-
tion given through the mobility apps, which we identified during the review process. The
health dimension was subdivided into the health and mobility components derived from
the literature (as presented in Figure 1). Ultimately, we investigated the studies regarding
their behavior change strategy and effectiveness of the app regarding (intentions of) be-
havior change, derived from literature and during the review process. Figure 3 displays a
summary of the dimensions and app characteristics.

4.1. Overview of the Studies

Table 1 presents an overview of the reviewed empirical studies and the effects of
their behavior change interventions. The methods of the empirical studies vary from
qualitative to quantitative, having a sample testing/using the respective mobility app.
Table 1 represents the results as presented in the studies, describing main findings regarding
the effects on mobility behavior change (or intentions) or a possible awareness raising for
using more sustainable or healthy modes/routes. A summary of each study is provided in,
Appendix A, Table A1.
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Informational Dimensions
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*Health improvement
eInformation sharing

Figure 3. Categories and dimensions for analyzing the literature, defined both deductively based
on current literature (mobility-health components [1-3,10,11] and mobility behavior change strate-
gies [9,25]) as well as inductively through the literature review process. Health dimensions defined
deductively beforehand for assessment of health dimensions in the apps. Own illustration.

Table 1. Overview of the reviewed studies, the methods applied and their measured effects on

mobility behavior.
Method of Empirical Study/Field Trial . .
Study and Qualitative Quantitative Measured Ef_fects of Mobility App (Accordmg to
Name of the Respective Study) ((Intentions of) Behavior
Mobility Assessment of Simulation Change; Increased Awareness of Sustainable and
App Interview Focus Group Survey/Ques Recorded or Healthy Mobility)
Workshop -tionnaire Routes/Mode Modelling
[34] X X X
OPTIMUM

e Ranking of routes influenced transport choice
e Messages raised awareness to change

mode/route
[35] X X
PEACOX e Dositive educational impact that encouraged
sustainable travel
e Emission information did not produce
P!
significant behavior changes (lack of motivation
or barriers)
[36] X X X X
BikeRider e Simulated data shows an increased bike mode
share for entire Berlin population and significant
decrease for motorized trips (daily purpose)
[37] Cyclers X X
e Small monetary rewards (financial incentives)
can increase cycling frequency
e Gamification does not show an effect on
commuting cycling frequency
[38] Move X X
e Varying impact of alternative route suggestion
incentives on mode choice for different
attitudinal profiles
[39] X X X
PEACOX

e Increased awareness of unsustainable behavior
by providing CO, information (especially for
car-drivers)

e Small and short-term changes in mobility
behavior measurable; long-term behavioral
change prevented by habits and social conditions
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Table 1. Cont.

Method of Empirical Study/Field Trial . .
Study and Qualitative Quantitative Measured Effects of Mobility App (According to

Name of the Respective Study) ((Intentions of) Behavior

Mobility Assessment of Simulation Change; Increased Awareness of Sustainable and
App Interview Focus Group Survey/Ques Recorded or Healthy Mobility)

Workshop -tionnaire Routes/Mode Modelling

[27] X X X
PEACOX

e Challenges raised awareness and rethink current
mobility behavior

[40] Bellidea X

e Participants felt empowered, sharing knowledge
and discussing with local stakeholders

o Increased awareness of available possibilities
which support mobility behavior change

e Increased political and public communication
about transport planning

[41] X X
TrafficO2 e Sample of students (test sample) showed an
increase in sustainable preference for their
commuting trip from home to university
e Monetary rewards are beneficial, but also
environmental consciousness is triggering
sustainable mobility choices

[42] GoEco! X X X

e Statistically significant impact (decreased CO,
emissions) in highly car-dependent urban areas
for regularly travelled routes

e No statistically significant effects in urban areas
with high quality public transport

[43] Bewusst- X X X

Mobil o Increased awareness of causes/effects of mode

choice related to health or environment

e Small changes in mobility behavior

e Unintended effects of the game on the use of
non-environmentally friendly modes

[44] UbiGo X X X
e Less private car use and increase in public
transport, walking and cycling
e Development of negative feelings towards
private car use, positive feelings towards public
transport
e Reported changes in mode choice

[29] X X
BetterPoints e 79% of every-day car users stated they have
reduced their car usage
e 89% tracked sustainable/active travel behavior;
47% showed visible long-term behavior changes
throughout the project

[45] X

SUPERHUB e Environmental concerns are not for all users a
motivational factor

e Personalized behavior change trigger, e.g.,
personal health

e Sharing mobility data accepted when important
for sustainable mobility

[46] Love to X X
Ride e Gamification campaigns potentially generate
ridership or interest in cycling

e Small variations of the game incentive have
significant effects on a changed mobility
behavior

[47] X X X

CarbonDiem e No significant difference in intention to change
before/after study

e Qualitative interviews show influence on
opinions and intentions to change mobility
behavior

o Identified barriers to change mobility behavior:
weather, distance, child drop-offs, cycling safety
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Table 1. Cont.

Method of Empirical Study/Field Trial Measured Effects of Mobility App (According to

Study and Qualitative Quantitative the Respective Study) ((Intentions of) Behavior
Name .Of - N Change; Increased Awareness of Sustainable and

Mobility Assessment of Simulation Healthy Mobility)
App Interview Focus Group Sur:vey/Ques Recorded or
Workshop -tionnaire Routes/Mode Modelling
[48] Viagga X

Roveretgoto e Introducing gamification after 3 weeks lead to a

significant shift towards less car use, significant
increase in cycling and a moderately significant
shift towards bike-sharing

[24] X X
Quantified

e Significant decrease in car use and significant
Traveler

increase in walking, small (not significant)
increase in train ride

e Increasing awareness (environmental, health,
financial, time), with the greatest impact on
environmental

[49] X X
e Walking to near places increased

[26] Blaze X

e Interventions to induce behavioral change are
stage-depended: individuals in early and late
stages need different interventions

e App induces some progression and prevents
regression in some stages of behavioral change

e Car use reduces through the stages

e App can change proximate implementation
intention but not the distal goal/behavioral
intentions

[50] Opti- X X
mod’Lyon e No influence on mode shift
e No effectiveness on daily trip organization due

to strong habitual behavior

[51] X X
Metropia o Effectiveness of behavioral incentives for peak
hour travelers which promote a departure at
non-peak hour times
e Incentives need to be tailored considering the
travel purpose and the time of the day

[52] SMART X X
Mobility e Stated preference experiment to choose between

usual route and a route with slightly higher
travel time that contributes to a certain societal
goal led to differences in travelers’ compliance
behavior

e Travelers’ compliance with received information
significantly depends on the framing of the
information, its societal goal and the size of the
travel time sacrifice

e Survey data showed emotional persuasive
strategy of content priming as an effective way
to change detour intention and behavior of car
users

[54] X
RideScout

e Strong shift from driving towards walking and
(moovel)

cycling

[55] X
e Motives for using a mobility app are based on
trip efficiency improvement, enjoyment, social
interactions and environmentally-friendly travel
promotion
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4.2. Informational Dimensions and Intervention Strategies of Mobility Apps

The main aim of our review is to investigate the respective informational dimensions
the studies address (and their mobility apps comprise), as well as the behavioral change
strategies they used. Most apps applied in the studies comprise several informational
dimensions, and only some address specific health components, as will be presented in the
following (see Table 2 for an overview).

Table 2. Overview of the mobility apps in the reviewed studies (same order as Table 1), categorized
according to the informational dimensions they address (E = Environmental, H = Health, S = Social,
O = Organizational), specifically covering transport related health components.

Study and Name of

Dimension

Transport Related Health Components

Air

Mobility App & H s o PhysialAcivity—Actively  Calories  Safety/Road Green Spaces Poltution Noise Weather (e.g,  Transport Impact Well-
Promoting Cycling/Walking ~ Bumed  Travellnjuries  along the Route Frposume Exposure Heat) on Health Equity ~ Being
[34] OPTIMUM X x X X X X
[35] PEACOX X X X X X X
[36] BikeRider X X X X
[37] Cyclers X X X X X X
[38] Move X X X X X X X
[39] PEACOX X X X X X
[27] PEACOX X X X X X
[40] Bellidea X X X X X
[41] TrafficO2 X X X X X X X X
[42] GoEco! X X X X X
[43] BewusstMobil X X X
[44] UbiGo X X X X
[29] BetterPoints X X X X X
[45] SUPERHUB X X X X X X
[46] Love to Ride X X X X X X
[47] CarbonDiem X X X X X X
48] Viagga X X X X X X X
Roveretgoto
[24] Quantified X ox x x N N
Traveler
[49] X X X
[26] Blaze X X
[50] Optimod'Lyon X
[51] Metropia X
[52] SMART Mobility X X X X
53] X X X X X
[54] RideScout X
(moovel)
551 X X X X X X X

4.2.1. Environmental Information

The environmental dimension of transport is primarily expressed through the cal-
culation and presentation of emitted CO, per mode/route. As already discussed, many
mobility apps provide the user with individual baseline mobility patterns including CO,
emissions [24,38,42]. Other studies monitor and present the CO;-emissions of different
modes through the app [40,47,55]. Most trip planning and trip assessment apps rank
alternative routes and modes and highlight their CO, emissions. Some even add the user’s
preferences [34,35,39]. Sustainable/emission-free alternatives, such as bike-sharing services
or park and ride solutions, are also included [48]. These studies use the apps to “nudge” the
user to both environmentally friendly and personally beneficial mobility choices by ranking
the possibilities based on CO,-emitted and including personal mobility requirements [34]
or contribute to congestion reduction in the region [52]. Other apps applied in the studies
include personal goals for a behavior change, which are closely linked to environmental
topics (e.g., GoEco! with goals such as “reduce CO; emissions”) [40,42]. These gamification
apps also provide users with rewards, such as vouchers or virtual currency, if sustainable
modes are used or routes with less CO,-emissions are chosen [29,36,40-42,44,55]. Some
also cooperate with local shops, where the rewards can be exchanged with prices, and
support local businesses (e.g., [41]). The app used by [36] also included the possibility to
plant real trees in the city of Berlin when obtaining a certain amount of so-called “green
credits”. Another comparison strategy was sharing the CO,-emissions saved on social
media [55]. Other studies support social interaction through challenging friends with the
app to walk more during the week and thus reduce their CO,-emissions [38].

Mobility pattern changes as a result of environmental feedback have proved successful
in the case of systematic routes in car-dependent urban areas [42]. Other studies, however,
report only small behavior changes which may be limited to short-term effects, but report
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increased environmental awareness [39]. Comparing the emitted CO, with others proved to
be important in ‘understanding the numbers’ of CO,-emissions [39]. One study [41] shows
that the gamification app, which provides rewards when choosing sustainable modes
(incl. CO,-emissions or calories burned), was effective in increasing sustainable preference
for daily commuting trips. Other studies argued that pro-environmental attitudes are
not primary incentives for behavioral changes, hence, incentives should rather introduce
environmental choices as the “practical choices” rather than the “idealistic” ones [44].

Other negative environmental impacts such as pollutants are rarely included. The
authors of [43] developed a gamification app which includes NOy, NMVOC and PM2.5
emissions alongside CO,-emissions as highly weighted indicators. The smartphone app
in [38] monitors particulate matter (PM) emissions produced.

Weather information was incorporated into three apps. The authors of [39] included
information from the publicly accessible weather service in the backend of the app. The au-
thors of [41] added factors to the rewards received per km walking or cycling on rainy days
or days with clouds. Further, [34] included weather as a persuading factor to use bike and
ride, suggesting a combination of the bicycle with public transport to save CO;-emission,
drawing attention to the “sunny” weather.

4.2.2. Social Information

The social dimension and the influence of peer groups appears to be a very important
aspect of mobility apps [24]. Many apps in the reviewed literature include social com-
parisons. Comparing daily emissions, calories burned, cost, or travel time with different
groups such as “the average American”, “the average resident of San Francisco” or “other
study subjects” was included by [24]. Another study included the possibility to share
information recorded by the app on CO; emissions saved or calories burned on social
media [55]. Additionally, users could give feedback on infrastructure planning and traffic
management related to their recorded trips. The study highlights the positive effects of
encouraging a dialogue between decision-makers and citizens because it increases the
users’ perception of having a say in decision-making processes [55]. No other app in-
cluded participatory approaches similar to that. In the apps studied by [40,42,48], users
could compare their performance with other members through gamification such as “level
achievements”, “weekly leaderboards” or “badges obtained”. Further, [41] made it possi-
ble to challenge friends in order to increase the virtual currency. Community challenges,
in which participants cooperate for increasing their bicycle usage, were applied by [40].
This collective learning, which was the center of the living lab experiment in their study,
highly encouraged participants [40]. The authors of [46] explored whether challenges
between different teams (e.g., a company against another company) such as riding a bike
“for at least 10 min” increased bicycle usage. Challenges between organizations were also
included in [29].

One app [47] allows users to view others” experiences of different modes and their
written comments (e.g., “feel ready for the day after that walk” [47]). Sharing knowledge
was included in another app [45]: users could localize and share sustainable mobility
services on a map, compare scores with friends, include mobility related knowledge
(e.g., trip plans), and view suggestions from others. Another app also included sharing
bicycle route experiences with peers within the app [37]. An app [52] was used to nudge or
recommend an alternative “social” route to contribute to congestion alleviation in the region
to help others drive faster due to less congestion. The social dimension was often addressed
in the reviewed studies and presents good results in supporting mobility behavior changes
(Table 1).

4.2.3. Organizational Information

Most apps also address organizational dimensions to support trip planning, especially
integrating different modes and sharing options. One app [54] primarily helps users
compare transport options with regards to departure and journey time or mode, integrating
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Maa$ (mobility-as-a-service) approaches such as ride-sourcing, carpooling, or car-, scooter-,
and bike-sharing. Real-time multimodal trip organization was also the aim of the app
applied by [50]. Cycling route planning and navigation, where users can set preferences,
was combined with public transport in [37]. In another app, one could see the possible
routes based on different modes of transport, focusing on sustainable modes, and focusing,
i.a., on time and economic costs (next to CO, emitted and calories burned) [41]. Two
apps focusing on organizing car-driver’s departure time were tested by [51,53], including
information on travel time and current congestion predictions and suggestions how to
avoid congestions via alternative routes.

Many apps integrate payment possibilities or give an overview of the prices of different
transport modes. The apps studied by [44,55] include the possibility to buy tickets or, in
the case of [54], support payment for sharing options and cost comparisons within the
app. Additionally, users requested the possibility of comparing the prices of different
modes, receive feedback on the costs, and receive information on the prices of alternative
mode-choices [44]. This was also integrated into the app by [24]. This app (integrating
time, CO,, and calories alongside costs) lead to significant behavioral shifts towards
sustainable travel [24]. The financial dimension was also addressed in a gamification
approach by which the trip which saved most money was awarded with scores (in addition
to CO,-emission saved and calories burned) [29]. The organizational dimension mainly
comprised multimodal-trip information, costs/tickets and included new mobility services.

4.3. Health Information and Health Components

Many applied mobility apps in the reviewed studies include information about health
(Table 2). However, most refer to physical activity by encouraging the user to cycle, which
is closely linked to the environmental dimension of decreasing CO;-emissions. Others
provide information on calories burned. The latter is included in the apps in [24,38,47,55]
and in two studies with gamification apps [29,41]. The gamification app by [43] also in-
cluded health benefits from walking and cycling in terms of physical activity as highly
weighted indicators to receive rewards. However, they stated that due to already high
environment and health knowledge in the area, young people did not increase their knowl-
edge, nor did they make any significant changes to their mobility behavior [43]. In contrast,
other gamification apps which included “health points” based on km cycled /walked in a
competition achieved an increase in the share of private cycling trips [48]. Encouraging
cycling with gamification, i.e., badges obtained, was performed by [37], but did not show
effects on cycling frequency. Financial incentives for cycling, however, did motivate bicycle
usage [37].

Safety was addressed by two apps [36,37], which pay particular attention to safe and
comfortable bicycle routes.

Even though subjective wellbeing is considered a part of health in relation to transport [3],
this aspect is rarely addressed. One app [47] included the possibility of entering subjective
experiences and ratings of specific modes and trips in the app and provided the possibility
to view other user’s answers. Hence, the app incorporated aspects of subjective wellbeing.
This resulted in a higher consideration of active and sustainable modes as well as in a better
understanding of travel experiences of other mode-users [47]. The authors of [53] success-
fully integrated an emotional persuasion strategy and thus the intrinsic motivation to avoid
stress using pictures of upset co-travelers or small children to activate detour behavior.

Recent literature on exposure to air pollution has argued in favor of developing tools
which integrate avoiding exposure as an incentive for individual route planning [13]. The
inhalation of CO,, PM or NOy is reported to have an impact on human health [56,57]. While
emitted air pollution of a mode is included in some apps, especially CO; (see Section 4.2.1),
two apps also included the emission of other traffic-related pollutants (PM, NOy) [38,43].
However, none include information on personal exposure to or inhalation of air pollution
and related health impacts, which could result in behavioral changes regarding departure
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time or route-choices [13]. Nonetheless, including the produced PM, NOy or CO,-emissions
in the app, as in many studies (see Section 4.2.1), does address health equity.

Moreover, none of the mobility apps included exposure to noise and only one [39]
included aspects regarding extreme weather in route-planning/mode choice, setting the
distance of walking or cycling below 15 min during extreme temperatures. The incorpora-
tion of green spaces along the route was not addressed by the reviewed apps. Summarizing,
we can clearly see that health is addressed in terms of encouraging physical activity, which
is also closely linked to the environmental dimension. However, other health related
components are missing. We will discuss this lack of health-related information in mobility
behavior change apps in Section 5.

5. Discussion

In this paper, we conducted a literature review of recent empirical studies which
explore the possibilities of mobility apps to change mobility behavior. We investigated
the informational dimensions their applied mobility apps include. Our results provide
evidence that certain health aspects, as presented in the introduction, are lacking in mobility
apps applied in mobility behavior change research.

5.1. COy-Emission Predominant in Studies That Employ Mobility Apps

The results indicate that there is a trend towards including environmental information
in mobility apps to support a behavioral change. Environmental information is generally
represented as reducing CO,-emissions. Most research includes the emitted CO, of a
certain mode/route choice, leading partly to an increase in active modes or public transport,
which have great potential to support sustainable mobility (Figure 1). However, other
pollutants resulting from traffic, such as NOy or particulate matter (PM), are rarely included.
The emission of CO; causes global problems related to climate change and is therefore
important to consider for sustainable mobility. However, other traffic-pollutants have
severe health impacts on a local level, i.e., affecting health equity. It is argued that these
should be considered more [57]. Hence, not only CO,-emission information should be
provided, but also the emission of other pollutants. This could not only support the usage
of bicycles, walking or public transport, but also of electric vehicles or micromobility offers
(e.g., e-scooters), which rarely cause local pollution. Since the latter are a comparably recent
development, few of the reviewed studies have taken them into account.

While the effects of CO,-emissions are usually perceived as geographically distant,
informing citizens about local pollution (NOy, PM and noise) and mitigation benefits can
incentivize environmentally friendly mode usage [58]. Moreover, noise is not included
in any of the studies, even though a constant high noise level is among the top environ-
mental health risks in urban areas [59]. The results of the reviewed literature show that
environmental concerns may not be a sufficient motivation for mobility behavior change
for all users (Table 1) [31]. Some do not want to change their mobility behavior “just for
the sake of the environment”, thus, additional information may be more convincing [60].
Addressing personal concerns is a possible trigger for behavioral change and applying
healthy living interventions in mobility applications would be recommendable [31,60].
CO;-emissions are the most frequently addressed factor in our reviewed studies, while
other pillars of sustainability, such as health or equity, are addressed less. Yet, health is
specifically regarded as part of sustainability and the third sustainable development goal
(SDG), which explicitly addresses the severity of air pollution among other health-related
issues [61]. We argue that there is a need to refine the term sustainability with regards to
mobility app studies and incorporate health components more explicitly.

5.2. The Health Dimension and Subjective Wellbeing in Mobility Apps

Urban and transport planning research could further investigate the possibilities that
new technologies offer to improve citizens’ subjective wellbeing and health in traffic [20].
Generally, providing mobility-information can positively influence subjective wellbeing
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because it increases the feeling of self-control [62]. However, our literature review shows
that mobility apps are lacking which inform about mobility-related health impacts en
route and healthier route options. For example, none of the reviewed studies provided
the option of searching green spaces or non-polluted (noise and air pollution) routes in
their app. As recent research showed, cyclists would be willing to take a less polluted route
if it did not add more than about 4 min to their travel time [13]. Other studies also stress
the need to communicate information about exposure [63-65], one also using smartphone
apps [66]. Studies similar to these are important to understand what impact digitally
provided exposure information has on route choices and how that information should be
designed. While CO;-emission feedback addresses the collective dimension, addressing
the self-interest of individuals can support sustainable mobility choices as well [60].

After all, communicating personal exposure and health impacts should be considered
carefully. As [67] point out, the perception of air pollution and the related health risk can
cause negative effects through stress-induced physical reaction and thus cause actual symp-
toms of sickness. Moreover, information aiming at people’s self-interest should not result in
an unsustainable outcome at the societal level, e.g., information on pollution levels for open
air activities should not result in the usage of private cars, especially as car drivers are not
necessarily less exposed to air pollutants than cyclists or pedestrians [68]. Unintended and
undesired consequences of mobility behavior interventions have to be considered before
intervening in people’s daily mobility choice processes [69]. A more holistic view of behav-
ior changes, in which the individuals themselves can change their moral values and not
passively follow suggestions from an app, should be considered [52,69]. Strongly pointing
out the health benefits of non-motorized transport (e.g., see [68]), additionally incorporating
information of the organizational, environmental and social dimension while supporting
individual’s own decision-making process is crucial. After all, the knowledge of health
risks can lead to a change in attitudes and beliefs, and motivate behavior changes [67].

5.3. Limitations of the Reviewed Studies

Many of the reviewed mobility app studies are short-term, have a rather small sample
size and are missing evidence that behavioral change lasts (also argued by [45]). Seven of
our studies had a field phase which was between 3 months and 1 year, and only two were
longer than 6 months. Moreover, the characteristics of the user group have a strong impact
on what effect the app has, hence, different user-groups respond to dimensions/arguments
in different ways [34,70]. Future research should therefore acknowledge the limitations
of the reviewed studies. Researching the impact of mobility apps when incorporating
health components would be of interest. Based on the research gap as shown in our
findings, we now present our conceptual framework for a mobility app focusing on the
health dimension.

5.4. Conceptual Model for Including Health in Mobility Apps

Mobility apps in behavioral change studies mostly address health by means of
CO;y-emitted, physical activity, or burned calories. Yet, the latter two do not feature promi-
nently in the apps herein. We argue that health-related information should be given more
attention. Improving personal health in addition to enabling contributions to wider global
challenges, such as climate change through CO;-emission reduction, could be an incentive
to change mobility behavior [71]. Health should be understood in a broader way in the
context of mobility apps: not only physical activity, but also personal exposure (to air and
noise pollution, heat), green space provision, or safe routes affect health while traveling in
the city [1-3].

As shown in our review, mobility apps including these components, supplementary
to persuasion, incentivization, or other informational dimensions, are missing and the
effect on mobility behavior changes vary (Tables 1 and 2). Informing about environmental
dimensions partly leads to sustainable mobility choices, e.g., people increasingly use active
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modes or public transport or mobility apps support combinations of cycling, walking and
public transport instead of private car usage (Table 1).

However, other studies report rarely any increase in sustainable modes (Table 1). This
raises the question whether the altruistic motivation of environmentally friendly mobility
is enough or—as we propose—if supplementary information on personal health is needed.
As shown in this review, the effects of healthy mobility choices can improve the city’s
sustainability and urban health situation (Figure 1). We propose a stronger consideration
of people’s self-interest in protecting themselves from health risks en route and take the
protection motivation theory (PMT) [12] as a framework. The PMT is a common theory
for explaining health behavior and was even applied for physical activity promotion [72].
According to the PMT, protection motivation is based on four cognitive beliefs, which
determine whether a person is motivated and has the intention to protect oneself: (1) threat
appraisal (are the current outcomes of a behavior regarded as severe and harmful for one-
self) and (2) coping appraisal (is one capable of undertaking protective actions (self-efficacy)
and exist possibilities to prevent the risks (response efficacy) [12,72,73]. For promoting
healthy and sustainable mobility and increasing physical activity (cycling/walking) or
public transport usage, it is important to focus on people’s threat appraisal and connect
it with coping appraisal. We propose the protection motivation theory (PMT) [12] as a
framework for further including health in mobility apps (Figure 4).

Dimensions of information Motivation to change
provision behavior

Social dimension - .
Altruistic motivation to

— g
change behavior

Environmental dimension

Health Dimension

Threat appraisal

Perceived Vulnerability
Personal threats from traffic
situation (mode/route) Self-interest to
—_

protect oneself "-,
Severity of risks
From taking part in traffic situation

(mode/route)
Protection motivation " Mobility
. y to change behavior behavior
Coping appraisal change
Response efficacy
Information on improved mobility 4
situation/avoided threats Be capable to &
- = successfully undertake s
Self-efficacy protective actions K
Information on healthier H
routes/modes
L ) R Cost-efficient 5
Organisational dimension ivation to change  *

behavior

Figure 4. Inclusion of transport and health-related components (taking the protection motivation
theory as a framework) to support healthy mobility choices through protection motivation, alongside
cost-efficient motivation and altruistic motivation to change behavior. Own illustration, applying the
PMT [12].

According to Figure 4, firstly, awareness could be raised for personal vulnerability dur-
ing daily mobility (defined as threat appraisal) and included in a mobility app by presenting:

Level of route-specific exposure to harmful air pollutants, noise, or temperatures;
Traffic injuries on/in specific routes/areas;

Number of non-active km travelled;

Percentage of green-space areas on a specific route.

Secondly, the severity of the risks could be communicated by providing general
information regarding:
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Health impacts of air pollutants, noise, or temperatures;
Risk of traffic injuries;

Risk of obesity/non-active mobility;

Positive influence of green spaces on health.

Thirdly, providing information on how to protect oneself is part of people’s self-
efficacy (coping appraisal) and crucial for supporting behavior changes. A mobility app is
especially suitable to provide information about:

e Healthier route options (less polluted, greener, safer, cycling/pedestrian friendly (incl.
subjective experience (e.g., aesthetics) and wellbeing));
e Healthier mode options (bikeability /walkability, sharing bicycles, intermodal trip plan-
ning, i.e., connecting cycling and public transport).
Ultimately, the success of possible mobility behavior changes is of importance (re-
sponse efficacy) and could be communicated by:

e Avoided pollutants (noise, air pollution), related positive health impacts (e.g., lower
blood pressure, less chance of cardiovascular diseases);

e The distance in km travelled close to greenery/water/aesthetic urban form, related
positive health impacts (e.g., relaxation, improved wellbeing, lower blood pressure);

e The distance in km cycled/walked, fitness level improved, related positive health
impacts (e.g., improved wellbeing, lower blood pressure, higher fitness level).

People’s self-interest in protecting oneself combined with healthy alternatives sug-
gested by mobility apps may be a promising method to support healthy mobility behavior,
supplementary to other informational dimensions and behavioral change strategies.

However, two aspects should be considered. Firstly, a health-related mobility app
should not be overloaded with information, which could lead to difficulties for the user
to choose a route or travel mode. It has to be carefully considered which information
will be included in a specific app and how it is presented. Exposure-related information
should address both threat and coping appraisal. It needs to be relatable/understandable,
actionable, relevant to the user, connect with his/her emotions and increase a feeling of
collective engagement [74]. Only then it may encourage and sustain fully sustainable (envi-
ronmentally friendly and healthy) mobility behavior. Consulting a variety of stakeholder
with different backgrounds for co-creation is required [74].

Secondly, it has to be considered that the here proposed protection motivation has
to compete with other motivations to change behavior, e.g., the cost-efficient motivation
(Figure 4). Traditional utility theories argue that travel mode and route choices are based
on travel cost, time and effort (among others) [75,76] and longer travel times can decrease
travel satisfaction [77]. However, recent studies argue that varying experience factors
(e.g., directness, reliability congestion, comfort or even noise, scenery and weather) promote
travel activities and influence perceived value of travel time [76]. As for mode choice, non-
instrumental factors are also decisive, such as symbolic or affective motives (e.g., for car use)
or environmental factors (e.g., weather, land use) and psychological factors (e.g., attitudes,
social norms) for cyclists [75,78]. People need to balance the received health information
against other decisive factors. Individual’s mode or route choice may not follow app-based
protection-motivation suggestions straightforward, but when knowing them, they might
be considered among other factors.

6. Conclusions

In this paper, we have shown that health components are missing in mobility-related
smartphone apps which aim at promoting sustainable mobility. We have investigated
which dimensions are addressed and found a strong focus on CO,-emissions, address-
ing sustainable mobility in terms of emissions reduction. Incorporating health-related
components in mobility communication (e.g., mobility apps) may be just as or even more
effective in changing people’s mobility behavior towards sustainable and healthy mobility.
That could be investigated in future research. Considering the severe impacts of urban
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mobility on individual health, including health information other than physical activity
seems crucial.

It has to be considered that the market for mobility apps is growing and that, as a
result, mobility services and possibilities for data generation/provision are changing fast.
Nevertheless, our review paper provides new directions for future research agendas. Firstly,
we recommend drawing more attention to how people perceive their health, exposure and
environment en route and explore how they want to be informed via mobile technologies.
Secondly, the effect of providing information on personal exposure, green spaces, or traffic
injuries en route needs to be understood to effectively develop information strategies.
Especially the effect of giving feedback about personal exposure on behavior is still scarce
and needs to receive attention [79]. Exploring the impact of exposure information on
mobility behavior through ex-ante and ex-post studies could be beneficial.

Considering that the desired effects on mobility behavior were not always reached
in the reviewed studies, the question arises to what extent mobility planning and policy
should focus on mobility apps as a suitable measure for sustainable urban mobility. It
is important not to lose sight of good urban design, urban governance in planning, and
urban dwellers actual needs: mobility apps can be used as a supplement to planning
and political strategies, as long as they address the users’ needs [80]. Only if healthy and
sustainable alternatives exist, i.e., adequate public transport option or cycling/walking
infrastructure, a mobility app has the chance to induce sustainable mobility behavior. To
understand the user’s needs, they have to be actively involved in research and practice
regarding information and communication technologies (ICT), such as mobility apps [81].
Mobility apps should empower, inform and enhance the responsibility of urban dwellers to
make their own healthy and sustainable mobility decisions, rather than just being passive
consumers [69]. The fact that only one of the reviewed apps made successful use of
participatory approaches (users sharing experiences with decision-makers) shows the lack
of attention that citizen participation receives in mobility apps. Having said that, we finally
argue that promoting mobility apps as a tool for sustainable urban governance, healthy
urban design, or education could increase awareness for and the actual use of healthy
mobility options and healthy routing. The resulting improved wellbeing of urban dwellers
may lead to increased satisfaction regarding the institutional planning decisions and is
thus desirable for urban policy. With an enhancement of people’s environmental health
literacy regarding mobility choices, sustainable and healthy mobility can become the center
of individual as well as policy-oriented attention.
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Appendix A

Table A1. Overview of the reviewed literature.

Study and Name of . . L .
Mobility App Summary of Approach, Aim and Method of the Reviwed Mobility App Studies
Approach: User persuadability profiles are developed based on people’s mobility behavior and their personality.
[34] OPTIMUM Personalized interventions, suiting to the persuadability profile of the respective user, are created.

Aim: Interventions are part of a route planning app (multimodal route planning) which aims at nudging the user to using sustainable routes.
Method: Tested in a pilot study (30 participants, 6 weeks).

Approach: Development and testing of a smartphone-based journey planner, which aims at presenting environmental information for each
searched trip to the user (“environmentally themed journey planning app”).

Aim: Users reduce their CO;-emissions and simultaneously receive the required trip information for undertaking their journey.

Method: Field trial testing the app in Dublin.

Approach: Users were introduced to new mobility services.

Aim: Try to persuade to change their mobility behaviour and leave their comfort zone and behold the impact of these changes via different
categories, like traffic system performance and carbon emissions.

Method: Gamification approach, with three individual pilot sites, the Berlin STREETLIFE App and the game “BikeRider”.

Approach: Try to improve the “Cyclers” smartphone app through evaluating the financial and non-financial motivational features.

Aim: To gain a more sustainable and healthier lifestyle, they try to increase regular commuter cycling via the “Cyclers” app in combination

[35] PEACOX

[36] BikeRider

[37] Cyclers with motivational features.
Method: Randomized experiment (4 different groups based on different motivational treatments).
Approach: Understand the role of smartphones as mobility behaviour sensors and their ability of various settings profiles to respond to
[38] Move personalized route suggestions incentives offered through smartphones.

Aim: Showing user profiles who are likely to accept such incentives and who will more likely choose a more sustainable mode choice.
Method: Mobile sensed data collection of real life (n = 3400, 6 months).
Approach: Incorporate persuasive strategies (supported by a choice architecture approach) into a smartphone application (route-planning
assistant) for everyday usage.
[39] PEACOX Aim: Providing users with information and solutions while planning a route. Try to influence the user to consider the environmental
friendliness of travel modes.
Method: Evaluation of the modified route-planning assistant (24 participants, 8 weeks).
Approach: Using the PEACOX system (mobile travel planning application) for analysing the effectiveness and perception of challenges.
The challenges are in context of the personal mobility and their influence.
[27] PEACOX Aim: Through which aspects users are willingly participate in these challenges and is there a potential to keep the user interested in using
behaviour change support systems.
Method: Field study (2 months).
Approach: Exploring information and communication technologies and actively engaging users in co-creating innovative urban services.
[40] Bellidea Aim: To co-create a behaviour change app for reducing car use and in this case reduce car-based traffic.
Method: “Living” lab experiment.
Approach: Investigation of new smartphone and app technology, which promoted a more sustainable choice via mobility modalities.
[41] TrafficO2 Aim: Change the mobility behaviour while using applications and game rewarding for more sustainable trips.
Method: Smartphone app tested by university commuters’ group
Approach: Designing and testing a smartphone application named “GoEco!” which contains automatic mobility tracking, eco-feedback,
social comparison and gamification elements.
Aim: Reducing car use, related CO, emissions, energy consumption und enhance/persuade people to make sustainable mobility choices.
Method: Randomized controlled trail (one year) in the regions: Cantons Ticino and Zurich (Switzerland).
Approach: Concept for a competitive app for students which collects the player’s travel data for the game.
[43] BewusstMobil Aim: Increase environmentally friendly active travel modes during scores and real-life rewards (e.g., shopping vouchers).
Method: Iterative process of design, prototyping, and evaluation of the game, three schools in Austria, 57 Students, age 12-18.
Approach: Testing the UbiGo transport broker service and the regarding incentives for users to adopt the new travel services.
[44] UbiGo Aim: Using the service from the UbiGo and obtain a better understanding how to establishing this kind of service.
Method: Questionnaires, interviews and travel diaries, 6-month field operational test.
Approach: Users registered in the app “BetterPoint” obtain different behavioral categories proposed based on engagement etc. for better
understanding the data and to tailor future intentions.
Aim: Using gamification and rewards for increasing active travel and reduce car journeys.
Method: 667 participants, transport project.
Approach: Prototyping, testing, and refining of motivational features for environmentally friendly mobility with social influence strategies
while using social media.
Aim: Behaviour change, better mobility solutions for citizens, guidance for sustainable mobility choice.
Method: Three parallel and complementary user studies.
Approach: Compare different users: smartphone application versus those relies on manual entry.
Aim: Users with higher encouragement in digital and/or gamification campaigns are more engaged/have an increased attention.
Collecting data can help for urban planning and improve infrastructure.
Method: Three large-scale recurring annual encouragement campaigns (66,762 participants).
Approach: Using a smartphone application as an intervention tool, the participants must reflect their own and/or others’ subjective
experiences (SE).
Aim: Users should reflect their behavior while using transport modes and make better choices.
Method: Automated capturing of data via app and automated reflection, previous self-report study.
Approach: Presenting a service-based gamification framework. This should be an extension to existing services and systems in a smart city.
Aim: Behavior change towards sustainable mobility solutions.
Method: Testing the gamification framework in the city of Rovereto.

[42] GoEco!

[29] BetterPoints

[45] SUPERHUB

[46] Love to Ride

[47] CarbonDiem

[48] Viagga
Roveretgoto
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Table A1. Cont.

Study and Name of
Mobility App

Summary of Approach, Aim and Method of the Reviwed Mobility App Studies

[24] Quantified

Approach: Presenting a computational travel feedback system using a mobile phone app to gather travel data and give personalized
information on carbon, exercise, time and cost footprint to participants.

Aim: Learn if participants accept travel data collection, use computed travel information and if this results in attitude or travel
behaviour shifts.

Method: Travel data collection, questionnaire, 135 participants.

Approach: Developing an app-based mobility management (MM) which uses step counting and score/ranking functions.

[49] Aim: Increase walking and therefor change behavior of the participants.

Method: Case study.

Approach: Testing Blaze, a mobility behaviour change support system and their influence on travel behaviour.

Aim: Obtain a better insight view on the potential role of technology interventions in mobility management and how to achieve
behavioural changing in travel.

Method: Longitudinal data from a social experiment (over a month).

Approach: Using Optimod’Lyon (multimodal real-time information navigator for smartphones) and assessing the effects on travel behavior.

Traveler

[26] Blaze

[50] Optimod’Lyon Aim: User behavior shift from car driving to environment-friendly modes of travel.

Method: Quali-quantitative approach, questionnaire, focus groups (50 participants in Lyon).
Approach: Analyzing the impact of incentives for main trips and obtain a personal incentive scheme to get an optimal manner at the system
wide level.

[51] Metropia Aim: A behavior shift from peak hour travelling to non-peak hour travelling.

Method: Compare two consecutive incentive schemes (1-year), data collected by the Metropia App (2270 users, 364,966 trips, May
2015-May 2018).
Approach: Investigate determinants of travelers’ compliance with social routing advice.

[52] SMART Mobility ~ Aim: Obtain a better view on how travel information can be used to obtain system-optimal routes, to obtain a better network efficiency.

Method: Stated choice experiment, revealed choice experiment.
Approach: Applying an emotional persuasive strategy to examine the change of intention and behavior on route decisions.
[53] Aim: To keep users from using the Tohoku expressway to use the Joban expressway.
Method: Two sets of interventional experiments, track location information (12 days within four weeks), longitudinal online survey.
Approach: Applying a survey with users of a multi-modal information app to examine the impact of information provision on travel

[54] RideScout behavior shifts.

(moovel) Aim: Understand how a multi-modal information app may shift travel behaviour.

Method: Survey with 130 app users.

Approach: Investigate motives and use intention for a municipal travel information system.

Aim: Understand drivers travel decisions when using the multimodal travel app including type of travel information, integrated services,

15%] social and persuasive features.
Method: Web-based survey with 822 participants.
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4.2  ArticleII:
Extending the dimensions of personal exposure assessment: A
methodological discussion on perceived and measured noise and air
pollution in traffic

The previous Article I has shown that research is lacking which applies mobility apps that
include air pollution, noise, subjective experiences or participatory approaches. In the previous
Article I it is argued that informing and communicating about these components can be useful

for supporting a healthy and pleasant trip.

The following Article II and Article III focus on what factors influence whether cyclists and
pedestrians perceive their trip as healthy and pleasant. The aim is to investigate research
questions Q2. Article IT and III examine how exposure to air pollution, noise and other factors
influence perceived health, wellbeing and practices whilst cycling or walking in the city. In
order to understand how to communicate air pollution, noise or other health and wellbeing
factors, for example with mobility apps (Article I), it is considered necessary to reveal how air
pollution and noise are perceived in contrast to actual measured exposure data. Hence,
understanding if air pollution and noise exposure information is actually worthwhile to support
a perceived healthy and pleasant commute or if other en route factors are more influential.
Moreover, it is argued that exposure communication induces protective practices (see Article |
and section 2.3), hence, it is of interest to reveal protective practices already undertaken by
cyclists and pedestrians. Summarizing, Article II and III identify which factors should be
considered in healthy and pleasant trip communication and route planning in the future.

The following Article II draws on research question Q2a, examining how perceived and
measured exposure and related practices on-the-move can be investigated using mobile
methods (see section 3.3). Hence, in this article a sub-sample of 10 participants is examined
(out of the 28 who participated in the go- and ride-alongs). Article II presents mainly the
methodological approach, which was developed and applied in this thesis. It will also give first
answers to research question Q2b, which is the main focus of the hereafter presented Article III
(section 4.3).
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ARTICLE INFO ABSTRACT

Keywords: Background: The exposure to air pollution and noise is severely impacting people’s health and is especially high
Mobile interview alongside urban road- and rail-traffic. In traditional exposure research, air pollution and noise are monitored

Wearable sensors
Mixed-methods
Air pollution
Noise

Perception

with stationary measurement devices or based on models. During the last years, mobile measurement techniques
with GPS-tracking have increased. Moreover, studies have investigated another dimension of personal exposure:
the perceived exposure.

Aim: Most of these studies make use of quantitative methods such as surveys, complemented by stationary or
wearable sensors. Little research exist that applies qualitative methods to examine how people experience and
perceive exposure on-the-move, contrasting it to actual measurements. The aim of this paper is to discuss the
potential of a novel method, which extends the dimensions of personal exposure by including the situational
context of exposure perception.

Methods/case study: Firstly, different methods for exposure research are presented. Secondly, we introduce a
novel mixed-method approach, exploring cyclists and pedestrians perceived and measured exposure on-the-move
by combining mobile interviews (Go-/Ride-Alongs) and wearable sensors. We will present the methodological
findings using a case study and have a quantitative method (smartphone questionnaire, wearable sensors) as a
reference.

Results and discussion: The differences of perceived and measured exposure, proven through the reference
method, are a result of different situational contexts as shown by the mobile interviews (knowledge, embodied
experience, life situation, activities). The methodological findings show, that mobile methods complemented by
wearables introduce new dimensions of personal exposure: they shed light on the situational contexts that affect
exposure perception during commute.

Conclusion: We argue that both, perceived and measured exposure to air pollution and noise, need to be
considered simultaneously. Complementing mobile interviews or surveys with wearable sensor data improves
the understanding of urban dwellers requirements for healthier mobility. Potentials of these methods should be
investigated further, both in research and for supporting urban transport planning decisions adapted to people’s
needs.

1. Introduction both regarding exposure indoors or personal exposure in urban traffic
(Schlink and Ueberham, 2020; Steinle et al., 2013). The methods applied

Environmental stressors, such as air pollution and noise, have have increased with new technological developments such as wearable
traditionally been studied in environmental exposure research. Espe- sensors and GPS-tracking, which do not rely on static monitoring, but
cially urban dwellers’ personal exposure has received great attention, provide measurements on the person and on-the-move (Larkin and
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Hystad, 2017; Schlink and Ueberham, 2020; Snyder et al., 2013; Steinle
et al., 2013). Investigating people’s exposure or health impacts of dy-
namic environmental situations in urban traffic is also of interest for
health and transport research (Chaix, 2018; Engstrom and Forsberg,
2019; McNabola et al., 2008). Monitoring exposure is crucial, because
modern-day ambient air pollutants are causing severe health effects as
well as psychological distress, mood changes and mental disorders
(Alotaibi et al., 2019; Howell et al., 2019; Kelly and Fussell, 2015; Kiinzli
et al., 2000; Li et al., 2018; Lin et al., 2019; Sass et al., 2017; Sears et al.,
2018). Moreover, the burden of disease from environmental noise is
discussed to be the second highest after air pollution (Héanninen et al.,
2014; WHO, 2018). The exposure to high (above 70 dB(A)) noise levels
over a longer period of time can result in physical health impacts and
psychological distress (Eriksson et al., 2018; Stallen, 1999; WHO, 2018).

Next to physical health impacts, people’s perception of noise and air
pollution has an impact on mobility decisions, perceived health and
wellbeing and overall quality of life (Cori et al., 2020; Gossling et al.,
2019; Li and Zhou, 2020; Orru et al., 2018). Recently, studies have
investigated this exposure dimension: the perceived exposure (Cori
et al., 2020; Gossling et al., 2019; Martens et al., 2018; Nikolopoulou
et al., 2011). Monitored exposure levels were complemented by re-
cordings of people’s perceptions, showing that perceived and measured
exposure can differ (de Souza et al., 2020; Gossling et al., 2019; Johnson,
2012; Kou et al., 2020; Nikolopoulou et al., 2011; Ueberham et al., 2019;
Verbeek, 2018). This calls for a need to investigate the reasons for this
discrepancy and people’s perceptions regarding air pollution and noise.
As for policy and planning, knowing the perceived exposure in urban
traffic is important for improving urban dweller’s perceived health,
overall wellbeing and satisfaction of travel.

Following the “new mobilities paradigm” and “politics of mobility”,
travel and transport has long been looked at from “sedentarist” theories,
without considering the mobilities, the practices and representations,
which are embodied in the individual while moving (Cresswell, 2010;
Sheller and Urry, 2006). Practiced mobility is experienced through the
body, thus, individual’s embodied experiences and perceptions should
be recognized (Cresswell, 2010; van Duppen and Spierings, 2013).
Studies which draw on this paradigm make use of mobile methods
(Biischer, 2011; Hein et al., 2008). With mobile methods various
exposure situations can be recorded, but also the spatio-temporal and
the contextual information of exposure. These human geo-sensing ap-
proaches make use of “people as sensors™ urban dwellers record geo-
located information on environmental conditions or their perceptions
using mobile technology - integrating humans, technology and the
environment (Sagl et al., 2015; Zeile et al., 2016). Thus far, most mobile
exposure studies use quantitative methods and measure the actual
exposure, its impact on health or allow people evaluate the extent to
which they feel exposed. This is important for statistical analysis and
basis for decision-making. However, reasons for the evaluation of
exposure and its impact on wellbeing and mobility behavior can only
partly be explained. Exploring experiences and practices while moving,
which shape the exposure perception, are important to comprehensively
understand personal exposure. Qualitative mobile methods are benefi-
cial, yet, they are rarely used for researching exposure.

We close this research gap by presenting a novel mixed-methods
approach: combining qualitative mobile interviews by bicycle / on
foot (i.e in public transport) with simultaneously measuring air pollu-
tion and noise with wearable sensors on-the-move. Thereby, we raise the
question what to consider when talking about “personal exposure” in
traffic. Is it the objectively measured exposure, recorded by sensors, the
subjectively perceived exposure, documented by surveys/interviews or
a combination of both, using mixed-methods approaches? Taking a
second method with quantitative surveys and wearables as a reference,
we discuss the benefits and findings of our novel mixed-methods
approach. Hence, we further introduce the situational context, in
which moving urban dwellers experience exposure: their practices and
activities, embodied experiences, knowledge and life situation. By
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discussing the methods, we extend the personal exposure dimensions by
addressing not only the measured and perceived exposure, but also the
situational context.

Firstly, this paper sheds light on methods for researching measured
and perceived exposure, both stationary and on person/en-route, and
discuss their implementation. Secondly, two mixed-method approaches
combining wearables with mobile interviews ((Method 1) smartphone-
based and (Method 2) Go-/Ride-Alongs) are presented and strength
and weaknesses are discussed. The focus lies on the latter approach
(Method 2) and its potential for transport and exposure research.
Finally, our findings lead to the development of extended personal
exposure dimensions, as discussed in chapter 4.

2. State of research: Methods in personal exposure research

Exposure research has undergone some fundamental changes in
recent years and displays a wide field of aims and monitoring methods
(Fig. 1) (Larkin and Hystad, 2017; Snyder et al., 2013). Next to objective
measurements or models, the subjective perceptions have received
attention. Usually, subjective perceptions have been captured stationary
through quantitative methods (2.1) or qualitative methods (2.3).
Recently, emerging technologies such as GPS and wearable sensors
made it possible to record on-the-move. Moving individuals can record
perceptions using quantitative methods (2.2). Others have used quali-
tative mobile methods (2.4). In the following, we will elaborate these
mixed-method studies with an emphasize on the still underrepresented
field of qualitative exposure studies (Fig. 1).

2.1. Stationary measurements and quantitative methods

Exposure research using stationary measurements or modelled levels
of pollution have recently complementary used closed questionnaires.
They statistically explore relations of city-wide measured/modelled
exposure data and subjectively perceived exposure. Reames and Bravo
(2019) and Dons et al. (2018) used community (e.g. Europe-/nation-
wide) air quality data and compared it to public perception and health
concerns, one finding that high level of NO2 was associated with
concern, but PM2.5 was not (Dons et al., 2018). King’s (2015) study
used air quality data compared to people’s evaluation of neighborhoods.
They argue that qualitative research is needed to better understand
individual-level exposure. Nikolopoulou et al. (2011) investigated that
perceived poor air quality is in line with higher PM concentrations, using
field surveys, compared to locally measured air quality and noise
monitoring. Modig and Forsberg (2007) proved an increase in annoy-
ance due to rising exhaust fume levels, using modelled levels of NO2 and
questionnaires. Noise perception (questionnaire-based) was in line with
measured noise levels (stationary measurements/maps), however, the
discomfort of residents is rarely addressed (Camusso and Pronello, 2016;
von Szombathely et al., 2018). Verbeek (2018) applied questionnaires
on annoyance, exposure and health concerns with urban noise maps and
related noise models, showing that their relation is weak. Bartels et al.
(2015) used stationary noise measurements for aircraft noise and
compared them with annoyance rating using closed questionnaires,
showing that non-acoustical factors such as situational and personal
factors (e.g. time of the day, activity) have a considerable impact on
evaluated noise annoyance. Heat perception compared to stationary
measurements was conducted by Franck et al. (2013), showing that
subjective feeling did not clearly reflect measured data. These studies
apply city-wide modelled or stationary measurements. For exploring
dynamic exposure situations, mobile methods are needed.

2.2. Mobile measurement and quantitative methods
Collecting exposure data has shifted from solely relying on complex,

stationary measurement devices to the additional usage of mobile/
wearable sensors (Snyder et al., 2013). These technologies have
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Fig. 1. Overview of different methods for researching the exposure to environmental stressors in the city. The methods can be applied complementary. The numbers

relate to the respective chapter.

“revolutionized” personal exposure research (Larkin and Hystad, 2017).
The exposure assessment of moving urban dwellers requires a flexible
approach due to varying exposure situations: carrying sensors on the
body is beneficial to understand the spatiotemporal microenvironments
of people on-the-move (Carreras et al., 2020; Ma et al., 2020; Nieu-
wenhuijsen, 2016; Ueberham and Schlink, 2018). As shown in a study
from China, collecting person-specific real-time air pollution data with
wearable sensors supports the understanding of the spatiotemporal
microenvironments of people, the effect of different pollution sources
during daily activities and the influence of their adopted protective
actions (Ma et al., 2020).

To simultaneously document people’s perceptions, some studies
have applied closed questionnaires complementary to wearable sensors.
Mila et al. (2018) monitored personal exposure data (PM2.5) on-the-
move integrated with a questionnaire, a camera and GPS in periurban
India. Other studies used wearable air pollution sensors (Leaffer et al.,
2019) or multiple wearable exposure measurements (Ueberham et al.,
2019) combined with smartphone-app questionnaires. In-vehicle
monitoring of PM and black carbon was applied by Gany et al. (2017),
comparing it to driver’s knowledge, attitudes and beliefs. Smartphones
are beneficial for collecting a large amount of data about people’s per-
ceptions on-the-move (Klettner et al., 2013). Approaches of geographic
ecological momentary assessment (GEMA) often make use of smart-
phones by repeatedly sending participants questionnaires on their real-
time perceptions, feelings, emotions, behavior and stress levels com-
bined with GPS data (Kou et al., 2020). Two recent studies made use of
these time-geographic approaches by applying a GEMA to assess peo-
ple’s momentary objectively measured noise, momentary perceived
noise and psychological distress on-the-move combining it with travel-
diaries to understand effects of activity on perceived and measured
noise (Kou et al., 2020; Zhang et al., 2020). They examined, that dif-
ferences in perceived and measured noise are affected by the context of
the activity (Kou et al., 2020). Closed questionnaires, especially com-
bined with GPS-tracking, are valuable for comparing questionnaire an-
swers with mobile measurements and provide information on
participants’ activities or places in which measurements were taken and
perceptions documented (Zhang et al., 2020; Kou et al., 2020). There-
fore, the situational context of exposure perception and differences in
perceived and measured exposure can be captured to a certain extend.
However, they do not give insights into people’s perceptions in-depth or
provide the possibility to discuss ad-hoc behavior.

2.3. Stationary measurements and qualitative methods

Some studies display no clear evidence that the perceived environ-
ment is in line with the measured data (e.g. de Souza et al., 2020;
Johnson, 2012; Kou et al., 2020; Lenzholzer et al., 2018; Ueberham
et al., 2019). Qualitative methods are helpful to understand these dif-
ferences. They explore experiences and context of a behavior, more than
studying “at the surface” with closed questions (Bickerstaff and Walker,
2001). Especially mixed-methods approaches help to research the
human-environment relationship, environmental exposure and well-
being (King, 2015; Kuckartz, 2014; Steinmetz-Wood et al., 2019). Only
few studies have combined stationary qualitative methods with mea-
surements of the immediate environment. Among them Szeremeta and
Zannin (2009), who have investigated the soundscape and related
environmental factors through stationary open-ended questionnaires in
comparison with measurements. Haddad and de Nazelle (2018) tested
the impact of air pollution sensors and smartphone apps on travel
behavior, using pre- and post-in-depth interviews. Cortesao et al. (2020)
complemented observations, spatially localized interviews and photo-
graphic comparisons with microclimatic measurements (portable).
However, stationary qualitative methods are limited to the remembered
situation or general perceptions. They cannot give insights into ad-hoc
behavior or in-situ perceptions.

2.4. Mobile measurements and qualitative methods

Mobile qualitative methods can address this issue. They explore
people’s perceptions and experiences in-depths while moving, e.g.
recorded audio open-ended questions related to wellbeing and nature
(Doherty et al., 2014), travel diaries to examine the activities during
exposure (Kou et al.2020), geo-narratives incorporating space-time
trajectories of people and narratives of daily life experiences (Kwan
and Ding, 2008) or thermal walks to explore thermo-spatial perception
on-site (Lenzholzer et al., 2018). These methods are valuable to explore
perceptions and activities on-site without necessarily having an inter-
viewer present. To dive deeper into people’s experiences, practices and
perceptions, however, it can be valuable to apply mobile qualitative
interview approaches.

Mobile qualitative interviews (Walking Interviews or Go-/Ride-
Alongs) address the spatial limits of sedentary, post-hoc qualitative in-
terviews. They use the background of field observations and draw
attention to the immediate lived-space (Carpiano, 2009; Evans and
Jones, 2011; Kusenbach, 2003). It is a form of qualitative interview
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conducted while an interviewer accompanies the interviewee (Carpiano,
2009; King and Woodroffe, 2017). In Go-/Ride-Along studies, the
movement itself becomes part of the research: the researcher can
experience the space of the studied subject him-/herself (Hein et al.,
2008). Moreover, moving together at the interviewees’ typical route/
time gives insights into interviewee’s practices, routes choices and
perceptions of space and makes it possible discuss them on-site (Hein
et al., 2008; Kusenbach, 2003). These spatially-related qualitative data
gathered through mobile interviews demands for “qualitative GIS”
(geographic information systems), supporting a visualization and anal-
ysis of complex interactions among space and people’s experiences
(Kwan and Ding, 2008).

Go-/Ride-Along studies investigated participants’ relation to place
(Hitchings and Jones, 2004; Hodgson, 2012), their experiences and
perceptions of their environment (Boettge et al., 2017; Kelly et al., 2011;
Kusenbach, 2003; Lenzholzer et al., 2018) or promote a narrative about
a specific topic, e.g. food security (King and Woodroffe, 2017), everyday
travel (Hodgson, 2012; Pooley et al., 2013; Pooley et al., 2011; van
Duppen and Spierings, 2013), health perception (Carpiano, 2009; Garcia
et al., 2012) or physical experience (Spinney, 2016). However, there is
hardly any research which combines Go-/Ride-Alongs with measured
exposure data, except from our pilot study testing this method (Mar-
quart et al., 2021).

3. Applying the methods: Perceived and measured exposure on-
the-move

We will now provide insights into our novel mixed-methods
approach (Method 2), using a precedent multiple exposure study
(Method 1) as a reference for discussion. Both studies explore measured
and perceived exposure on-the-move using quantitative (Method 1) and
qualitative (Method 2) approaches and similar wearable sensors,
therefore, they are suitable to compare. The reference study (Method 1),
an already conducted study by Ueberham et al. (2019), applied
smartphone-based questionnaires and wearable sensors. The novel study
(Method 2) applied Go-/Ride-Alongs in combination with wearable
sensors. We will present both methods and discuss the methodological
findings and our experiences of the second method.

3.1. Method 1: Smartphone survey and mobile measurements (reference
method)

For personal exposure assessments it is of high interest to capture as
many influencing factors as possible to characterize the individual’s
exposure. Therefore, both objective and subjective data are crucial to
create a broader picture of multiple environmental and psycho-social
influences. For one of our own explorative studies with cyclists, we
designed an open-source smartphone application, in which all partici-
pants entered their own perceptions of multiple parameters (perceived
air pollution, perceived noise exposure and burden from heat). These
pop-up questions appeared after each cycle route, when the trip was
finished, with a button on the home screen. The participants (n = 66)
rated their individual exposure on ordinal scales. Additionally, two text
fields were used to specify the purpose of the trip and to mention
possible detours (Ueberham et al., 2019). The subjective data was stored
together with the sensor data of the smartphone (noise, GPS, light level).
Simultaneously, particle number counts of particulate matter (0.5-2.5
pm) where collected using a wearable sensor. All details can be found in
Ueberham et al. (2018).

An advantage of the joint measurement approach is that the sub-
jective data can be compared more easily with objective data by stan-
dard statistical techniques (e.g. correlations, regressions, significance
tests). Referring to the results of Ueberham et al. (2019), noise exposure
is highly different in terms of objective values and subjective perception.
The main disadvantage of this approach is that the reasons for differ-
ences cannot be explained. Therefore, qualitative mixed methods have
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to be applied, ideally by accompanying interviewees to ask for detailed
feedback on exposure perceptions.

3.2. Method 2: Go-/Ride-Along and mobile measurements (case study)

In this study interviewees were accompanied by an interviewer using
Go-/Ride-Alongs, complemented by wearable sensors. The aim was to
explore how people perceive air and noise pollution on their daily way
from work to home and discover reasons for discrepancies of perceived
and measured exposure. Our sample comprised 10 people living and
commuting from work to home in Berlin, Germany (Appendix 1). They
used bicycle or public transport (i.e. including walking), transport
modes known to be highest exposed (Okokon et al., 2017). The in-
terviews took place in October/November 2019. The interviewees could
choose day (workday) and time (after work).

Firstly, sedentary pre-interviews were conducted. These interviews
served a.) as a basis for the mobile interview, thus, the interviewer was
already prepared for specific aspects and routes, b.) the interviewee
could get familiar with the situation, which made the subsequent ride/
walk together more confident and c.) already stimulated a narrative
about mobility and exposure perception (Finlay and Bowman, 2017).
After the introductory interview, the interviewee was accompanied on
his/her way from work to home, by foot (incl. public transport) or bi-
cycle. Meanwhile, a semi-structured questionnaire covered four topics:
(1) mobility behavior and actions, (2) perceptions of the immediate
environment (visual, olfactory, auditory), including air and noise
pollution, (3) health perception and situative wellbeing and (4) au-
thority arguments, aiming at confronting the interviewee with infor-
mation about air and noise pollution in-situ. Based on qualitative
interview procedures (Przyborski and Wohlrab-Sahr, 2014), the mobile
interviews started with open and unspecific questions (e.g. How do you
perceive your environment at the moment? What do you hear, smell, see?;
Why do we take this route?; How are you feeling at the moment regarding
your environment?), got more specific during the mobile interview (e.g.
You have talked about how you [don’t] like [the noise/air], how would you
translate [‘don’t] like’, what does it do to you physically or mentally?) and
directly pointed at specific aspects in the later stages of the interview, e.
g. using authority arguments (Have you known, that noise over 55 dB(A) is
already impacting your health according to the WHO? Usually streets with a
high traffic volume exceed even 70 dB(A); We have now [referring to the
display of the particle number counter] particles, that is translated in bad air
quality, compared to [street XY] before.) (Appendix 2). Meanwhile, spe-
cific actions (e.g. sudden route changes or choices) or situations
(dangerous, loud, heavy traffic, greenery) demanded for flexible adap-
tations of the semi-structured questions or for ad-hoc questions. This
ensured that all topics were covered while new and unexpected aspects
could be discussed. The interviews were recorded with microphones
attached to each person. Thirdly, the interviewer carried wearable
sensors (based on Ueberham et al., 2019) measuring noise (dB(A), in-
terval: 2 s), particle number counts (PNC) from 0.5-2.5 pm, #/ft3 (in-
terval: 1 min), and GPS. The study by Ueberham and Schlink (2018)
presents a rigorous evaluation of the accuracy and reliability of the
sensors utilized in the present study. Pictures were taken by the inter-
viewer during or after the interview.

The mobile interviews were transcribed (software f4), including time
stamps. Using qualitative content analysis (QCA), the transcripts were
coded and analysed using MaxQDA 2020. The measurements were
merged and analysed using QGIS 3.10.3. Both quantitative and quali-
tative data were combined in several phases of the research process
(Fig. 2) (Kuckartz, 2014; Steinmetz-Wood et al., 2019). We used two
strategies for mixed-methods analysis: comparison and assimilation
(Steinmetz-Wood et al., 2019). To understand the relation of perceived
and measured exposure on-site, the qualitative and measured data were
compared through assimilating the qualitative data to value-oriented
codes (e.g. unpleasant, pleasant, relaxing, stressful). For better inter-
pretation of the PNC values along one route and comparison between
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Fig. 2. Research design and data analysis procedure using an integrated mixed-method approach. This article specifically focuses on the data (codes and measured

data) with spatial relation.

the participants, the PNC numbers for each route were divided into
seven quantiles, where “7” is extremely high and “1” is extremely low.
Moreover, to investigate divergences and similarities, we incorporated
interpretations derived from the qualitative data (transcripts and in-
terviewer’s observations) and land-use data (green and blue spaces').
Additionally, site-specific statements and behavior were analysed and
complemented by the measurements, supporting an interpretation of the
qualitative data.

4. Methodological findings

The focus of this article is on the methodological findings and pos-
sibilities of the mixed-methods approach (Method 2). We will primarily
draw attention to the spatial findings, which lead to the development of
extended personal exposure dimensions (chapter 5.2).

We analysed and compared the measured data, the interviewer’s
observations and the perceived exposure reported by the interviewees
on-the-move. Applying this method does not only highlight differences
or similarities of perceived and measured exposure, we could also reveal
reasons behind these discrepancies. Our findings show that exposure
perceptions, perceived health and wellbeing relies on individuals’
embodied experiences, e.g. pleasant smells of nature or scenery/visual
experiences, their knowledge of the route and affective/emotional ex-
periences, which are related to imminent/past activities or life situa-
tions. We will elaborate these findings in the following.

The external situation, which could be documented in-situ, was
crucial for exposure evaluation: sudden situations causing upset and
being perceived as unpleasant were most often stated in relation to
noticeable air pollution, but also in relation to stressful noise. The in-
terviewees often pointed at sudden incidents and environmental cues,
which impacted how they perceive air and noise pollution at the

! Geoportal Berlin/FNP  (Flichennutzungsplan Berlin), https://fbinter.
stadt-berlin.de/fb/index.jsp, dl-de/by-2-0

moment:

“Sometimes I am angry, so I think, why is it like that? Why is it possible,
why is it allowed in the first place? Because it affects so many people. Do you
feel it? Now? [points at the cars] That is what I meant when I said that this
area is especially intense. [...] Yes, [the smell], and also in my throat
somehow...” (RA1?) (noise: 63 dB(A), PNC: 7 - comparably extremely
high)).

“In any case, it’s the long waiting here [loud car is passing by] And yes
[points at the car] Noise, yes, I think that’s bad! [...] This artificial noise is
becoming more and more present. [...] if I ride by myself, I am lost in my
thoughts or with headphones.” (RA3) (noise: 67-69 dB(A), PNC: 7 -
comparably extremely high).

Environmental cues, such as the sight of cars, exhaust fumes, the
sound of a loud car or an ambulance (“Well, there is a lot going on here
[points at the loud sirens of an ambulance] [...] It is not a real relaxa-
tion.” (RA7)), influenced the perception of space and stimulated a
narrative about it. These were partly in line with the measurements.
Moreover, asking about wellbeing in the very moment supported the
interviewee to consider carefully how their immediate environment
impacted them, going further than environmental cues. For example,
knowledge was an important aspect for exposure evaluation and well-
being. Route sections were perceived as positive, if interviewees knew
that routes “a whole lot worse” (RA7) are coming ahead (e.g. Fig. 4) or
knew that certain route sections help to “recharge the batteries and soak up
the peace and quiet” (RA10). We could show that this is in line with
comparably lower air and noise pollution levels, supported by greenery
and less car traffic (e.g. RA10).

However, the wearable sensors displayed that positive evaluation of
the environment was not always in line with measured noise data,
showing that route sections with high noise levels of 67-75 dB(A) could
also be evaluated as pleasant. This can be a result of the embodied

2 RA[number] refers to ..Ride-Along*“[participant number], GA refers to “Go-
Along” (i.e. public transport users)
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experience (visual and olfactory) of the interviewee, which is caused by
the immediate environmental situation (Fig. 3).

Additionally, positively perceived sounds have an impact on positive
experiences along the route, which can be explored by accompanying
the interviewee. Three pedestrians reported sounds from musicians in
the subway as pleasant, not necessarily in line with measured high noise
levels at the respective moments (GA4, GA6, GA8):

“This music, for example, [points at the musicians in the subway
hall], I know them from other stations, they are cool, I like them.” (GA4)
(noise: 69-77 dB(A); PNC: 4 — mean).

Next to high noise levels, comparably high air-polluted route sec-
tions could be evaluated as positive, because the urban aesthetics (2-
times) and shops or entertainment along the route (2-times) resulted in
evaluations such as beautiful/attractive (GA6, GA8). The knowledge
that less attractive route-sections are coming ahead also positively in-
fluences the mobility and exposure experience (Fig. 4).

The importance of previous/upcoming activities and life situations
were shown in many statements close to the work place or close to home
(Fig. 4): when asking ad-hoc in this situation, most interviewees said
that they feel good, leaving their workplace behind or positively eval-
uated their environment close to home (e.g. “I am certainly happy that I
have arrived and am released” (RA1), “Here it is always nice, I know, I will
be home soon.” (RA7)). Positive memories with a certain area/smell/
sight could be discovered when asking ad-hoc in the situation (e.g. tram
passing) (“I like hearing the sound of the tramway. [...] It reminds me of my
home town.” (GA6)). Reasons behind sudden route choices could be
asked ad-hoc: Interviewees reported about their knowledge of short-cuts
and the importance of knowing hidden side-roads, most of them
measured less air pollution and noise comparing to the main roads (RA
1, RA2, RA3, RA5, RA7, GA8, RA10). This could be asked directly while
the interviewee took the short-cut or “hidden” side-road.
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5. Discussion

In this paper we discussed methods for researching personal expo-
sure to air pollution and noise and presented a mobile qualitative and a
mobile quantitative approach, which are complemented by wearable
sensors. It is argued that bicycle and public transport are underrepre-
sented in research using mobile interview methods (Finlay and Bowman,
2017). The presented mixed-method approaches provide in-depth in-
sights into cyclists and public transport users commute and consider the
importance of mobile methods next to sedentarist theories (Biischer,
2011; Sheller and Urry, 2006).

5.1. Strength and weaknesses mobile interviews (method 2) and surveys
(method 1)

Interviewing while moving (Method 2) sheds light on reasons for
route choices and the perceived immediate environment. While other
approaches, such as mental maps or qualitative post-hoc interviews, can
also draw attention to these topics (Boschmann and Cubbon, 2014;
Marquart et al., 2020; Stefansdottir, 2014), accompanying a person can
reveal aspects which the interviewees may not mention beforehand and
help to better reflect his/her route choices, experiences and perceptions
in-situ (chapter 3.2). Other mobile methods, such as travel diaries or
geographic ecological momentary assessments (GEMA), are also
methods for gathering spatial perceptions, behavior and the situational
context of people on-the-move (Zhang et al., 2020; Kou et al., 2020).
However, they can only capture behavior, perceptions and the situa-
tional context to some extent. Mobile interview methods, derived from
“mobile ethnography”, are important in the “new mobilities paradigm™
to deeply engage in people’s mobilities, understand their practice of
movement and how mobility is experienced through the body in various

Legend
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Fig. 3. Ride-Along on an arterial road with high noise pollution and comparably lower air pollution, contrasting the statements of the interviewee who perceives the

environment as pleasant and attractive (pictures taken afterwards).
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Fig. 4. Example of the importance of contextual information aligning with measured exposure: Greenery and blue space (map above) are evaluated positively,
especially in comparison with the “big road” coming ahead. PNC is comparably low. At a main intersection with comparably high PNC and noise levels (map below),
the interviewee evaluated the environment as unpleasant, but states that the tension disappears because he/she is nearly home. (picture 1-2 taken afterwards, picture
3-4 taken during the ride-along). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

situations (Cresswell, 2010; Sheller and Urry, 2006). Our results are in
line with van Duppen and Spierings (2013) Ride-Alongs, who gives in-
sights into diverse urban sensescapes, embodied experiences and
mobility tactics (e.g. shortcuts or behavior in traffic) of cyclists. Sudden
incidents (e.g. appearance of an ambulance, appearance of musicians) or
stimulating questions (How do you perceive your environment at the
moment? What do you hear, smell, see?) help to explore how the commute
is experienced. The interviewees were sometimes surprised about their
behavior (RA2: “Yes, this is indeed a route I take to avoid the construction
site!””). In comparison with other methods for exploring exposure on-the-
move (chapter 2), mobile interview methods are especially interesting
for investigating and discussing momentary perceptions, embodied ex-
periences and mobility behavior in-depths. Complementing mobile in-
terviews with wearable sensor data and photographs supports the
interpretation of the qualitative data and its situational context.

We also experienced limitations with this method. It can be difficult
to keep the interview situation in high traffic volume streets by bicycle
or in crowded trains. Moreover, safety is an important aspect which has
to be critically considered (Finlay and Bowman, 2017). We aimed at
addressing this by giving a microphone to the interviewee and inter-
viewer, hence, we do not necessarily need to be next to each other all
time (Kusenbach, 2003). In crowded or very empty (i.e. silent) trains,
the interviewees seemed uncomfortable to be interviewed in front of
others. This hindered a normal interview conversation, since this
“contrived social situation” can disturb the “natural” situation that the
interview is trying to capture (Kusenbach, 2003). Moreover, the pres-
ence of the interviewer could result in a perceived power imbalance and
the questions raised can influence perceptions and interpretations (Hein
et al., 2008; King and Woodroffe, 2017; Kusenbach, 2003). However, the

introductory pre-interview in a Café, i.e. neutral surrounding, supported
aless contrived situation (Kusenbach, 2003). Interviewing while moving
together might also create new experiences and a new consideration of
the situational context, which we consider as particular interesting and
further investigated during the interview. For more discussion about
that see i.a. Hein et al. (2008), Kowalewski and Barttomiejski (2020) and
Marquart et al. (2021). Finally, the nature of qualitative data does not
allow for conclusions in statistical terms and cannot be statistically
compared to one another or the sensor data.

The smartphone-based survey and wearable sensors (Method 1) shed
light on quantitative data of a greater sample, thus, providing the sta-
tistical evidences which are missing in qualitative approaches. The main
limitation of using smartphones as a tool to record subjective data is the
time and effort of the study participants to enter their perceptions.
Especially during mobile measurements or exposure recording on-the-
move it is of high importance to ensure an easy and fast way of col-
lecting subjective data. Complicated or long-lasting queries on the
smartphone can lower the motivation of the participants with negative
effects on compliance or non-reflective reporting. Having this in mind,
the most effective way of using smartphones for subjective exposure
data collection are quantitative and mostly closed questions.

Both methods are valuable for researching perceived and measured
exposure on-the-move. In both cases, the wearable sensors give infor-
mation about the external situation in which the questionnaire/inter-
view was answered. Their strengths and weaknesses are summarized in
Table 1. Complementing both methods ensures a comprehensive un-
derstanding of individuals’ exposure.
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Table 1

Strength and weaknesses of both methods compared to one another.

Research item

Smartphone survey and
‘wearables (Method 1)

Go-/Ride-Along and
wearables (Method 2)

Mixed-methods
approach

Subjective
perception of air
and noise
pollution

Behavior en-route
(protective
actions)

Route-choices

Equal status concurrent:
QUANTITATIVE +
QUANTITATIVE

Evaluation (very low —
very high) possible
Statistical comparability
ensured (correlations,
regressions, significance
tests)

No investigation about
reasons/contexts for
statistical correlations

Route-choices and length
of route can be
investigated through GPS-
tracking

No other actions/ behavior
can be revealed

Routes taken can be
detected

GPS-tracking for a longer
period of time: different
route-choices of greater
sample can be detected

Dominant status
concurrent:
QUALITATIVE +
quantitative

No evaluation (very low —
very high) possible

No statistical
comparability with
measured data

In-depth (qualitative)
insights into how
environment is
experienced/perceived,
incl. Situational context
Individual protective
actions (e.g. reducing
distance to emitter) or
mobility behavior can be
discussed in-situ

Habitual, unconscious
route choices can be
detected (not mentioned
post-hoc)

Reasons behind route
choices can be revealed

Time and resource
consuming: not many
GPS-trackings per partic-
ipant can be provided
Statistical validity, no Only qualitatively, no
qualitative investigations statistical validity
Comparability of Statistical comparisons e Not possible, only
data possible qualitatively

Validity of data

5.2. Extending the personal exposure dimension: Added value

With regard to the literature (chapter 2) and the strengths and
weaknesses of the two mobile methods (chapter 4.1), we will now
elaborate how the approaches can mutually support each other and
present the extended personal exposure dimensions.

From the sensor data and smartphone-based surveys we revealed
statistically proven differences in perceived and measured noise expo-
sure (Ueberham et al., 2019). This is in line with previous studies on
differences in measured and perceived noise, as discussed in chapter 2.2
(e.g. Kou et al., 2020). The questions arise, why a person perceives
sometimes loud areas as pleasant and quiet areas as unpleasant. The
Go-/Ride-Along provides answers, showing that e.g. musicians, which
may be recorded with high noise levels, positively influence the
momentary experience (chapter 4). Not all loud sounds can be called
“noise” — the source of the sound is influencing whether it is perceived as
positive or negative. Sounds other than traffic noise, e.g. birds chirping,
people talking or musicians, can improve the level of satisfaction of a
route (Jensen, 2007). In unaccompanied mobile surveys (e.g.
smartphone-based questionnaires) the frequencies of the noise level
could help reveal what kind of noise is measured. Moreover, positive
evaluations due to the situational context (e.g. olfactory or visual cues,
knowledge, memories, life situation) can also result in differences in
measured and perceived noise (chapter 4). As previous studies applying
travel diaries and geographical ecological momentary assessments
(GEMA) showed, the effects of context on perceived noise and psycho-
logical stress are important: e.g. even though measured noise at outside
recreational activities or activities with friends are measured high,
participants do not consider noise as a problem and had even a signifi-
cantly lower level of momentary psychological stress (Kou et al., 2020).
Wearable sensors completed by travel diaries or smartphone-surveys can
give valuable insights into the places people visited, their momentary
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social contacts and the activities they performed. With these methods
the situational context of people’s exposure can be examined to some
extent (Kou et al., 2020; Zhang et al., 2020). By accompanying the in-
terviewees, however, the situational context is investigated more in-
depth. The interviewer and interviewee can openly discuss the in-
terviewees’ experiences, practices and perceptions on-site and on-the-
move. Summarizing, we argue that it is beneficial to use both, mobile
smartphone-based surveys for statistical evidence (e.g. route evaluations
or GEMA approaches) and qualitative methods, such as mobile in-
terviews or travel diaries, for understanding the situational context
behind them.

As for air pollution, the mobile interview provides information on
the situational context in which air pollution is perceived and measured.
As shown in the case study (chapter 4), route sections close to home are
perceived as relieving (“escaped”), even though particles measured are
high. Nature and leaving work are perceived as pleasant, in line with
measured lower PNC. The external situation in the very moment or the
past/upcoming activities are of importance for exposure perception.
Measured high exposure is not always of concern for the interviewee,
who is already feeling a relief of tension by nearly reaching their
destination (chapter 4). Past/upcoming activities (e.g. being close to
home), knowledge of the route (e.g. worse part coming ahead), the
external environment (e.g. nature) or life situations (e.g. past experi-
ences, memories, vulnerability) impact air pollution exposure percep-
tion and evaluation in-situ.

On the one hand, transport and exposure research is increasingly
applying mobile mixed-methods approaches (chapter 2). Looking at
transport planning or environmental policy, on the other hand, we still
see a strong focus on objectively measured data and statistically defined
thresholds (Verbeek, 2018). Of course, this is important to make sound
decisions for healthy transport planning, yet, it neglects the importance
of perceptions, experiences and situational contexts and its potential to
improve commuters’ wellbeing. As for the question what to consider
when talking about “personal exposure” — the objectively measured
exposure, the subjectively perceived or a combination of both — we
argue, that a combination of both is representing the exposure situation
comprehensively. Considering objectively measured and subjectively
perceived exposure is crucial, yet, other contextual factors, such as e.g.
vulnerability, socio-economic data and the discussed situational context
in-situ, are important for promoting health and wellbeing (Bartels et al.,
2015; Kou et al., 2020; Verbeek, 2018). Additionally, accompanying the
person, similar to travel diaries (chapter 2), even opens up another
exposure dimension: the situational context of personal exposure. All
dimensions are linked and influence one another (Fig. 5). This is
important for research, but should also gain more importance in plan-
ning decisions.

6. Conclusion

We have discussed the extended dimensions of personal exposure,
which consider the situational context of exposure on-the-move. We
presented a novel mixed-methods approach using Go-/Ride-Alongs and
wearable sensors, contrasting it to a reference method. Both methods
acknowledge the interviewees as experts of their own environment and
document how a person perceives, experiences and behaves during daily
commute (Carpiano, 2009; Evans and Jones, 2011; Kusenbach, 2003).
Based on mobile ethnographic research and movement as derived from
the “new mobilities paradigm”, we argue that it is important to consider
urban dwellers as experts of their own personal exposure (Latour, 2005;
Sheller and Urry, 2006). Further research should give attention to mo-
bile methods - both qualitative and quantitative — and their benefits
when mutually supporting each other.

We argue that the methodological approaches in personal exposure
research should further comprise mixed-methods and qualitative mobile
methods. With regard to planning for healthy cities, stronger engage-
ment in participatory approaches could be a solution to capture not only
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the measured exposure, but also incorporate how people perceive air
pollution and noise. This is of importance, considering that decisions in
transport planning and policy are usually based on objectively measured
data and decision-makers’ views on what commuter need are not always
in line with the actual reported needs (Marquart et al., 2020; Verbeek,
2018). Wearable sensor data combined with quantitative mobile
methods, which give statistical evidences, or with qualitative mobile
methods, which give in-depths contextual insights, are beneficial.
Therefore, the exposure dimensions can be extended towards the situ-
ational context in which the exposure takes place, without neglecting
the actual measured exposure nor the subjectively perceived. As for
urban planning, the built environment, traffic situation, greenery and
source for pollution as well as people’s situational context influence how
people perceive air pollution and noise. This is of importance, because
“context affects health” (Kestens et al., 2017) and people’s health and
wellbeing differs in time and space (Sharp et al., 2015). Approaches

Appendix 1. Sample characteristics
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from health research investigate how and where people are exposed to
environmental stressors, drawing on quantitatively measured subjective
wellbeing and measured exposure. Methods like the presented give ev-
idence on what and why people actually perceive and experience during
commute. Approaches like “people as sensors” draw conclusions of
people’s wellbeing from quantitatively measured data (Kabisch et al.,
2021; Kestens et al., 2017; Sharp et al., 2015; Zeile et al., 2016). Our
qualitative mobile approach specifically documents people’s stated ex-
periences and behavior in-situ and on-the-move.

In view of the adverse health and wellbeing impacts of air and noise
pollution, it is important to consider urban dwellers’ experiences and
perceptions about their daily commute. This encourages community
engagement, the feeling of self-efficacy and strengthens community
ownership; it encourages people to pay more attention to the spaces they
pass — thus, it is about stressing “their own opinions about their envi-
ronment” (Hein et al., 2008). Additionally, knowing how the public
experiences their city is important for practitioners (Evans and Jones,
2011). Considering the limited literature on perceived and measured
exposure on-the-move and the possibilities of mobile methods as pre-
sented, methods like these, when applied by transport research and
planning, have the opportunity to enhance communities’ environmental
health literacy, increase urban dwellers self-efficacy and support suc-
cessful planning decisions adapted to people’s needs.
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Participant # Mode of transport Occupation Age Gender Average noise (dB(A))* Average PNC per dm®*
RA1 Bicycle (Ride-Along) Employed 55 f 66,3 3713
RA2 Bicycle (Ride-Along) Employed 30 m 68,5 11,639
RA3 Bicycle (Ride-Along) Paternity leave - f 63,3 2240
GA4 Walking+subway-+bus (Go-Along) Employed 59 f 65,2 13,118
RA5 Bicycle (Ride-Along) Employed 42 f 71,6 15,967
GA6 Walking+subway (Go-Along) Student 32 f 62,7%* 18,389
RA7 Bicycle (Ride-Along) Employed 31 f 68,3** 9454
GAS8 Walking+subway (Go-Along) Student 25 m 63,1%* 15,197
RA9 Bicycle (Ride-Along) Student 24 m 73,1 25,492
RA10 Bicycle (Ride-Along) Employed 42 f 72,8 2965

* Interviews/Measurements were taken on different days and different time of the days, on the routes chosen by the interviewee. This results in the differences in

particles and noise levels. PNC was converted from ft° into dm®.

**Some values are missing and were not used for analysis; average noise level not representative for entire route of this interviewee.

Appendix 2. Semi-structured mobile interview questionnaire (translated from German)

A. Mobility behavior

- Why do we take this route?
- Did you take another route in the past? Why?

- We have turned to the .../changed the side of the road/..., why did we not take this route/side of the road/...?
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B. Mode of transport

- How do you perceive the mode of transport at the moment?
Have you used/do you use another mode of transport sometimes? Why?

C. Environmental perception

- How are you feeling regarding your environment at the moment? Do you like it? Dislike it? Why?
How do you perceive your environment at the moment? Concentrate on what you hear, smell, see?
You said before, you perceived the environment as [stressful, beautiful, pleasant, ...], how do you feel right now?

D. Health and Wellbeing

- You said, you perceived the environment as [stressful, beautiful, pleasant, ...]. Does it have an impact on you physically and your wellbeing? You
have talked about how you [don’t] like [the noise/air/...], how would you translate [don’t] like, what does it do to you physically or mentally?
How do you feel regarding your health at the moment?

- Do you have strategies, to reduce or avoid stressors such as air pollution and noise [questions asked when people undertake protective actions]

E. Optional: Authority Arguments for further stimulating a narrative [later during the mobile interview, after interviewee talked about air pollution and
noise him-/herself]

In Germany, air pollution and noise exposure are discussed in media and politics. Have you considered the impacts on your health in terms of air
pollution / noise pollution?

Have known, that noise over 55 dBA for a longer period of time is already impacting your health according to the WHO? Usually streets with a high
traffic volume exceed even 70 dB(A).

Have you known that, according to the WHO, the burden of disease from urban air pollution is placed at top 1 environmental health risk in urban
areas. Followed by noise.

We have now [referring to the display of the particle number counter] particles, that is translated in [bad/good] air quality, compared to [street XY]
before.

F. Ad-hoc questions
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4.3 ArticleIII:
How are air pollution and noise perceived en route? Investigating
cyclists’ and pedestrians’ personal exposure, wellbeing and practices
during commute

The previous Article II has presented and discussed the go- and ride-alongs complemented by
wearable sensors and gave first findings regarding the importance of the situational context.
The following Article III will go deeper into the situational context, the sensory awareness,
perceptions and practices on-the-move. It will examine if perceived and measured air pollution
and noise are in line and if not, what other factors are decisive for a perceived healthy and
pleasant commute (research question Q2b).

The findings from all go- and ride-alongs complemented by wearable sensors, in total of 28
participants, will be presented and discussed. Specifically, their sensory awareness will be
investigated (for more information on sensory awareness see section 2). Therefore, their
perceived air and smells, their perceived sounds and their visual experiences will be explored.
A focus will be on perceived air pollution and noise, contrasted to measurable air pollution and
noise of the immediate situation. Moreover, protective practices en route will be discovered and
related to the external environment. Ultimately, Article III will identify which en route factors
are important for making cycling and walking in cities attractive and present which factors

impact cyclists and pedestrians perceived health and wellbeing on-the-move.

Article II and III provide a comprehensive understanding of cyclists and pedestrians daily
commute. They serve as a basis for discussing and developing information and communication
technologies which can inform about a healthy and pleasant commute. These are further
discussed in the hereafter presented Article IV.
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ARTICLE INFO ABSTRACT

Keywords: Background: Commuting by bicycle or on foot is beneficial for health and wellbeing. However,
Ride-along cycling and walking alongside road traffic poses the risk of air pollution and noise exposure.
Go-along Traditionally, exposure research is based on objective measurements. Only recently have sub-
Sensory awareness . . . . d . h . d s 11 s d N

Perception jective perceptions gained attention. The perceived exposure to air pollution and noise en route
Air pollution and the momentary sensory awareness in traffic has rarely been investigated. This study addresses
Noise this research gap. The aim was to examine cyclists’/pedestrians’ sensory awareness, perceived

and measured exposure, and practices to reduce health risks and improve wellbeing en route.
Methods: A mixed-methods approach was applied: (1) go-/ride-alongs with 28 participants in
Berlin, Germany, were conducted. Cyclists/pedestrians were accompanied on their commute
home from work. Meanwhile, a semi-structured qualitative interview during cycling/walking was
applied to discover experiences, practices and perceptions on-site. (2) Simultaneously, noise (dB
(A)), GPS and air pollution (particulate matter) were registered with wearable sensors.

Results: Measured exposure was partly in line with perceived exposure. However, some situations
with high exposure were evaluated as positive due to sensory awareness (greenery/water, urban
aesthetics) or social cues (other people, neighborhood areas). Community feelings, aesthetic/
interesting urban form and passing people who perform leisure activities and, thus, take
ownership of their city, improved a pleasant commute. Using hidden paths to include greenery
and protective practices (e.g., increasing the distance from emitters) were examined.
Conclusions: Cyclists and pedestrians are directly exposed to their environment, which jointly
influences health and wellbeing. Air pollution and noise need to be addressed, as do exposure
perceptions and other sensory experiences. Passing community areas, having an interesting trip,
seeing/smelling blue and green spaces, and the quietness associated with these experiences
improve a cyclist’s/pedestrian’s wellbeing during their commute. Further research on how to
plan for and communicate about healthy and pleasant routes is needed.

1. Introduction

Urban transport plays a key role in improving health and wellbeing in cities (Nieuwenhuijsen and Khreis, 2019). Motorized

* Corresponding author. Institute of Transport Research German Aerospace Center (DLR), 12489, Berlin, Germany.
E-mail address: heike.marquart@dlr.de (H. Marquart).

https://doi.org/10.1016/j.jth.2021.101325

Received 8 September 2021; Received in revised form 8 December 2021; Accepted 31 December 2021
Available online 22 January 2022

2214-1405/© 2022 Elsevier Ltd. All rights reserved.



H. Marquart et al. Journal of Transport & Health 24 (2022) 101325

transport is responsible for harmful air pollutants and high noise levels, which adversely impact urban dwellers’ physical and mental
health (Li et al., 2018; Nieuwenhuijsen, 2016; WHO, 2018). In European cities, traffic noise and airborne particulate matter are two of
the leading environmental health risk factors and are especially high alongside high-density road traffic (Okokon et al., 2017;
Hanninen et al., 2014). Next to physical health impacts, wellbeing is highly related to transport and is influenced during the travel
itself or in the long-term (Chatterjee et al., 2020; Nordbakke and Schwanen, 2013; Reardon and Abdallah, 2013).

In particular, cyclists and pedestrians face high levels of air pollution and noise alongside road traffic (Apparicio et al., 2016;
Chaney et al., 2017). Then again, active mobility promotes physical and mental health, increases wellbeing and the overall satisfaction
of travel (Chatterjee et al., 2020; Mouratidis et al., 2019; Mytton et al., 2016; Synek and Koenigstorfer, 2019). To enhance active
mobility, it is, therefore, important to improve cyclists’/pedestrians’ experience during travel and minimize their exposure, leading to
improved wellbeing and health.

Research on air pollution or noise exposure during travel and its relation to travel behavior, and its social and health impacts are
still limited (Poom et al., 2021). Most exposure studies see exposure as being stable over space and time (stationarity bias) and refer to
measured exposure and its physical health impacts, whereas research on the perceived exposure from a nonstationary perspective is
lacking (Kwan, 2021; Marquart et al., 2021; Noel et al., 2021). This is important, because travelers, such as cyclists and pedestrians,
have different places they pass; therefore, they have unique exposure profiles which vary in time and space (Borbet et al., 2018; Park,
2020; Heydon and Chakraborty, 2020; Kou et al., 2020; Marquart et al., 2021). These can be captured by wearable sensors (Helbig
etal., 2021). Recently, research explored the subjectively perceived exposure, which is not always in line with measured exposure (Kou
et al., 2020; Marquart et al., 2021; Nikolopoulou et al., 2011; Ueberham et al., 2019; Verbeek, 2018). Hence, there is a need to
investigate perceived exposure. Qualitative research can be beneficial, because it allows in-depths investigations into the discrepancies
in measured and perceived exposure and the situational, contextual or local elements that influence exposure perception (Noel et al.,
2021).

By taking a nonstationary perspective, this study examines what influences wellbeing during active commuting trips while
simultaneously taking the exposure to air pollution and noise into account. By complementing qualitative, on-the-move interviews
with wearable sensors, this study aimed to (1) understand what subjective factors influenced travelers’ wellbeing and experiences
during daily commutes, (2) how urban dwellers perceived and were exposed to air pollution and noise and (3) how they acted to avoid
exposure and improve wellbeing in traffic.

We will first give an overview of air pollution and noise exposure, risk perception and sensorial awareness (section 2). Then, the
methodological approach (section 3) and results (section 4) are presented. Since the measurement of noise was affected by other
influences while walking/cycling (e.g., wind), which is discussed in section 4.1 and section 5, we will focus more on the topic of air
pollution in this study. Finally, we discuss what measures should be taken to improve wellbeing and address air pollution and noise on
the move (section 5).

2. Literature review and framework

Commuting trips have a particular impact on people’s subjective wellbeing and affect their overall performance at work or home
(Chatterjee et al., 2020). Every day, urban dwellers spend approximately 4-7% of daily time in “traffic-influenced microenvironments”
(Matz et al., 2018). In contrast to leisure travel, commuting trips are usually in these traffic-influenced microenvironments, are an
unavoidable activity that is part of people’s lives for many years, contribute profoundly to the inhaled daily doses of air pollutants or
noise, and impact wellbeing (Chatterjee et al., 2020; Liu et al., 2019).

2.1. Exposure to air pollution and noise

Literature analyzing the link between travel and wellbeing is growing (De Vos, 2018). Recent studies introduced frameworks for the
relation between transport, health and wellbeing, including physical activity, safety/causalities, subjective wellbeing, air pollution
intake, noise exposure or urban heat (Chatterjee et al., 2020; De Vos, 2018; Mokhtarian, 2018; Nieuwenhuijsen, 2016; van Wee and
Ettema, 2016).

Noise impacts physical health and causes psychological and physiological distress (Eriksson et al., 2018; Stallen, 1999; WHO,
2018). The stress reactions of noise, including road traffic noise, are annoyance, nervousness, anxiety and mood change (Gossling
et al., 2019; Murphy and King, 2014; Ouis, 2001). The physiological distress comprises cardiovascular disorders, hypertension or
cognitive effects (Babisch, 2008; Eriksson et al., 2018; van Kempen and Babisch, 2012). Traffic is the most severe noise source in cities
(WHO, 2018). According to a study by the German Federal Environmental Agency, about 75% of the study’s respondents felt annoyed
by traffic noise (Rubik, 2020). Noise in afternoon hours (4pm-7pm) is especially perceived as distressing, because it disrupts sup-
posedly relaxing situations (Schreckenberg and Guski, 2005). During their daily commutes, people are not in control of the noise
source. The lack of perceived control is important for noise annoyance (Stallen, 1999). In three European cities, the average noise level
exceeds 60 dB(A) in all transport modes, whereas cyclists had the highest noise exposure (Okokon et al., 2017).

The adverse health effects related to ambient air pollutants include respiratory diseases, cardiovascular diseases, cognitive
impairment, cancer, asthma, hypertension and diabetes (EEA and European Environmental Agency, 2015; Alotaibi et al., 2019; Howell
etal., 2019; Kelly and Fussell, 2015; Kiinzli et al., 2000; Sears et al., 2018). Air pollution leads to emotional and behavioral changes (Li
et al., 2018), has an impact on people’s moods (Lin et al., 2019; Nuyts et al., 2019) and causes increased psychological distress, mental
disorders and depression (Gladka et al., 2018; Sass et al., 2017; Xue et al., 2019). Particulate matter (PM2.5) is reported to be the
fifth-ranking mortality risk factor worldwide in 2015 (Cohen et al., 2017). PM from motorized traffic is inhaled in higher doses with an
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* Environmental
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Subjective perceptions Objective measurements
* Visual * Measured air pollution
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Fig. 1. Conceptual framework (based on Marquart et al., 2021): Interaction of personal exposure, health and wellbeing en route. Physical/mental
health impacts from measurable air pollution and noise (state-of-the-art research on exposure), situational context (i.e., in-situ environmental
situation and individual context (based on Marquart et al., 2021)), as well as wellbeing and pleasure en route, influenced by sensory awareness,
health perceptions and physical experience (current study), as important factors influencing a healthy and pleasant commute. This paper specifically
draws attention to the aspects of wellbeing and pleasure en route.

increasing proximity to the emitter (Cole-Hunter et al., 2012) and was measured highest for cyclists and pedestrians (Chaney et al.,
2017; Okokon et al., 2017). Exposure during transport contributes to 7.8% of people’s daily exposure, even though the time people
spent in transit is rather little (Park, 2020).

Nevertheless, the health benefits of walking and cycling are still substantially larger than the potential risks from air pollution, and
cycling contributes to a lower all-cause mortality rate in European cities (de Hartog et al., 2010; Gelb and Apparicio, 2021; Rojas--
Rueda et al., 2011, 2016; Woodcock et al., 2009). If the traffic-related air pollution and noise exposure of cyclists/pedestrians is
minimized, their beneficial effects for public health and overall wellbeing could be further enhanced (Reardon and Abdallah, 2013).

2.2. Sensory awareness and risk perception

The health impacts of noise or air pollution are evident. However, laypersons often neglect their exposure; they either do not
express concern regarding air pollution or deny the effects (Bickerstaff, 2004). The literature on risk perception and protective actions
and behavior shows that sensory awareness of risks (olfactory, auditive, visual) and the experience of physiological effects are relevant
determinants of risk perception and behavior (Bickerstaff, 2004; Gatersleben and Uzzell, 2000; Lindell and Perry, 2012; Noel et al.,
2021). Regarding traffic-induced air pollution and noise, sensory awareness (also called sensory perception (Deguen et al., 2012) or
environmental cues (Lindell and Perry, 2012)) can be the visual appearance of dust, the smell of exhaust fumes or a high perceived
exposure to noise (Gatersleben and Uzzell, 2000; Noel et al., 2021; Okokon et al., 2015). Following the Protective Action Decision
Model (PADM), sensorial awareness is also decisive for protecting oneself against a risk, as well as social cues (observing the behavior
of others), access to information and warning messages, and personal characteristics (physical/cognitive, vision/hearing or eco-
nomic/social resources) (Lindell and Perry, 2012).

Cyclists and pedestrians are directly exposed to their environment during the journey. As conceptualized by Liu et al. (2021), the
cycling experience is based on sensory awareness and social experiences, and also on spatial experiences (built environment). As
sensory awareness is relevant for walking/cycling and the associated risk perception and protective actions, we draw attention to
momentary sensorial awareness, as well as pedestrians’/cyclists’ social and spatial experience.

2.3. Perceived and measured exposure

As presented, active mode users are exposed to air pollutants and noise. Although this link to health is evident, research is lacking
on the momentary sensorial awareness of these stressors while en route. Following the “new mobilities paradigm”, the embodied
practice of movement and the experiences and perceptions of people during movement are of importance (Cresswell, 2010; Sheller and
Urry, 2006). Positive experiences during travel can improve personal wellbeing and perceived quality of life (the ecological
perspective of wellbeing) (Nordbakke and Schwanen, 2013). Recent studies presented a bias in the perceived environment and the
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Table 1
Overview of the sample.
Mode of transport used during the study (n) Gender Age (n) Mode of transport available Employment (n) Integrate children in
(n) (household) (n) route (n)
Bicycle (21) Female 21-30 Bicycle (28) Full-time (9) No (21)
Walking + public transport (5) aae) ) Public transport ticket (15) Part-time (flexible) Yes, sometimes (5)
Cycling + public transport (only Male (12) 31-40 Car-sharing (13) aa2) Yes, always (2)
commuter train) (2) (8) Car (7) Part-time (non-
41-50 Bicycle-sharing (4) flexible) (2)
4) Scooter-sharing (2) Self-employed (2)
51-60 Motorbike (1) Student (7)
5)
61-70
(€]
n/a (1)

recorded environmental situation, referring to the high importance of dynamic spatio-temporal conditions and situational contexts
(Kou et al., 2020; Marquart et al., 2021; Ueberham et al., 2019; Verbeek, 2018). Marquart et al. (2021) developed a framework
conceptualizing the interaction between personal exposure, health and wellbeing while en route. According to this, the interaction is
shaped by a) the physical and mental health impacts caused by objectively measurable air pollution and noise, b) the situational
context and c) perceived wellbeing and pleasure while en route, influenced by subjective perceptions of personal exposure and the
environment, perceived health and the physical experience (Fig. 1). This paper draws attention to wellbeing and pleasure during
commute; we will examine visual, olfactory and auditive experiences, in-situ health perceptions and the physical experience of
cyclists/pedestrians. Given the severe health impacts of air pollution and noise, subjective perceptions will be linked to the measured
air pollution and noise levels.

3. Methods

To explore exposure and perceptions simultaneously, a mixed-methods approach was applied using qualitative interviews on the
move (so called “walking interviews” or “go-/ride-alongs”) and parallel measurements with wearable sensors. Go-/ride-alongs are
based on ethnography as well as practice theory; they reveal subjective perceptions, sensory awareness and practices by discussing
them in an explorative way while moving (Degen and Rose, 2012; Evans and Jones, 2011; Kusenbach, 2003; Kiihl 2016; Pink, 2015).
Based on a qualitative research design, the interviewee is understood as an ‘expert’ of his/her own life. Interacting with or ‘following’ a
person in different familiar sites provides an understanding of how and why a person perceives, acts in and navigates through his/her
environment (Biischer, 2011; Carpiano, 2009; Marcus, 1995). The qualitative research design is complemented by quantitative
exposure measurements on the move using wearable sensors. These are beneficial to assess the dynamic exposure situations of moving
people (Ma et al., 2020b; Schlink and Ueberham, 2020).

3.1. Sampling and procedure

The study took place in Berlin, Germany. Berlin is the capital of Germany with 3.6 million inhabitants (2020). The study had three
recruiting phases: I. October-December 2019, II. August-October 2020 and III. October—November 2020." Interviewees were recruited
through social media (Twitter and snowballing), newsletters, flyers, direct contact with offices and online neighborhood networks.
Therefore, different commuting routes were ensured. As an incentive, interviewees were offered personal feedback on air pollution and
noise. Requirements for taking part were commuting to work with a bicycle, on foot and/or by public transport and living and working
in Berlin. The participants were selected allowing for a balanced gender and age ratio. After each phase, a group discussion about
experiences, measurements and risk communication was held (group discussions are the topic of a forthcoming article). We conducted
three pre-tests.

In total, 28 people participated in the study. Most of them commuted by bicycle. All interviewees had a driver’s license and a
bicycle available, followed by public transport tickets and car-sharing. Most had flexible working hours and no children, which made it
easier to choose routes and times freely. A total of 21 interviews were conducted by bicycle, five on foot (and public transport, i.e., bus,
commuter train or subway) and two by bicycle and commuter train. Table 1 provides an overview.

3.2. Interview procedure
The go-/ride-along interview took place directly after work. Interviewees decided a time and place close to their work. Firstly, a

sedentary introductory interview, which helped to familiarize with the situation, was conducted. The interviewee gave an overview of
his/her route, health/wellbeing status and perceived air pollution and noise. Consequently, the interviewer could refer back to these

! The longer break in between phase I and phase II and IIT was due to the corona pandemic in early 2020. Interview phase II and Il were after the
corona pandemic outbreak, phase I before.
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Fig. 2. Study design.

statements later on and become familiar with the forthcoming route. Directly following this, the interviewer accompanied the
interviewee on the commute. The after-work commute was chosen because exposure is perceived as severe during late afternoon
hours, in which relaxed activities are supposed to take place (Schreckenberg and Guski, 2005).

The go-/ride-along was conducted by bicycle or on foot (incl. public transport), as preferred by the interviewee. Meanwhile, a semi-
structured interview guideline based on elements of risk perception and PADM (Lindell and Perry, 2012) (section 2) covered four
topics: (1) practices while cycling/walking and route choices (past experiences, protective actions, social cues), (2) perception and ex-
periences of the immediate environment (sensorial awareness: auditive, visual, olfactory), (3) health perception, mood and situational
wellbeing (threat perception, attitudes, personal characteristics) and (4) authority arguments, air pollution and noise in general or in situ
(information, warning messages). This stimulated the interviewees to actively think about exposure. Ad-hoc questions were asked based
on the immediate environment, sudden incidents or referring to the introductory interview. The interviewer recorded her own
observations.

3.3. Technical equipment

The interview questions were well known by the trained interviewer and were attached to her bicycle. For safety reasons, the
interviewee and interviewer received an audio recorder and a microphone attached to the collar; hence, they could cycle/walk freely.
The time that the recording started was noted. During the go-/ride-alongs, the interviewer carried wearable sensors measuring noise
(dB(A), interval: 2 s, device: Motorola G3 with an external microphone and pre-installed sensing application based on Ueberham et al.,
2018) and particle number count (PNC) (0.5-2.5 pm, #/ft>, interval: 1 min, sensor: DylosLogger 1700). The devices were previously
applied and validated (Ueberham and Schlink, 2018; Ueberham et al., 2019). GPS was tracked and time-stamped. Fig. 2 shows the
study design.

3.4. Data analysis

In the first step, the interviews were transcribed and real-time stamps were added. The transcripts were analyzed following an
inductive-deductive approach using MAXQDA2020. The coding focused on statements related to in-situ situations, based on PADM and
risk perception theory, but was still open to new themes by referring to the “all is data” principle of grounded theory (Strauss and
Corbin, 1996). After several rounds of coding, the coding frame resulted in (1) sensory awareness (perceived sounds, perceived
air/smells, visual experiences) and perceived health/wellbeing (incl. physical experience), (2) on-site attitudes towards the
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Table 2
Categories and codes, including number of mentions, that refer to momentary sensory awareness and which were retrieved during the coding process.
They will be presented in detail in the respective sections.

Perceived sounds (section 4.2.1) Perceived air/smells (section Visual experiences (section 4.3.1 till Health and wellbeing (throughout,

4.2.2) section 4.3.3) especially section 4.3.4)
Positive sounds (memories) 1 Good smell (memories) 1 Dirt/dark areas 8 Safe feeling (social safety) 2
Neutral sounds 1 Neutral smells 2 Unaesthetic urban structures 8 Unsafe feeling (social safety) 6
Positive sounds (people talking) 2 Good smells (nature/water) 7 Vast view/sky visibility 10  Unhealthy 7
Positive sounds (musicians) 4 Fresh air 9 Entertainment (shops/cafés/ ...) 11 Healthy 10
Quietness 40  Polluted air 42 Observe people 18  Tensions 10
Noise 49 Community/neighborhood 19  Safe feeling (traffic injuries) 14
Aesthetics and urban form 24 Unsafe feeling (traffic injuries) 27
Vegetation/water 49
Measured (sensors) and perceived Measured (sensors) and perceived
(interview statements) air pollution (interview statements) noise
@
7 - comparably extremly high T
) ’81-85 dB(A)‘
KA ) f )
7 6 - comparably very high 76-80 dB(A)
/ # ! “ -
7 . 4 71-75 dB(A) 6
5- bly high
/ 8/ comparably hig /11/ = \13\
= / (ca} - — ~ @
Noticeable air — — — —2 — — — # ; AT 6670 dBA) T I m—
o e Quietness Qg\ @ 11" Noise
pollution = —— 3o 61-65 dB(A) AT
- 5 A 4 T 1
3 - comparably low \56-60 dB(A)
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2 - comparably very low 51:55:dB(A)
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46-50 dB(A)|
i
1 - comparably extremly low

Fig. 3. Left: Comparing measured (sensors) air pollution data with perceived air pollution (interview statements on momentary noticeable air
pollution). Right: Comparing measured (sensors) noise data with perceived noise/quietness (interview statements on momentary perceived
noise/quietness).

environment (pleasant/unpleasant) and (3) protective practices. Then, the interviewer’s observations of the built environment were
coded. Relevant citations were translated from German to English.

In a second step, the wearable sensor data were merged with GPS and land-use data, and then visualized and validated in QGIS
(version 3.10.3-A Coruna). For data privacy, the last/first meters of each route were cut off. In a third step, relevant codes referring to
on-site situations were coded with the respective air pollution and noise data, using timestamps. For noise, the median was taken for at
least 10 s when the statement was made. The noise data were classified in eight even classes ranging from 46 dB(A) to 85 dB(A). The
PNC measurements, which differed each day (due to season, weather, wind, time), were classified with QGIS (version 3.10.3-A Coruna)
into seven quantiles for each route, ranging from 1 (comparably extremely low) to 7 (comparably extremely high). Data were visu-
alized using MaxQDA2020 and QGIS (version 3.10.3-A Coruna). Details of the data analysis together with information on the method
are discussed for a sub-sample in Marquart et al. (2021).

4. Results

We will now present the results of the 28 go-/ride-along interviews and how they relate to the measurement data. The results are
divided into four themes, based on the categories developed from the data: first, key factors influencing the commuting experience;
second, perceived sounds and air; third, visual experiences; and fourth, protective practices en route. It should be noted that high
sound levels do not always represent traffic-noise. They can be influenced by air flow at high speeds, leaves rustling, artificial sounds
(gravel crunching, sound of bicycle), busy streets (pedestrians) or street-music, which was detected through the audio-recordings.
Because of difficulties in interpreting dB(A), we decided to have a focus on air pollution and consider noise measurements with
caution.
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Fig. 4. Coded interview statements (“codes”) during extremely high/very high and extremely low/very low measured particle number counts (for
better visualization, only codes which were found at least 5 times or more are shown). The numbers in brackets represent the total number of each
code as retrieved from the interview data, and the number on the lines shows how often the code was found in relation to the respective air
pollution level.

4.1. Key factors influencing commuting experience

A variety of key factors for an (un)pleasant commute could be identified during the go-/ride-alongs. Most commonly participants
discussed perceived noise, perceived air pollution and vegetation/water. Table 2 shows the categories we developed from the data.

The participants evaluated their environment slightly more often as pleasant than unpleasant. Vegetation/water and urban aes-
thetics are important for a pleasant trip, as are quietness, community feeling, places/situations of interest, entertainment, vast views
and other people. Unpleasantness was related to perceived noise and air pollution and during unsafe situations. Dirty/dark areas,
unaesthetic urban structures, unhealthy feelings, body tension and concerns over social safety referred to negative emotions (see
Appendix A). We will now elaborate on the meaning of each category.

4.2. Perceived sounds and perceived air pollution

Air pollution was perceived most often when the PNC measurements were comparably high to extremely high; whereas at low to
extremely low air pollution levels, few interviewees perceive air pollution (Fig. 3). There is no clear tendency when comparing
perceived good air (fresh air or good smells) with the measurements. Looking at noise, there is only a slight tendency that the measured
and perceived exposure match (Fig. 3).

During comparably extremely and very high air pollution, the interviewees perceived their environment as unpleasant or stressful
46 times, but the environment was perceived as positive 52 times (Fig. 4). Reasons for these discrepancies are, for example, vegetation/
water, social cues or urban aesthetics, which can balance even highly exposed areas and make people feel pleasant en route (Fig. 4).
Generally, perceived noise and perceived air pollution negatively influence the commute, which is not always in line with the mea-
surements. We will provide detailed information in the following sections.

4.2.1. Perceived sounds
Nearly all the noise statements referred to road or rail traffic noise. Perceived noise was often related to perceived air pollution.
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Interviewees reported surprise; some noticed their noise exposure the first time during the go-/ride-along (RA14,> RA17, RA20, RA27).
Others reported sadness (RA1), annoyance/stress (RA7, RA11, RA 12, GA13, RA16, RA25, RA28), fear (RA27) or body tension related
to noise (RA20):

“I sit here with a tense torso, and I have my handlebars tight in my hands. And actually, I am ready to jump off the bike or something like
that [laughs]. [...] maybe it is because of the noise, unconsciously ...” (RA20, PNC 7, on a busy road)

However, perceived noisy and busy streets were also interesting, because you can see “so many interesting people” or “visually diverse”
buildings (GA15, RA22). Sometimes the interview was interrupted because of noise from a passing vehicle/train, which the inter-
viewee noticed (GA6, RA10, GA13, RA25, RA27). Occasionally the conversation while cycling was problematic due to high noise
levels, which increased awareness (RA2, RA11):

“You perceive the noise, because when we start talking during cycling, you notice, that you have to speak louder or scream. When I cycle
by myself then I do not notice it. But in the moment of communicating you feel, ‘oh man, it is so loud!’, [...]. Usually, I don’t talk while
cycling [laughs].” (RA11, PNC 5, on a busy road)
Statements about momentary perceived quietness were stated equally often as perceived noise. Quietness was important and
mostly mentioned related to vegetation (RA2, RA17, RA18, RA19, RA24, RA28) and areas without cars (RA17, RA25):

“I do not hear anything here! Well, of course, I hear our bicycles, I maybe hear someone laughing on a balcony, but I do not hear any cars
anymore. [...] it is very, very quiet.” (RA27, PNC 4)

Quietness was noticed in comparison to loud areas (GA13, GA15, RA14). Having “short quiet sections” integrated in the route was
relaxing (RA10). You can “soak in the peace and quiet” before entering a busy road (RA10, RA7). Quietness was associated with “hidden
paths” (RA12, RA15), in car-restricted sections (RA9, RA10, RA24) and mentioned on smaller side roads (RA5, RA27). After entering
the train after a noisy busy road, interviewees noticed the quietness (GA13, GA4).

The situational context of exposure also plays a role; leaving work or seeing people do leisure activities was associated with
quietness (RA11, RA22, RA25, RA28, RA28):

“Yes, and here it is getting quieter. The after-work time starts now. You feel it, the atmosphere, the people here doing barbecue.” (RA11,
PNC 2)
Interviewees positively mentioned music en route, e.g., by musicians in the subway hall or in the park (GA4, GA6, GA8, RA28).
Hearing other people’s conversations on their way home was pleasant (RA24, RA27). Although loud sounds were captured by the noise
measurement device, their source is important for evaluating them as noises or positive sounds.

4.2.2. Perceived air/smells

Air pollution, sensed as a “bad smell” or seeing “exhaust fumes”, was mostly related to busses (RA1, RA2), trucks (RA11), motorbikes
(RA17, RA 25), busy roads (RA 2, RA5, RA10, RA20, GA13, RA20), closeness to freeways (RA19), being in traffic jams and by traffic
lights (RA10, RA26, RA28) or being underneath an underpass (RA16, RA28):

“If I have a moment time, I would pull up my mask. Otherwise I would have taken my scarf. Because, [...] you can really smell it, if you
are under there [points at the underpass], you have the feeling, that all fresh air is gone and the rest is full of exhaust fumes.” (RA28, PNC
7)

Having children influenced air pollution perception, because parents felt responsible for protecting them (RA7, RA20):

“This is one of those situations where I am in the middle of the traffic and I think, that can’t be it. If my child sits here as well [in her cargo
bike], it would be right on the height of the exhaust pipes!” (RA20, PNC 3)
Generally, the interviews showed that knowledge about air pollution is lacking. Interviewees think about air pollution but do not
know how it impacts health or how to lessen exposure (RA24, RA26):

“This exhaust fume smell annoys me [...]. But I honestly don’t really know what the direct impact is on my fitness level or if it is
something, which rather evolves over time. That my health is impacted by these emissions over time ...” (RA24, PNC 7).

“[...] but I pass the cars [at the waiting line at a traffic light] so that I don’t have to stand behind them, because I think, then I would
inhale more exhaust fumes. But, meanwhile, I am asking myself if it is not equally bad [in front of the line at the main intersection], with
all the cars driving from the intersecting street?” (RA26, PNC 6, busy intersection)
Perceived fresh and good air was mostly associated with vegetation/water (RA2, RA10, RA11, RA24, RA28). Wind was perceived as
fresh air, despite sometimes measurably high PNC (RA7, GA15). Commonly, interviewees reported that positive smells, e.g., gardens,
trees, nature, water or rain, were important for their wellbeing (RA10, RA11, RA17, RA25, RA26, RA28).

4.3. Visual experience: Nature, urban form and social cues
As shown, sometimes the measured and the perceived exposure are in line, yet they often differ. Other factors influence wellbeing
2 RA refers to “Ride-Along” (i.e. cyclist)/GA refers to ,Go-Along” (i.e. pedestrian) incl. participant number.

3 Green/blue spaces derived from Geoportal Berlin/FNP, https://fbinter.stadt-berlin.de/fb/index.jsp, dl-de/by-2-0; Basemap data © Open-
StreetMap contributors, www.openstreetmap.org/copyright (this refers to all maps in the article).
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during high exposure and can even balance negative traffic situations, especially nature, interesting urban forms and social cues
(Fig. 4).

4.3.1. Nature

Commuting through parks, alongside trees, greenery or urban forests was essential throughout all interviews. It highly influenced a
pleasant commute. Nature calms down and brings quietness during the journey (RA2), compared to stressful roads (RA5). Route
sections with greenery were considered the “most beautiful part of the trip” (RA7) and seeing “the sun going down” (RA7, RA19, RA22) or
the seasons changing (RA7, RA10, RA27, RA28) improved the journey. Areas with greenery resulted in “holiday feelings” (RA16).
Animals enhance the journey; interviewees liked seeing foxes, sheep, rabbits (RA16, RA21) or a boar in the evening (RA 23). In
greenery you “don’t really notice that you are in a big city” (RA24) and can “leave the big city behind” (RA26). An interviewee in the train
enjoyed passing greenery (GA15). Even trees or grass verges on the street improved the trip (RA10, RA11, RA17, RA19, RA20, RA22,
RA25, RA27, RA28, GA4, GA6, GA8, GA 15):

“[...] Here you can see the seasons changing and the nature. For example, I really enjoyed it is spring, to see the grass growing, then seeing
how it is cut, and how the people were sitting then on the bale of hay. [...] I enjoy watching the time go by like that. [...] that I can witness
that has a big influence on me!” (RA28, PNC 2)

Moreover, green spaces improve perceived health en route (RA18, RA24):

“Here it is nice. I know, there is green to the right and everything is getting quieter. You know the heart rate slows down.” (RA 18, PNC 7).
Water was important as well (RA11, RA18, RA19). Looking over the water is regarded as beautiful (RA11, RA19), even though PNC
numbers were high on a busy road (Fig. 5). Fountains made busy roads pleasant (RA11, RA22, GAS8).

4.3.2. Urban form and aesthetics

In general, aesthetic buildings improve the commuting experience (RA2, RA10, RA11, RA16, RA18, RA21, RA22, RA25, RA26,
RA27, GA6, GA8, GA13). Historical sites, e.g., the ‘Berlin Wall’ (RA10), the castle ‘Bellevue’ (RA26), historical parks (RA21), historical
street lanterns (GA6), old/historical buildings (RA11, RA16, RA25, GA13, GA15), abandoned buildings (RA25), churches (RA27) and
landmarks (RA18) were positively mentioned. Public transport users enjoy nicely designed subway stations (GA4, GA6, GAS8).
Interesting urban forms make the journey pleasant (GA15, RA27):

“I like places which have this ‘flair’, which have a history and where it is not like [...] these normed houses, which all look the same. Every
house has a story to tell.” (GA15, PNC 6)

“Here are these buckets, which are painted so nicely. And on one side it says ‘lachs’, which I don’t understand but I think it is funny.”
(RA27, PNC 4)
Urban structures that allow a vast view improve the commute (RA7, R11, RA16, RA17, RA18, RA21, RA24, RA28). Urban forms
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pleasant/relaxing due to the neighborhood feeling and people along the route.

dedicated to cyclists and nature were related to feeling safe; cycling infrastructure, no/few cars, smaller side roads or greenery
improved subjective safety (GA8, RA12, RA14, RA19, RA20, RA24, RA26, RA26, RA27).

4.3.3. Social cues

Community feelings enhanced the commute (RA10, RA23, RA24, RA25, RA27, RA28). Interviewees enjoy passing lively areas with
cafés/restaurants and small shops (RA22, RA24, RA27, GA6, GA15). Other interviewees enjoyed passing playgrounds and meeting
neighbors (RA23, GA13). Generally, arriving in one’s own neighborhood was positive; people felt attached to it (RA24, RA25, RA28,
GA13, GA15). In particular, pedestrians in smaller, busy shopping roads talked about the feeling of their neighborhoods, despite the
traffic/air situation there (Fig. 6).

Seeing other people do leisure activities (e.g., in parks/cafés) was a strong social aspect that made the trip enjoyable (RA24, RA27,
RA28). In particular, that “you can linger here” and “there is a place for it in the city was important (RA24, RA28):

“That [people sitting in the park] also brings me a little bit in the mood. They trigger me [...].” (RA24, PNC 1, in a park)

“The people here are way more relaxed. Everyone has his own place here. And even if the people fly a kite or children play here [...], itis a
completely different feeling [compared to the busy road before].” (RA28, PNC 4, in a park)

Passing people aroused interest in fellow urban dwellers and increased the feeling of belonging to the city (RA5, RA19, RA20,
RA21, RA22, RA24, RA26, RA27, RA28, GA4, GA13). Interviewees enjoyed seeing gardeners in allotment gardens (RA10, RA19),
people in their free time (RA24, RA28, GA13), skateboarding kids (RA27), soldiers at the diplomat offices (RA26) or truck drivers at the
gas station (RA19). Watching people improves the journey in unattractive routes (RA22, RA26) or calms commuters down in the train
(GA4):

“Even though, in this street, the noise exposure is very high and it is super full, you see interesting people! That is also something positive
here.” (RA22, PNC 4, busy road).

4.3.4. Dirty/dark areas, and unaesthetic and dangerous urban forms
Interviewees also described negative experiences. Busy intersections were “concrete deserts” (RA12) or a prison, and old hostels
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Fig. 7. Example of "hidden paths", made by Ride-Along 21. The PNC level in the hidden paths was comparably extremely low, and the interviewee
perceived it as pleasant and attractive. The noise measurements should be interpreted with caution, because the cobblestones, leaves rustling or
wind may have influenced the sometimes high dB(A) measurements in these car-free hidden paths.

were “ugly” to pass (RA26). In narrow streets with high buildings, interviewees felt cramped (RA17). Inner-city areas with artificial
lights seemed “not built for people living in the city” (GA8). Garbage or dirt impaired the commute experience (RA25, RA28, GA15).
Darkness in parks, streets without light or bleak areas were perceived as unattractive/dangerous (RA25, RA27, GA6). Concerns about
social safety were stated in three subway stations in relation to dodgy persons (GA4, GA6, GA13). Feeling unsafe regarding traffic
injuries was stated in crowded areas (cars, busses or cyclists), at intersections, with parking cars, on smaller side roads or with missing
cycling infrastructure (RA2, RA3, RA9, RA11, RA12, RA14, GA15, RA16, RA18, RA19, RA20, RA25, RA26, RA27, RA28). Feeling
unsafe was related to perceived noise or unaesthetic urban structures (RA12, RA16, RA20, RA27):

“Hearing that many cars are coming behind me, that is why I usually wear headphones. Because it scares me a lot, if I hear how close they
are coming and how close they are.” (RA 25, PNC 7, highly trafficked road)

4.4. Protective practices en route

Accompanying cyclists/pedestrians gave the opportunity to ask ad-hoc questions about commuting practices. Four protective
practices could be identified: increasing speed to avoid unpleasant areas, suppressing/ignoring exposure, increasing distance from
cars/emitters, holding one’s breath/covering one’s nose and using hidden paths.

Hidden paths were important and knowing them was essential (RA1, RA2, RA3, RA5, RA, RA10, RA,12, RA16,RA17, RA18, RA19,
RA20, RA21, RA25, RA27, RA28, GA8, GA13, GA15):

“[...] here again is a small road, you ride behind the backside of this residential area. [...] I have a colleague, [...] and he always went
here [...], I asked him one day, ‘Tell me, where did you go over there?’ [...] And then I followed him and I have discovered this path here
and since then I always take this way.” (RA12, PNC 3, greenery, pedestrian path, no cars)

Hidden paths often included no/few cars, side roads and greenery/water. The PNC measured are mostly low (16 times below
median, 6 times higher). Participants perceived hidden paths as quiet (RA8, RA19, RA27, GA15) and they enjoyed the vegetation/
water (RA5, RA7, RA10, RA12, RA21, RA28, GA15) (Fig. 7). The knowledge of hidden paths was important and gained through peers,
e.g., through one’s husband (RA7), colleagues’ suggestions (RA12, GA15, RA16) or own experiences (RA17, RA21, RA27). Some
searched for routes away from car-dedicated streets (Fig. 7) (RA12, RA19, RA20, RA21).

Participants increased speed to avoid unpleasant areas (RA1, RA17, RA20, RA28) or distance from cars/emitters (RA1l, RA2, RA7,
RA10, RA12, RA26, RA27). Three participants (RA5, RA10, RA28) “breathe flatly”, “try to hold the breath™ or “pull up the mask”. Other
participants cope with the stressors by suppressing/ignoring exposure, e.g., emotionally/mentally, or using headphones (RA1, RA2,
RA5, RA10, RA14, RA23, RA26, RA27, GA13):

“It is definitely an extreme noise emission. Before it was really quiet, at the parking space in front of Ikea, but here it is crazy loud. But I
don’t really pay attention to it. I suppress it. It is crazy, right?” (RA14, on a bridge over the highway).
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5. Discussion

In this study, we investigated cyclists’ and pedestrians’ personal exposure, wellbeing and practices during their commutes. We
examined the perceived and measured exposure to air pollution and noise while on the move as well as sensory awareness, social cues
and the built environment.

5.1. Sensory awareness of air pollution and noise

In line with previous studies (de Souza et al., 2020; Kou et al., 2020; Ueberham et al., 2019; Verbeek, 2018), this study showed no
clear relationship between momentary perceived and measured noise. Loud sounds are not always perceived as noise and people
talking, leaves rustling or music may produce high sound levels, but the situation is perceived as pleasant (see also Marquart et al.,
2021). Additionally, the situational context is important; people are less disturbed by noise when doing recreational activities (Kou
et al., 2020), e.g., after-work activities and commuting home. However, the interviewees emphasized the importance of perceived
quietness (section 4.2). It seems that the term “quietness” is related to car-free situations or natural environments, rather than the
actual sound levels. Cycling/walking along a green space or aesthetic buildings influences perceived noise and can help ignore the
negative impacts of road traffic noise nearby (Szeremeta and Zannin, 2009). Perceived noise related to motorized traffic or stressful
traffic situations was perceived as unpleasant. As shown by Becker et al. (2013), people love quiet, calm places and hate loud areas
which are perceived as hectic and “man-made”. Our study shows that busy but interesting “man-made” social environments (e.g.,
streets with cafés/shops) can be perceived as positive, albeit they may be measurably noisy. Overall, this suggests that the quality of
noise and its subjective interpretation is very important even if the sound level is high and other built and non-built environmental
factors can balance noise exposure. A people-centered approach for noise exposure research is important, and the perceptions, actions
and surroundings of urban dwellers on the move should be considered.

As for air pollution, participants’ perceptions were partly in line with the measurements. Measured air pollution has a greater
influence on activity satisfaction than noise (Ma et al., 2020a). Although noise as a threat is rather suppressed by the interviewees
(section 4.2/4.4), the visual cues of exhaust fumes or bad smells can be sensed and influence perception (Nikolopoulou et al., 2011;
Noel et al., 2021). This decreases wellbeing en route. Sensory awareness plays a role in risk perception (Bickerstaff, 2004; Noel et al.,
2021; Oltra et al., 2017), protective actions (Lindell and Perry, 2012) and commuting experience (Degen and Rose, 2012). We could
show that sensing air pollution visually or olfactorily lowers commuting pleasure (section 4.2). Thereby, our participants, in line with
previous studies, felt powerless against this ubiquitous risk (Heydon and Chakraborty, 2020; Oltra et al., 2017). To tackle this, more
work on the impacts of visual cues of traffic-related air pollution on health perception, wellbeing and mobility practices is needed.
Perceived and measured air pollution in traffic-environments needs to receive greater attention to protect cyclists and pedestrians.

5.2. Importance of urban space and social cues for exposure perception

Sensory awareness (i.e., sensescapes) has long been neglected in research, but it has gained increasing attention (Blitz, 2021; Degen
and Rose, 2012; van Duppen and Spierings, 2013). In line with Blitz (2021), Nikolopoulou et al. (2011) and van Duppen and Spierings
(2013), this study stresses the importance of perceived environmental stimuli on the move and the influence of the built and non-built
environment.

As for the built environment, walking/cycling along water and near vegetation plays a key role for a pleasant commute (McArthur
and Hong, 2019; Vich et al., 2019). People enjoy seeing greenery/water, and their positive smells and perceived quietness. Even when
noise or air pollution are high, greenery/water can profoundly improve commuting experiences and is a decisive factor for choosing
hidden paths (section 4.3.1/4.4). Green spaces improve physical health (Twohig-Bennett and Jones, 2018) and can lower depression
symptoms (Roberts and Helbich, 2021). Even a small bit of greenery/water along the route increases wellbeing (section 4.3.1) and is
significant for route satisfaction (Jensen, 2007; Vich et al., 2019). Strongly prioritizing greenery and water in urban planning is
desirable. Moreover, aesthetic route environments are important for bicycle/pedestrian commuting (Stefansdottir, 2014; Van Dyck
et al., 2012; Wahlgren and Schantz, 2012). Non-natural aesthetical factors, such as diverse urban areas, urban sights (e.g., graffiti) or
historical buildings, create curiosity and interest (section 4.3.2). Cycling and walking environments should not only be healthy and
safe, but also interesting and stimulating. Even in highly trafficked areas, interesting sites improve the commute. Nevertheless, dirt and
dark areas were unpleasant, similar to Blitz (2021), and waiting at traffic lights next to motorized traffic increased perceived exposure
(section 4.3.4). Referring to Liu et al. (2021), future research could investigate cyclist’s perceived waiting time at traffic lights,
especially when being next to emitters. Giving higher priority to a green, interesting and clean built environment with low pollution is
important for improving cycling/walking.

As for non-built environmental factors, community feeling was important. Similar to van Duppen and Spierings (2013), in-
terviewees referred to their familiar neighborhood when entering their home district. Community feeling was related to places where
people take ownership of their city and create natural/community-related space (section 4.3.3). They were characterized by sports-
grounds/playgrounds, parks, little shops, cafés and bars. Even though these areas can have high sound levels (people talking) or air
pollution (low air exchange), participants enjoyed them. Generally, people doing leisure activities along the route improves the
commute. Implementing open public space where people can do leisure activities and take ownership of their city (e.g., urban gardens)
along cycling/walking routes is needed. This has rarely been discussed in cycling literature and should further be investigated.

By complementing these rather subjective evaluations with measurements, we can obtain a comprehensive understanding of how a
pleasant and healthy route environment should look. This study has extended the conceptual framework (section 2) and enriched it
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Fig. 8. Extended conceptual framework for personal exposure, health and wellbeing en route (based on Fig. 1), enriched with the results obtained in
the present study.

with subjective perceptions and sensory awareness that shape wellbeing and the pleasure of commuting (Fig. 8).

5.3. Methodological benefits and limitations

This study has limitations. Firstly, in contrast to low/emerging cycling cities, Berlin is increasingly implementing bicycle infra-
structure due to the mobility act from 2018 (SenUVK, n.d.) and people increasingly cycle (SenUVK, 2017). Cycling perceptions and
behavior differ in emerging and established cycling cities (Chataway et al., 2014). For a low/emerging cycling city, the focus may need
to be on a cyclist’s fear of traffic and infrastructure (Desjardins et al., 2021), complemented by other sensory awareness factors.
Secondly, the air pollution device measured particulate matter (PM). Sensors measuring multiple pollutants could be applied.
Moreover, measuring noise with portable sensors is challenging, as wind or external factors influence the measurement. For doc-
umenting traffic-related noise, special noise sensors including frequencies could be applied. Lastly, as discussed by Tomsho et al.
(2019), vulnerable groups, children and older people, for whom exposure is more severe, were not easily reached. Our sample
comprised healthy adults aged 20-70, who took notice of the call for participants. They might not represent people who are most in
need of exposure communication. Vulnerable groups need to receive greater attention in on the move exposure research. For further
discussions on methodological benefits/limitations, see Marquart et al. (2021).

6. Conclusion

This study has presented how noise and air pollution are perceived en route and how they negatively influence cyclists’/pedes-
trians’ commuting experience. However, the objectively measured exposure does not always match the individual’s perception. To
some extent, other factors, such as greenery, water or vibrant urban areas, are more influential for a pleasant commute. This underlines
that green and blue elements or public places are of utmost importance in the city and can balance negative factors such as noise and air
pollution.

From an urban planning perspective, this emphasizes the need for greenery and water as essential urban planning instruments to
create healthy cities. At the same time, aesthetic buildings seem to make walking and cycling attractive. It is important to promote and
preserve urban attractions to make active mobility a pleasant activity. In addition, vibrant places with people engaged in recreational
activities have a positive effect. It is a matter of creating appropriate places where people can spend time and engage in public space.
This improves the commuting experience as urban dwellers cycle/walk through their “own” city. It also underlines that walking and
cycling operate according to a different logic than motorized transport modes. Active mobility is not just about getting from A to B; it is
also about experiencing public space and the people who spend time there. Positive experiences during travel can influence personal
wellbeing and perceived quality of life (ecological perspective of wellbeing) (Nordbakke and Schwanen, 2013).

However, even if greenery, water, and vibrant places can improve wellbeing and perceived health in polluted areas, it is still crucial
to tackle noise and air pollution in cities. The study shows that people do not always assess the negative impact of noise and air
pollution, but feel exposed to them. This makes it difficult for people to protect themselves. In addition, there are often not a lot of
alternative route options. First and foremost, policies and planning need to lower harmful noise and air pollution. Subsequently, the
individual motivation to protect oneself from pollution can be addressed. Routing apps for smartphones could indicate individual
exposure and suggest less polluted and more pleasurable routes, including greenery, interesting sites or community areas. Information
is central for risk perception and protective actions (Bickerstaff, 2004; Lindell and Perry, 2012). Exposure information can empower
protective actions; however, it can also lead to resignation (Becker et al. 2021). Future research should investigate information needs
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in terms of air pollution, noise or pleasurable routes. For planning healthy and pleasant active mobility, the objectively measured
exposure, the subjectively perceived exposure and sensorial experiences, social cues and situational contexts need to be considered.
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Appendix A

Relationships of codes related to sensory awareness/social cues, perceived health and wellbeing and momentary environmental
evaluation (based on MaxQDAs Code Map). The closer the codes are to one another, the more often they were stated together (in
relation to one another); the more apart they are, the less often they were stated together. The thickness of the line refers to the number
of times they were mentioned together, and the numbers refers to the total number of statements referring to the respective code. Note
that the less often a code was mentioned, the less significant the relations are.
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4.4 ArticlelV:
Informing about the invisible - Communicating en route air pollution
and noise exposure to cyclists and pedestrians using focus groups

The final Article IV draws attention to information and communication options. Referring to
the findings from Article I-1II, the following Article IV presents the findings from the three
focus groups (see section 3.5). The participants of the focus groups are the same participants
who have taken part in the go- and ride-alongs. Article IV addresses research questions Q3 and
examines possibilities to inform about a healthy (air pollution and noise) and pleasant commute
on daily (inevitable) routes in the city. Article IV shows that the interviewed cyclists and
pedestrians had an increased awareness regarding air and noise pollution following the go- and
ride-alongs and this awareness also impacted mobility practices and perceptions. The article
discusses which factors should be communicated to cyclists and pedestrians to support healthy
and pleasant mobility, and draws attention to possible information channels, e.g. mobility apps.
Moreover, Article IV discusses if information provision about exposure on daily (inevitable)

routes is a worthwhile strategy to support healthy and pleasant mobility.

Ultimately, Article IV gives a comprehensive overview of how cyclists and pedestrians want to
be informed, what effects exposure information has on their perceived health, wellbeing and
practices and presents new research directions. Therefore, Article IV sums up the thesis, refers
back to Article I and at the same time deeply acknowledges and incorporates the findings from
Article IT and I1I.
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Abstract

Active mobility and public transport are considered beneficial for health and wellbeing and
valuable for climate change mitigation. However, cyclists and pedestrians have high air
pollution and noise exposure alongside traffic, which adversely impact health and wellbeing.
The measured exposure can differ from the perceived exposure, hence, communicating en route
exposure is crucial. Therefore, this study investigates how to communicate route-based
exposure to cyclists and pedestrians and explores if exposure communication, e.g. via
smartphones, is worthwhile for healthy and pleasant commute. It is investigated how exposure
feedback influences the motivation to protect oneself and how exposure information should be
designed. Three focus groups with 20 cyclists/pedestrians living in Berlin, Germany, were
conducted. Based on Protection Motivation Theory and Environmental Health Literacy
concept, (1) experiences and practices after recognizing exposure were discussed and (2)
information needs and communication strategies were developed. The results reveal a feeling
of helplessness regarding the ubiquity and uncertainty of pollution and a heightened threat
appraisal. Anger, anxiety and rejection were stated. Making sense of pollution levels and
protective alternatives were central. A healthy routing app, including also pleasant route factors,
was desired. However, information provision was also denied. Participants argued the
responsibility should not be left to the commuters and planning for exposed road users would
be crucial. Information provision may not be worthwhile if planning authorities do not provide
healthy alternatives. People-centered approaches for tackling air pollution and noise exposure
en route should be investigated further.

Keywords

Air pollution; Noise pollution; Personal Exposure; Feedback; Information; Environmental
Health Literacy
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1. Introduction

Ambient air pollution and noise pollution are two of the leading environmental health risk
factors in urban areas, also in Europe [1-3]. Air pollution can cause respiratory diseases or
cardiovascular diseases, psychological distress and impact wellbeing [3-7]. Particulate matter,
specifically PM2.5, is considered responsible for a high number of premature deaths every year
in Europe [3] and is the fifth-ranking mortality risk factor globally [8]. Noise exposure can lead
to annoyance, psychological stress and impacts physical health [2]. A major source of air
pollution and noise pollution in cities is motorized road and rail traffic [9]. Traffic related air
pollution and noise pollution is high in the urban core alongside road- and rail-traffic with high
traffic volume and might be even reinforced by low air exchange [10, 11]. Cyclists and
pedestrians, who move alongside road- and rail-traffic, are exposed to air pollution and noise
pollution higher than when separated from motorized traffic [12]. Some studies estimate they
inhale higher doses of air pollution than motorized transport commuters [13, 14]. Likewise,
underground subway users are exposed to higher levels of particulate matter (PM2.5) than
above ground [15]. The noise level that cyclists, pedestrians or public transport users are
exposed to is frequently higher than of car users [10, 16].

Even though exposure and health impacts are evident, recent studies show that cyclists and
pedestrians do not perceive their exposure as it is measured by sensors [17-19] and do not see
them as an impediment to walk or cycle [20]. For example, a study in Leipzig, Germany,
showed that over 80% of the surveyed cyclists underestimated their exposure to particulate
matter and noise pollution [19]. When people are exposed to noise over a longer period of time
they adapt to it and the annoyance decreases [21]. A recent review shows that in most studies
perceived and measured pollution (not only in traffic) match, however, in other studies they do
not correlate [22]. Hence, this study investigates reasons behind the mismatch in perceived and
measured exposure whilst moving, explores how people experience air pollution and noise
exposure and discusses if communication about exposure en route is needed. Specifically, if
information about protective actions and healthier routes is increasing the recognition of own
exposure and helpful for a pleasant commute. The aim of this study is to identify how to
communicate route-based exposure to cyclists and pedestrians and discuss if exposure
communication is worthwhile for supporting a healthy and pleasant commute in the city.

Many studies which provide air pollution or noise exposure feedback measured the pollution
indoor using stationary measurement devices, only few measured and gave feedback on
exposure outdoor and even less measured on-the-move and gave exposure feedback [23].
Specifically, studies measuring, reporting back and investigating perceived exposure of cyclists
and pedestrians are rare (see literature review of [22, 23]). The few studies to date which provide
cyclists or pedestrians with air pollution and related health information emphasize the potential
of exposure communication for motivating users to take less polluted routes [24, 25]. However,
recent literature reviews show both, successful outcomes (empowerment, protective practices,
measurably lower pollution), but also identify resignation or helplessness as a result of exposure
communication [23, 26]. For example, in some studies participants report sadness, fear or
disappointment when receiving exposure feedback, in others interest and surprise [23].
Generally, it is not only about the form of the feedback, but about the pollution source and the
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feasibility to undertake protective practices [23]. Hence, it is important to research people’s
needs and their coping ability when designing exposure communication and involve them in
the development process. As shown by Riley et al. [26], few studies have included the public
when developing exposure communication. Even less studies have involved cyclists and
pedestrians. This study addresses this research gap by applying qualitative methods, specifically
addressing commuters’ requirements, perceptions and practices. Focus groups were set up to
understand if and how cyclists and pedestrians (also on their way to public transport) want to
be informed about their exposure on commuting routes. Moreover, their exposure perceptions
and protective practices were explored. Following a previous study in which participants
engaged with air pollution and noise exposure on-the-move and simultaneously their exposure
en route was measured [17], this study addresses three research questions:

Ql. In how far does a raised awareness regarding air pollution and noise exposure on
commuting routes motivate people to protect themselves?

Q2. How can information on air pollution and noise pollution be designed to support healthy
and pleasant mobility in urban areas?

Q3. Is information provision about exposure on daily (inevitable) routes a worthwhile strategy
to support healthy and pleasant mobility?

In section 2, the theoretical background is outlined. Section 3 presents the focus groups and the
research design. In section 4 the results are presented, specifically, participants’ motivation to
protect themselves and their information preferences. This study specifically considers
commuting routes, i.e., inevitable routes in the city for everyday purposes, and does not draw
attention to leisure travel. In section 5 and 6 the findings will be discussed and conclusions
drawn.

2. Theoretical background

Air pollution is a risk with a semantic pattern of perception, which it is hard to perceive: there
is a complex cause-effect-relation and people need to consult information from third parties
[27]. It 1s comparable to the risks perceived when smoking cigarettes: the invisibility of the
threats and of long-term effects are similar to the invisible and long-term effects of air pollution
[28]. Many studies on air pollution perception found a direct association between measurable
air pollution and air pollution perception, only few studies did not find a correlation; however,
from the studies which did not find a correlation, two referred to air pollution in or alongside
traffic [22]. Hence, further investigating air pollution perception en route seems crucial. Studies
on measurable noise pollution and perceived noise pollution found that high sound levels are
not necessarily perceived as noise [19, 29, 30]. Generally, environmental health risks are more
likely to be perceived by people if they are able to sense them [31]. The visual appearance of
dust, the irritation to the eyes, nose or throat or the smell of exhaust fumes reinforce perception
[31, 32].
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2.1 Protection Motivation Theory

Studies have shown that air and noise pollution are not always recognized as severe by people
as they are measured [17, 19, 34], hence, people may not always undertake health protective
practices regarding their exposure. Therefore, the question is how to inform about personal
exposure and how to motivate people to develop coping strategies when moving around in the
city. People do not always perceive air pollution or noise pollution as a threat, so it might be an
issue of health care to motivate them to undertake protective practices. For researching how to
motivate people to undertake healthier practices, the Protection Motivation Theory (PMT) [35]
can be consulted. The PMT is applied for researching fear appeals and social cognitive variables
which influence people’s intention to undertake protective actions [38]. It is a major theory in
health behaviour research and has also gained attention in environmental risk research [36, 37].

According to the PMT, a person’s motivation to protect oneself is influenced by two appraisal
processes: the perceived threat appraisal and the coping appraisal [35, 38]. The threat appraisal
considers how people estimate their vulnerability and how severe they evaluate the impact of
stressors on their health [35, 39]. As for air pollution and noise exposure on-the-move it can be
defined as:

e Perceived vulnerability
Perception of an individual towards her or his susceptibility to air and noise pollution,
i.e., the perceived probability that air and noise pollution is harming while being on-the-
move.

e Perceived severity
The perceived severity of air and noise pollution.

The coping appraisal refers to the degree to which a person believes his or her action can help
to avoid the threat, involving self-efficacy and response efficacy [35, 39]. For air and noise
pollution on-the-move it can be defined as:

e Self-efficacy
The belief that one is able to successfully enact the proposed avoidance strategies or
protective actions regarding air pollution and noise pollution during commuting trips.

e Response efficacy
Expectancy that everyday exposure to air and noise pollution en route can be lowered
through the recommended avoidance strategies or preventive actions.

The PMT was, for example, used to design information which was given to study participants
to encourage healthy practices or used to create questionnaires on risk perception related to
transport and Covid-19 [40]. The PMT is a valuable theory for predicting health-promoting
practices [38] or designing interventions for healthy practices, such as mitigating personal
exposure towards pollutants [23]. Specifically, self-efficacy was found to strongly predict
intentions to protect oneself from harm, even more than threat appraisal [36, 38]. The PMT is
regarded as a valuable background for this study to understand which appraisals influence
cyclists’ and pedestrians’ motivation to protect themselves from pollution en route. However,
recent research has argued that the PMT is lacking consideration of social norms, which
influence protection motivation as well [37]. For researching how to increase people’s threat
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appraisal and coping appraisal and linking it to environmental risk research, the concept for
increasing environmental health literacy (EHL) is applied. Whereas PMT focuses more on the
individual protection motivation [37], the EHL also addresses the collective dimensions of
environmental health risks, drawing on civic life, environmental issues and wellbeing of others
[41].

2.2 Environmental health literacy

Becoming environmentally health literate can be regarded as “the fundamental capacity to
understand and act upon the relationship between environmental exposure and health” (Stieb et
al. [42], p. 2). Environmental exposure and hazards are often a community-wide problem which
can hardly be tackled by the individual [37], thus, the concept of Environmental Health Literacy
(EHL) is useful to address collective actions and civic engagement next to individual awareness
[43, 44]. The concept of EHL can be used to structure information campaigns or exposure
communication, for example, Johnston et al. [45] have applied the EHL for informing young
people regarding their particulate matter (PM2.5) exposure, showing an increased EHL.
According to Gray [43], EHL comprises three dimensions: (1) awareness and knowledge, (2)
skills and self-efficacy and (3) community change. Finn and O'Fallon [44] further subdivide
that into: recognition, understanding, application, analysis, evaluation and creation. In theory,
the EHL enhances when a person progresses through each stage, gains knowledge and
ultimately takes action [44]. The first stage encompasses the recognition and understanding that
a pollutant is severe and impacts health. The EHL increases, resulting in an understanding of
pollution and the capability to apply, analyse and evaluate data and ultimately, gaining skills to
take action. With this increased self-efficacy people are then able to undertake health-protective
actions and reduce exposure [43]. In the last step, people become capable of undertaking
collective actions in reducing pollution, e.g. informing policy or becoming active in the
community [43]. However, it should be noted that in order to move from one stage to the next,
additional skills and knowledge are required. Also, certain competencies are needed for
progressing in EHL, such as understanding feasible protective options, knowing strategies to
take action or recognizing uncertainties [46]. When providing information that shall increase
EHL, it should be considered that information on risks has to be beneficial for the person’s aims
and be of interest for him/her, only then it stimulates an engagement with the information [27].
Moreover, practical or policy knowledge often needs to be incorporated to support the
progressing from one stage to another, hence, integrating views from a multidisciplinary
perspective is needed to create clear and actionable content [46]. Taking the concept of EHL
for communicating air pollution and noise exposure in traffic could be a valuable approach for
developing exposure communication strategies.

3. Research design and methods

Qualitative research is scarce in the field of air pollution related health risk perception, yet, it
offers great potential to gain in-depth understandings of air pollution perception and health
patterns [47]. Hence, focus groups as a qualitative research method were chosen for this study.
They are part of a broader research undertaken by Marquart et al. [17], comprising three phases.
This article focuses on the third phase. The first two phases are individual studies but

simultaneously served as preparations for the third phase, the focus groups. In the first phase
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“g0- and ride-alongs” (qualitative interviews on-the-move) with cyclists and pedestrians in
Berlin, Germany, were conducted and complemented by wearable sensors [17]. In this phase
the participants were accompanied by an interviewer and asked about their perceived exposure
and made aware of air pollution and noise pollution en route, applying a semi-structured
interview guideline (see [16]). Meanwhile, particulate matter and noise levels were measured
on-the-move using DylosLogger 1700 (particle number count) and a smartphone with external
microphone, GPS and sensing application, based on Ueberham et al. [18] and described in [16,
17]. The particulate matter variations in numbers could be seen on the DylosLogger 1700 screen
and could be discussed with the participants whilst on-the-move. The en route measurements
were presented to the participants during the focus groups. In a second phase the same
participants were asked to track their commuting routes individually on 3-5 days?® and complete
a questionnaire about perceived exposure after each route taken using a tracking app (DLR
MovingLab®). This aimed at increasing awareness regarding air and noise pollution on
commuting routes and make the participants reflect on route choices. This served as a basis for
the focus groups, which were done in a third phase and are subject of this article.

3.1 Focus group approach

Focus groups are interactive discussions with a predetermined group of people who have shared
experiences about a certain topic [48]. It is a valuable approach to allow the participants to
create new solutions of a problem, discuss perceptions and opinions regarding a shared
experience and create new ideas [48, 49]. The focus group approach is considered as valuable,
because all participants shared experiences made during the go- and ride-alongs, the GPS
tracking and their exposure en route was measured.

The recruitment took place via social media, newsletters, flyers, but also direct contact with
offices in the city centre and online neighbourhood networks. This ensured that people with
different life circumstances, educational background and commuting routes could be reached.
As an incentive, participants were offered personal feedback on air and noise pollution. In total,
20 people participated in three focus groups, six till eight participants each. These 20
participants are out of the greater sample who had taken part in the first two phase. Two focus
groups were held on-site, one online*°. The focus group discussions took between 1h 25m and
1h 41m. An overview of the participants can be found in Appendix A.

3.2 Procedure

The focus groups were held by a trained moderator using a semi-structured interview guideline,
which comprised the following topics:

Shared experiences: Stimulating questions were asked underpinned by stimulus materials
(pictures from the go- and ride-alongs, GPS-tracked routes of the individual GPS-tracking and

28 Due to the outbreak of the Corona pandemic in early 2020, two groups did not commute daily to work
anymore and hence, did not track their routes on five days.

2 www.movinglab.dlr.de

30 Due to the Corona pandemic in late 2020, the third focus group was held online in November 2020 and the
second focus group was in a hybrid format with two participants participating online and the others on-site
(September 2020). The first focus group took place before the Corona pandemic in December 2019.
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a pollution perception ranking exercise). This should encourage an exchange and discussions
about experiences and perceptions of air pollution and noise pollution (or other factors) en
route. The questions specifically referred to the experiences made during to the go- and ride-
alongs.

Feedback/Knowledge: Participants received feedback about their exposure during the go- and
ride-alongs and also in the focus groups (brochure with measurement data), including measured
exposure en route (text-based explanation of high exposure and low exposure situations, a map
and graph with spatial variations) and information on feasible protective actions, text-based
information about adverse health impacts and information channels such as WHO or
Environmental Agencies (see Annex B). Providing study participants with their monitored
environmental exposure data enhances individual and community empowerment, can motivate
to reduce or avoid exposure and improve environmental health literacy [50].

Information: Examples (pictures) of information sources, e.g. displays in the city or mobility
apps, were presented, fuelling a discussion about how air and noise pollution could be
communicated. It was emphasized, that participants could creatively develop new and
innovative ideas.

3.3 Data analysis

All three focus groups were recorded and transcribed. For analysis a thematic coding was
applied. This was done in an inductive-deductive approach to generate themes which are
closely linked to literature and theory but still open to explore new and unforeseen topics [49,
51]. The program MAXQDA 2020 (version 20.4.1) for qualitative data analysis was used.

The analysis resulted in two themes developed deductively beforehand: (1) Protection
Motivation and (2) Information source and communication of risks. The categories of theme
(1) were built deductively based on PMT, consisting of: (a) perceived vulnerability and (b)
perceived severity of risks as well as statements regarding (c) self-efficacy and (d) response
efficacy. Theme (2) followed deductively the concept of EHL, with the following categories:
(a) information that support recognition and understanding, (b) information that support
application, analysis and evaluation and (c) information that support creation and community
change. During the focus groups another topic appeared, which was added later: (d) information
denial. The categories were developed deductively based on the theory, the codes were then
developed in a deductive-inductive approach out of the data (see section 4). The transcripts
were coded in two iterative rounds of coding.

4. Results

The focus groups revealed that engaging with information about air and noise pollution en route
as well as being made aware of one’s own exposure, as done during the go-/ride-alongs [16,
17], raised awareness. Participants’ perceived vulnerability and severity of risks and their
motivation to protect themselves were enhanced. However, some factors lowered their
perceived effectiveness of and ability to undertake protective actions: feeling powerless, the
uncertainty and ubiquity of air and noise pollution and the importance of other factors for route
choices (section 4.1). The participants generated ideas for exposure communication, e.g. a
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healthy routing app, and demanded more community engagement. Some participants also
denied receiving information on air and noise pollution, because they felt that the risk is too
ubiquitous, indeterminate or it did not seem possible to protect themselves (section 4.2).

4.1 Risk perception and motivation to protect oneself

The engagement with data about personal exposure en route as well as the discussions about
exposure during the go- and ride-alongs affected the perceived personal vulnerability and
severity of air pollution and noise pollution. Also, a perceived low self-efficacy and a perceived
low efficiency of protective actions were detected.

4.1.1 Perceived vulnerability and severity of risks

Participants are now more sensitive to air pollution and noise pollution from road or rail traffic.
Engaging with their own personal exposure increased the perceived personal vulnerability on
everyday routes. One participant thought the traffic situation or feeling unsafe were the source
of her stress, whereas the interview made her realize that pollution smell and noise impact her
wellbeing. The participants became confident in trusting own perceptions, if it was in line with
the measurements. One participant started evaluating her exposure in other transport modes.
Some participants described themselves as sensitive about pollution smells or noise and had felt
vulnerable before, so the measurements underlined previous perceptions. However, being made
aware of air pollution smells and sounds from traffic was not always reported as positive, some
participants regretted they became alert:

“One thing that has definitely increased is my awareness for air pollution. You have
made me aware of the fact that you can smell it. And since then I smell it everywhere!
And that annoys me, well, I don’t know if I'd rather not have known [laughs].” (P16°")

“My biggest eye-opener [ ...] is that you have pushed me at some point: ‘how is it
regarding the noise here?’ and only then I'm so much triggered to pay attention to the
noise, which didn’t bother me at all before, and now it bothers me extremely. This is
really negative. But the big worry is that there are more of these environmental
influences [...] saying, ‘oh yeah, probably something like that has been stressing me
out all along, only I've never been able to say [...] what it is’.”” (P2)

Reporting back exposure can result in an increased risk awareness and increases perceived
vulnerability, which may be a negative outcome from the participants view: Exposure feedback
can draw attention to stressors that people were not previously aware of. This led to the fear
that there are even more stressors of which one is unaware (as shown in the quote).

Participants reported that they learned that sometimes side roads with less air exchange had
higher particulate matter levels than main roads with good air flow or how the number of
particles varied depending on mode (car vs. bus), time (high pollution in evening hours) or
distance to emitter. Altogether, participants reported increased knowledge. However,
environments that were perceived to be healthy sometimes turned out to have high pollution

s¢c

31 P# refers to ,,Participant ‘number’* (see Annex). Note that all interview statements in the paper are translated
by the author from German to English.
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levels, resulting in anxiousness and uncertainties: for example, greenspaces or subways could
have higher air pollution levels, even though these areas were perceived as rather healthy. This
lowers the trust in own perceptions and pollution risks. Participants with children stated they
fear the severity of air pollution when cycling or walking with their child and tried to increasing
the distance to emitters at traffic lights or on the street.

However, sometimes participants did not feel at risk. Some said they were used to pollution in
the city, did not smell air pollution, felt that cycling increased health anyway or did not feel
health impacts:

“I find it very difficult, for example, this question, to evaluate whether I felt a health
burden. I can only say, no, I don’t have a shortness of breath. That would be a health
burden for me. I can’t feel it. Of course, particulate matter and noise are a subliminal
health burden, but at the moment I cannot define it like that.” (P8)

“I know about the particulate matter problems and so on, but, can I feel it? Can |
measure it? Rather not. Big city.” (P13)

For these participants air pollution and noise pollution seem to be a prevailing circumstance
when living in a big city. The immediate effects of air pollution and noise pollution can hardly
be felt. The knowledge that there is an underlying risk has increased, however, the immediate
threat is not felt.

4.1.2 Self-efficacy and response efficacy

The participants also reported how they tried out and felt (not) able to protect themselves from
air pollution and noise pollution. Tab. 1 summarizes their statements.

Table 1: Summary of the statements regarding coping appraisal. The particular topics as discussed by the participants
during the focus groups and examples retrieved from the focus group discussion transcripts.

Coping Topic discussed Description (examples)

appraisal (inductively developed

(deductively out of the data)

developed

from PMT)

Self-efficacy Protective actions = Increased distance to emitter

= Cover nose/cover ear/hold breath
Alternative routes = (Perceived) less polluted routes searched
Alternative modes = Change towards less exposed modes
(bicycle instead of subway)

Emotion focused = Exposure is (mentally, in a psychological
coping sense) suppressed to protect oneself
Feeling powerless = Changing mobility practices is difficult

= Changing routes does not have desired
effect (cf. response efficacy)
Resignation / = Protective actions contradict with more
Prioritizing important factors (e.g. safety, aesthetics,
time, directness)
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Response Perceived health and Using headphones with calm music
efficacy wellbeing improve suppresses exposure
= Covering nose leads to a healthier feeling
= Changing mode is good for “body and
soul”
Routes are already optimized
Route changes are not possible (due to

Refuse (and feeling to
be useless) to change

route built environment)
= Changed routes equally high exposure
levels
Importance of other = Changed route negatively impacts other
factors factors (time, safety, aesthetics)
Lack of political = Political actions demanded to improve
trustworthiness health/wellbeing en route, instead of

individuals who have to find an efficient
response to stressors

Some participants tried out new routes or changed their mode from train to bicycle. Others
intended to wear a mask or pulled up a scarf, hold their breath, used headphones or covered
ears. A common protective practice was to increase the distance to emitters, e.g. stopping in
front of traffic lights or cars with visible or smelling exhaust fumes. Some protective practices
made the participants feel that they had protected their health:

“I've also pulled my scarfin front of my face [to lower air pollution inhalation],
whether that actually helps at all? Hm... But I have the feeling that I can still breathe.
[in a highly polluted area].” (P19)

On the contrary, participants often did not believe their route change improved health and
wellbeing (response efficacy) or they felt unable to undertake protective practices (self-
efficacy). Recurring topics were the feeling of powerlessness or resignation. This resulted partly
from unexpectedly high exposure en route, the realization of its severity or the lack of
understanding local pollution patterns. This led to a lack of confidence that individual actions
can improve health, because pollution was perceived as ubiquitous. The resulting feeling of
powerlessness was often associated with a lack of political trustworthiness:

“But I do worry about what the results will be [the measurements]. Because
everything changes so super slow or won’t change at all at the moment. [...] Maybe |
have to draw consequences at some point? No, I don’t want to move [walk/cycle] here
anymore? Because I don’t want to stress my health for the next fifteen years?” (P2)

“So far, I haven’t really worried about it, on purpose. I decided for myself: I live in a
big city, there is particulate matter pollution, it’s like that, I would be happy if it were
lower, but I accept that as a marginal condition.” (P13)

The lack of confidence in planning and policy led to resignation and made people consider to
move away from the city to stay healthy. Generally, suppressing exposure was a common action
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to deal with pollution risks on inevitable routes. Some reported resignation, since there was no
other option than the polluted route:

“I actually looked for alternatives a long time ago and then I gave up at some point,
because there were none. No better alternatives. There are alternatives, but only
worse ones. Well, what I do is already what I can do and that worries me, of course.
Of course, I don’t want to get sick just because the politicians haven'’t yet realized
[that the pollution is too high]. I think that’s really bad...” (P1)

“I checked whether I can cycle here [points at a parallel street of the main road on a
map], that is parallel to the main road, so to speak. [...] but these are all closed
neighbourhoods, which means I ultimately end up back [on the main road] and
somehow it doesn’t make sense. So, I thought at this point: rather a short, intense
exposition than a longer medium one.” (P6)

These quotes show that receiving information about high exposure may lead to a feeling of
injustice, worries, helplessness, ignorance or acceptance, but not necessarily to an increase in
self-efficacy. Some participants complained about lack of alternatives: the infrastructure often
guides them along main roads with motorized traffic and perceivably less polluted residential
areas were often unsuited to cycle. Moreover, routes were often optimized considering personal
preferences, whereas air pollution and noise pollution were not (yet) priorities in route choices.
Other factors were more decisive: time/directness, relaxing and not concentrating, quietness,
aesthetic, livability or shops, excitement or safety. As a result, some participants did not want
and did not feel able to change routes. Generally, most of the participants demanded a built
environment which offers routes that are at the same time low polluted, pleasant and safe. One
participant summarized these worries:

“But, the problem is, if we have no choice but to take this route, then the information
is of no use to me. So, you have to get to the root [of the problem].” (P4)

Hence, if a persons is not able to change towards a healthy route, information provision is not
considered as valuable.

4.2 Information needs

The participants discussed how they want to be informed. Their statements addressed all
stages of EHL, but they sometimes also refused to receive information at all. Fig. 1 provides
an overview.
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Figure 1: Overview of the codes retrieved during the thematic coding. The main codes are based on the main steps of
increasing Environmental Health Literacy (blue), which built on one another. It starts with recognition and understanding,
then leads to application, analysis and evaluation and ultimately results in creation and community change. The retrieved
codes were allocated to the suitable EHL stage. Statements regarding information denial were coded separately (red).

4.2.1 Information supporting recognition and understanding

Information supporting recognition and understanding aims at informing people, who have not
encountered with the topic yet. Participants discussed solutions such as displays in the city
showing daily pollution, which was part of the focus groups’ stimulus material. This would also
inform polluters. Yet, it is hard to make sense of the numbers of city-wide displays. Measured
exposure should be translated into something easy to understand, e.g. life years lost, comparing
it to cigarettes smoked or pictures of health impacts:

“[...] So that you would know, hey, how many cigarettes would I smoke on my way
there [...] If I knew, I would smoke one versus three cigarettes on my way to work, 1
might decide to take another route with only one cigarette.” (P18)

Risks could also be translated into health burdens, e.g. headaches, problems with
breathing/lungs or high stress levels associated with air and noise pollution exposure. This
would specifically address the threat appraisal (see PMT). As discussed, however, the coping
appraisals might be more influential [36, 38].

4.2.2 Information supporting application, analysis and evaluation

Healthiest route navigation was discussed the most for supporting individual mobility. Many
participants desired an app that integrates current pollution levels, but also suggests alternative
routes with less pollution. The “healthiest route” as an option next to, e.g. “fastest”, “least
cobble stones” or “most beautiful” was recommended. Participants who know the city well
preferred maps with real-time air pollution and noise pollution to choose their own routes.
However, as pointed out by some participants, the healthiest routing would demand for small-
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scale real-time pollution data. A suggestion to address this issue was an app with information
on real-time information about the traffic volume on a street, which is associated with noise and
air pollution.

4.2.3 Information supporting creation and community change

In the course of the focus group discussions the participants started questioning why they only
talk about passively receiving information, instead of actively changing the situation. Taking
part in the study and becoming aware of air and noise pollution resulted in a strong sense of
activism and public engagement. The participants suggested a range of activities for the
community: informing others or the public, integrating the topic in schools or adult education,
supporting local initiatives, or even suing the state for not preventing health impacts.
Participants also became multiplicators:

“I definitely walked through the neighbourhood much more consciously and also talked

with many people about particulate matter pollution. And talked with my friend about why
it's so dirty on our first floor, because maybe it's also dusty due to the street in front of the
door and so on. So, there's a lot of things that have continued [after the interview].” (P19)

Next to public engagement, the participants demanded political actions. Some called for more
political actions to create healthy routes, instead of leaving the responsibility to search healthy
routes to the cyclists and pedestrians. They concluded that they did not only want to be informed
where pollution is, but get to the root of the problem and influence policy and planning

4.2.4 Information denial

During the focus groups the participants wondered why they, as the most environmentally
friendly road users, should change their routes to protect themselves from pollution caused by
motorized traffic (“why should I change?” (P10)). Less polluted routes were often perceived
longer or less pleasant. Some of the participants reported anger and resignation that they have
to be responsible for travelling in a healthier way by individually changing their route. Some
participants feared that information provision, e.g. smartphones, might shift the focus away
from the actual problem:

“That is interesting. That makes me think... That I automatically remain in the position of
the weaker road user and say: Gosh! An app like that is great! But actually,[...] we have
forgotten the main topic! Namely, the elephant in the room [idiom]. We must first take
away space from the cars, [...] [space], which is already allocated [to the cars]. You have
to give more space to cyclists, cyclists and pedestrians.” (P9)

This resulted in information denial and refusal of receiving information. Many participants
concluded they did not necessarily want to be informed. Moreover, receiving information about
pollution on inevitable routes could cause stress and hence, cause health problems and lower
wellbeing:

“Actually, I don’t want to be informed about it at all, because in the end, it makes me
sick. If I don’t know, I have fewer problems with it.” (P15)
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“But [I do not want information] all the time [from] displays or so, because then, I
think, I will always get in a worse mood and could also... [...] then it would totally
piss me off and that doesn’t do me any good, if [ am upset about it all the time.” (P20)

Some participants reported they feel already overloaded by information, e.g. from apps or signs.
Receiving additional pollution information on-the-move could increase stress, especially if the
information appears when a person already rides through highly exposed areas and cannot avoid
it (“that would stress me out rather than do me any good” (P17)). .

Finally, protecting against long-term effects of air pollution or noise pollution can contradict
with the short-term desire of a comfortable, short and pleasant route. Information which is
contradictory to one’s own feelings and belief may lead to inaction. One participant summarized
her confusion:

“If I perceive something as more pleasant, should I rather take this route or should I,
based on the findings that we have, say: well, then I take rather the route which does not
feel so good, but is actually quieter and therefore may not be a threat to my health in the
long-run? Well, are there any suggestions, how we should behave? Should I rather choose
according to my own perception or should I actually act according to the data?”” (P20)

These contradictions will be discussed in the following.

5. Discussion

The aim of this study was to identify how to inform cyclists and pedestrians about their noise
and air pollution exposure on daily commuting routes in the city. First, communicating personal
exposure to air pollution and noise pollution can empower individuals to undertake protective
practices and leads to community engagement, but at the same time can also result in resignation
and the feeling of powerlessness (Q1). Second, the discussion will highlight opportunities to
inform about air pollution and noise pollution to support healthy and pleasant mobility (Q2),
discussing that also enjoyable and pleasant route suggestions could be integrated. Finally, the
question if exposure information is worthwhile to support healthy and pleasant mobility will be
discussed (Q3), elaborating on participants’ call for political actions and their engagement in
the community.

5.1 Empowerment vs. resignation

Addressing research question Q1, receiving information on exposure increased knowledge and
raised awareness: Pollution smells or traffic sounds were now perceived en route. Health
impacts (e.g. headache, stress) were put in relation to the stressors. Yet, increased awareness
also has its downsides.

In line with other studies, perceptions did not always match with measurements [17, 19, 29, 52]
and participants partly appreciated the knowledge gain and felt confident to trust their
perceptions. Reporting-back exposure measurements was regarded as positive and people are
eager to receive “their” results [50, 53]; it usually increases EHL and has the potential to tackle
urban air pollution [26, 43]. As for noise, research reporting back noise pollution data to the
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public is rather scarce [23]. People are often not aware of traffic noise and lack actions to avoid
it [54, 55]. This is similar to the participants in this study. However, if people get more involved
in noise pollution monitoring, they show an increasing knowledge of noise pollution in the city
and a higher awareness of pleasant and unpleasant soundscapes [56]. They may be able to
evaluate and integrate quieter route sections into their daily commute. Hence, participatory
noise pollution monitoring has great potential to empower people and raise awareness [58, 59].
Knowing about noisy and quiet areas, such as green spaces, can decrease the perceived adverse
noise pollution effects [60]. Some of the participants have already undertaken protective
practices to lower noise pollution by using headphones to listen to music or podcasts (see
section 4.1.2), however, this protective practice may also affect perception of sounds (e.g. cars)
which act as an attentional trigger and are decisive for safe cycling or walking [57]. Some
cyclists compensate that by e.g. looking around more often, using only one earbud or turning
down the music [57], however, safety issues need to be considered for this protective practice.
Summarizing, information on personal exposure can empower laypersons to take action and
raise awareness.

Conversely, the increased awareness of a risk, which had been suppressed before, was
sometimes regarded as negative. After becoming aware of smelling polluted air or hearing
traffic sounds some participants felt unable to ignore it anymore. Annoyance or stress increased.
Some participants wished they would never have known (section 4.1). Some air pollution
studies link air pollution perceptions with (self-reported) health symptoms [22]. Perceiving
odor of air pollution can lead to annoyance and trigger actual health symptoms, specifically if
the odor is perceived as unpleasant [61, 62]. This is similar to noise: if a person perceives noise
and feels distressed, the noise causes psychological stress, whereas the measured noise pollution
itself may not significantly influence psychological stress [63]. Exposure information about
stressors, which had been successfully suppressed before, can backfire and result in negative
feelings, resignation and psychological stress. Nevertheless, the measurable exposure has an
assessable health impact in the long term [1, 2, 7], even if it is not perceived in situ. Exposure
information has therefore to be designed with caution, limiting its potential to result in
psychological stress. This can be done by including information about feasible and existing
protective measures.

5.2 Barriers to take action: uncertainty and ubiquity

Having feasible options to protect oneself is important. Exposure information is of no need if
there are social or environmental barriers which prevent behavioral adaptations [26]. For
example, built environmental factors can hinder people to take routes away from pollution or it
can be the case that other factors are more decisive for route choices (e.g. safety, aesthetics,
distance, time) (section 4.1.2).

A lack of understanding can also lower self-efficacy. Similar to Noel et al. [47], the link between

air pollution and one’s health is often shaped by uncertainty. Participants want pollution

numbers to be translated into something relatable, e.g. life-years lost or cigarettes smoked

(section 4.2.1). Ambient air pollution is complex and impacted by a variety of factors (e.g.

wind), hence, it does not always match with people’s expectations (e.g. green spaces have high

pollution (“green-is-clean assumption”) [64]). Presumably healthy routes are not necessarily
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pollution-free. This may result in doubts that healthy alternatives exist at all [65]. Relatable
information is even more difficult for noise pollution on-the-move. High dB(A) levels do not
necessarily represent sounds perceived as noise: the situational context, the activity performed
and the transport mode impact if a sound is perceived as noise [18, 30, 63]. The reported
discrepancies of measured and perceived noise on-the-move prove evidence [18, 19]. Providing
real-time dB(A) measurements may not be a useful indicator, since it may not reflect actual
noise annoyance. This raises the question how to lower exposure to air and noise pollution,
especially if its spatial patterns are complex and the situational context decisive.

Firstly, it is recommended to prioritize planning of less polluted routes and consider other
factors (aesthetics, safety, distance) when planning for cyclists and pedestrians. Only then
healthy routes are an option, and information is useful. Secondly, information on air pollution
and noise pollution should be relatable and address uncertainty and ubiquity, e.g. by improving
real-time data with a city-wide monitoring network. Lastly, it may not be worthwhile to provide
people with exposure information at this stage if they cannot change their routes. This will be
elaborated in the following.

5.3 Informing about air pollution, noise pollution and pleasant routes

Exposure information should have a positive framing, trigger people emotionally, provide
relevant information, communicate the co-benefits of behaviors and support undertaking the
action [26]. Technical information has to be enriched with emotional triggers to be effective
[46]. Studies reporting back exposure which led to protective practices exist: they included
storytelling-approaches or workshops with the community next to measurement data [45, 66].
This empowered and created a feeling of ownership over the measurement campaign [45, 67].
This is similar to this study’s findings: participants felt empowered by being involved in the
research process.

Several possibilities to inform commuters were identified. Information should be more than just
numbers [68]. Pollution measurements could be translated into illustrations or integrated in a
healthy routing app. As shown by Marquart and Schuppan [69], a healthy routing app could
draw on the PMT and integrate other health-related factors, among air pollution and noise
pollution. As health considerations are an important motivation for people to walk or cycle [70],
a healthy routing app might be specifically interesting for cyclists and pedestrians. However,
as this study has shown, a healthy routing app alone may not be worthwhile, because other
decisive factors influence a pleasant commute.

As shown in this and previous research [17], sensory awareness (seeing and smelling greenery
or water, aesthetics, interesting sights) and social cues can even balance negatively perceived
pollution. Experiencing positive emotions and wellbeing can results in an increased physical
health in general [71, 72]. Consequently, a healthy route planning app could include pleasant
trip characteristics alongside pollution data. It could include social cues, such as bars and cafés,
urban gardening and allotments, playgrounds or pedestrian areas, greenery and water or
interesting ‘highlights’ (e.g. landmarks) along the route (see Marquart et al. [17]), next to
pollution. These could be combined with factors such as directness or safety, shown to be
decisive for cycling as well [70, 73]. Moreover, cyclists and pedestrians know best which
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factors increase their personal wellbeing along routes. With community mapping people could
collectively collect knowledge, emotions and experiences of their routes and share them with
peers [74]. Adding this to route planning apps could provide collective knowledge on pleasant
or (hidden) less polluted routes. Exchanging subjective mobility experiences via smartphone
apps can enhance the own trip experience [75]. There is no need to solely rely on general route
planning apps, but include and share collective information on pleasant, less polluted routes
with peers by including a community mapping approach in mobility apps.

5.4 Political actions and community engagement

Concerning Q3, the information denial stated by the participants shows that exposure
information on daily (inevitable) routes may (at the moment) not be worthwhile. Some
participants request that health gets a higher priority in planning decisions. This is also reflected
by Ramirez et al. [68], who argues that air pollution communication concentrates too much on
individual risk-fighting behavior and does not address the “structural factors” creating
pollution. The increased knowledge of air pollution and noise pollution inspired some
participants to raise the awareness about these stressors in their community. This is in line with
other report-back studies (e.g. Tomsho et al. [76]). Facing negative environmental conditions
is a motivator for environmental protest [77]. Raising awareness for air pollution and noise
exposure can result in community engagement and activism [77]. Mobility apps, as the one
proposed here, could integrate community mapping and communicate perceived air pollution
or noise pollution to decision-makers, hence, be a valuable cornerstone for urban planning [53,
74].

5.5 Limitations

First, it should be noted that the sample may consist of an interested and rather concerned group
in terms of environmental concern, who may — at least partly — be educated regarding pollution
problems. As shown in previous research [78], people who feel annoyed by air pollution are
usually those who are worried about it. Hence, they may participate more likely in air or noise
pollution research. This rather “special interest groups”, who can be dominant in participatory
processes, may lead the discussions and put their interests in the focus [79, 80]. Hence, less
dominant participants or other vulnerable groups, e.g. people with diseases (asthma) or children,
may not participate in an extensive participatory research as this one. Future research could
specifically take vulnerable populations into account [76], particularly concerning exposure in
traffic, but also focus on having a diverse educated group of people when researching EHL and
exposure communication. Second, taking the EHL as a framework for exposure communication
can be fruitful, yet, the knowledge, skills and competencies of the targeted group need to be
considered when designing exposure information. Not all people start from the same stage.
Considering pre-existing knowledge, skills and competencies of the targeted group is crucial.
Third, the focus groups do not give conclusions in statistical terms. The qualitative approach
aims at exploring the research subject under investigation in depths and how it is constituted,
rather than investigating its statistical characteristics [81]. Qualitative approaches can help to
better understand environmental risk perception [37, 47] and give deep insights into how people
perceive air or noise pollution, how they protect themselves and are helping to identify
communication needs and planning requirements.
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6. Conclusion

This article contributes to people-centered exposure communication research by exploring how
cyclists and pedestrians want to be informed about a less polluted and pleasant commute. First,
it was shown that providing exposure information should be centered around commuters’ needs,
their coping abilities and knowledge in order to avoid information denial. Addressing theories
like Protection Motivation Theory (PMT) or concepts like Environmental Health Literacy
(EHL) when designing information is recommended. Second, the ubiquity and uncertainty of
urban air pollution and noise pollution together with the inevitability of daily commute can
result in a feeling of helplessness and resignation, raising the question in how far exposure
communication is worthwhile for commuting trips. Integrating air and noise pollution
information in a mobility app enriched with other pleasant route aspects (“pleasant routing
app”’) and participatory approaches is promising. Future research could develop and test an app
like this, also applying quantitative methods such as surveys or GPS tracking. Ultimately, policy
and planning should not leave the responsibility to the exposed road users in finding healthy
routes, rather should environmentally-friendly mode users be protected against health-
impacting air pollution and noise pollution by implementing planning measures. The perceived
exposure, social cues and sensory awareness (greenery and water, aesthetics and interesting
urban form) should receive attention in informing and planning for cyclists and pedestrians
[17]. An app, which integrates pollution, pleasant route environments and addresses
participatory approaches could support healthy, pleasant and pollution-free mobility in urban
areas.

7. Appendix

Appendix A: Overview of the participants

Partici- | Age | Female/ | Modes of transport available Commuting Employment status
pant male mode
No.
Focus group 1
P1 55| f Bicycle, Car-sharing, Public Bicycle Full-time
transport ticket
P2 30 m Car, bicycle Bicycle Part-time (flexible)
P3 n/a | m Bicycle, public trasnport ticket Bicycle Paternity leave
P4 59 | f Bicycle, scooter sharing, public Walking+public | Self-employed
transport ticket transport
P5 25 ' 'm Bicycle, public transport ticket Bicycle, Student
walking+public
transport
P6 24 | m Bicycle, public transport ticket Bicycle, Part-time (flexible),
walking+public | student
transport
P7 42 | f Bicycle, car-sharing Bicycle Full-time
Focus group 2
P8 51 fF Car, Bicycle Bicycle Part-time
P9 58 | m Bicycle, car-sharing, e-scooter- Bicycletpublic | Full-time
sharing, public transport ticket transport
P10 50 | m Car, bicycle, public transport Bicycle, Full-time
ticket walking+public
transport
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P11 51| f Car, bicycle, car-sharing, bicycle- | Bicycle Full-time
sharing

P12 37 | f Bicycle Bicycle Part-time (flexible)

P13 45 | m Bicycle, Car-sharing, bike-sharing | Bicycle Full-time

Focus group 3

P14 28 | f Bicycle Bicycle Student

P15 61 | m Car, bicycle, motorbike Bicycle Full-time

P16 29 | m Bicycle, car-sharing, (e-)scooter- Bicycle Part-time (flexible),
sharing, public transport ticket student

P17 31 ' m Bicycle, car-sharing, bicycle- Bicycle Part-time (flexible)
sharing

P18 31| f Bicycle, car-sharing, public Bicycle Full-time
transport ticket

P19 30 | f Bicycle, car-sharing, bicycle- Bicycle, Part-time (non-
sharing, public transport ticket walking+public | flexible), student

transport

P20 33| f Bicycle, car-sharing, bike-sharing, | Bicycle Part-time (flexible),

scooter-sharing self-employed

Appendix B: Example of two pages from the reporting-back brochure used as stimulus material during
the focus groups: information on health impacts of exposure and potential protective practices (left)
and an example of reported back noise measurements (right; translated from German to English for
this article; the measurement data is made blurry for privacy reasons).
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5. Conclusions, implications and final remarks

This thesis explored personal exposure, perceived health, wellbeing and practices of cyclists
and pedestrians on-the-move. Firstly, the applied go- and ride-along interviews complemented
by wearable sensors investigated in-depths cyclists’ and pedestrians’ commute, including how
they perceive their surroundings, but also their perceived and measured personal exposure. This
approach revealed reasons behind discrepancies and similarities of pollution measurements and
exposure perception (Articles II and III). Secondly, this increased awareness of the participants
concerning noise and air pollution en route served as a basis for the second aim of this thesis:
investigating possible communication strategies about healthy routing tailored to cyclists and
pedestrians needs. The literature review showed that exposure information and other health-
components are missing in mobility apps for supporting sustainable mobility choices (Article
I). The focus groups (Article IV) provided in a participative manner space to discuss

possibilities to inform cyclists and pedestrians about healthy and pleasant routes.

The following sections unite the findings from the four research articles of this thesis. The
insights regarding perceived and measured personal exposure, situational context and sensory
awareness based on Article II and III are summarized (section 5.1). Following this, section 5.2
integrates these findings into communication strategies, drawing conclusions for exposure
communication based on Article I and IV (section 5.2). Thereafter, implications for research,
urban and transport planning are presented (section 5.3). The study design is then reflected upon

(section 5.4). The thesis concludes with an outlook for future research (section 5.5).

5.1 Main findings of the thesis: perceived and measured personal
exposure, health and wellbeing en route

The findings from the go- and ride-alongs complemented by wearable sensors provide deep
insights into daily commute and related exposure, perceptions and related mobility practices.
Recent research has already investigated the personal exposure of cyclists and pedestrians on-
the-move, i.e. integrating both the objectively measurable exposure and the subjectively
perceived exposure on-the-move (see literature review in Article II). This thesis has integrated
these different dimensions and further enriched them by the situational context through
accompanying commuters on-the-move. Thus, extending the dimensions of personal exposure
assessment (Article IT). Figure 6 integrates the insights from Article II and III. It presents an
overview of the researched components which influence personal exposure, health, wellbeing
and practices en route. The specific components (Fig. 6) are described in Article II and Article

IIT and will now shortly be outlined.
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Article II introduced the situational context, showing that leaving work, being close to home,
knowledge about upcoming negative route sections, past experiences of related life situations,
but also environmental cues referring to the immediate environment, influence how exposure,
health and wellbeing is perceived (Article II). For example, leaving work heightens the mood,
hence, increases wellbeing in polluted areas. Similar with arriving home, when the
neighbourhood feeling and fellow urban dwellers make the journey enjoyable, even though
rather crowded streets can be measurably louder (Article II and III).

Next to the situational context, Article III explored cyclists’ and pedestrians’ subjective
experiences and perceptions of built (e.g. infrastructure, green spaces, trees) and non-built
(e.g. neighbourhood feeling) environmental factors. The high importance of visual, olfactory
and auditive experiences en route, the importance of social cues, interesting sites, nature and
the physical experience while walking or cycling is discovered. As revealed by interviewing
the participants on-the-move, this influences health perception, but specifically wellbeing and
commuting practices. The participants engage deeply with their environment as they move,
sensing it in a variety of ways. Their sensing body and their embodied experiences during
movement play an important role for pleasant commuting. The participants talked about their
sensory awareness on-the-move: for example how they negatively perceive smelling polluted
air, or the positive smell of water, the pleasantness when hearing subway musicians or the
annoyance when being made aware of traffic sounds (Article II and III). Moreover, they
emphasized the positive impact of passing fellow urban dwellers who do leisure activities, or
the dislike when passing dirty, dark or unattractive areas. Cyclists’ and pedestrians’ evaluation
of the environment is not always in line with the measurement data: they were only in line in
certain circumstances (e.g. in an underpass where pollution smell was detected or traffic noise
close to a freeway). It was detected that positively perceived environments can sometimes
balance measurable high pollution (Article IT and III). Considering these factors when planning

urban space is decisive for supporting pleasant and perceived healthy commute (cf. section 5.3).

However, measurable air pollution and noise has a scientifically proven physiological impact
on the physical and mental health of humans (e.g. Hinninen et al., 2014; Krzyzanowski et al.,
2005; Mueller et al., 2017; WHO, 2018). This should not be underestimated or neglected.
Moreover, commuters’ visually, olfactory or auditive perceived air pollution or noise en route,
even if it was not measured comparably as high as it was perceived in the particular situation,
negatively influences wellbeing and perceived health (see Article I1I). Whereas this thesis did
not further examine these measurable physical and mental health impacts, the perception of
stressors can have an impact in perceived health and wellbeing. By this, the perceived exposure
can actually impact physical health (Orru et al., 2018). Acknowledging that the commuting
person is a sensing body, who does not solely, passively move from A to B, but who senses the

environment through the body, whose sensing influences health and wellbeing and whose
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passing-by-environments also engenders identities is important for researching human mobility
(Hein et al., 2008).

Other studies on personal exposure have as well demonstrated the importance of the situational
context, embodied experiences and senses (see section 2 and Article II for a literature
overview). However, this thesis has specifically linked the subjectively perceived factors
influencing perceived health and wellbeing en route, the subjectively perceived and objectively
detectable situational context and the actual measurable air pollution and noise of moving
pedestrians and cyclists. Acknowledging the interplay of subjectively perceived and objectively
measured exposure and the situational context is considered valuable for identifying planning
and policy measures which can improve cycling and walking in cities. As for communicating
about healthy and pleasant routes, it is not only about providing measured pollution data, but
about designing information and communication strategies which take the here presented

subjective components into account.

5.2 Applications of the findings: communicating en route exposure to
cyclists and pedestrians

This thesis has given cyclists and pedestrians a voice in sharing their commuting experiences
and their information needs regarding a healthy and pleasant commute. The following
suggestions, derived from the go- and ride-alongs (Article II and III), inspired by the focus
groups (Article IV) and enriched by the existing literature about health and mobility apps
(Article I), will highlight possibilities to inform commuters about healthy and pleasant mobility.
A pleasant routing app and other possible information options, for example via advanced mobile

communication technologies (e.g. virtual or augmented reality), will be discussed.

The focus groups revealed that commuters have to balance air pollution or noise exposure
information against a variety of other factors which influence their route choices (e.g. time,
costs, safety, comfort, aesthetics, greenery, social aspects) (Article IV). These factors could be
implemented in mobility apps, alongside air pollution and noise information or other mobility-
related health components (as presented in Article I). A “pleasant routing app”, which was
suggested in course of this thesis (see Article IV), could support healthy and pleasant mobility.
By taking the developed conceptual framework for mobility app development (Article I),
integrating decisive route factors for a pleasant and perceived healthy commute (Article II and
IIT) and expanding it with information and communication needs of the participants (Article
IV), a pleasant routing application is proposed. The proposed app could support individuals to

choose a healthy, but also pleasant commute, and could integrate the following:
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e Social cues: routes alongside cafés, bars, playgrounds, residential shops, leisure areas

e Environmental cues: routes alongside greenery, water, interesting sites/highlights,
landmarks

e Other mobility-related health components: air pollution (estimated on a route), noise
pollution (based on official noise action plans referring to traffic-noise), safety (e.g.
numbers of traffic injuries on a route), physical activity (e.g. calories burned, kilometres
cycled/walked)

e Participatory tools: community mapping (pinpointing) pleasurable routes or
highlights along the route, locate hidden-paths or short-cuts, perceived high polluted
routes

e Health research theories: taking health theories such as the PMT or concepts such as

EHL as a guiding principle when designing a pleasant routing app

With these components, the application could address the information needs and influential
route aspects that this thesis has revealed. The application of participatory tools, which can
enrich the underlying map data, could additionally make the routing more consistent than

relying on maps from commercial or professional mapping providers (Dobson, 2013).

As this thesis has shown, social or environmental cues en route play a key role for a pleasant
and perceived healthy commute. Subjective commuting experiences, emotional attachments to
places, interesting sites as well as route highlights could be shared with others through
participatory tools in mobility apps or via the internet, for example, as also Panek (2019) has
argued. Having a saying in decision-making processes and sharing subjective experiences of
one’s route with others was desired by the participants in this thesis (Article IV). For addressing
this demand, approaches like “citizens as sensors” or “volunteered geographic information”
(VGI), i.e. volunteered sharing of location-based information with others through the internet,
could be valuable (Goodchild, 2007; Sui et al., 2013). VGI approaches have already been a
compilation for navigation map databases: the most prominent is OpenStreetMap (OSM),
where everyone can edit the map, or GoogleMaps, where pictures or evaluations from users
enrich the map (Dobson, 2013). For routing and mobility app developments, the option to
voluntarily add local knowledge about pleasurable route aspects could be integrated. However,
as discussed by Dobson (2013), technical difficulties of integrating too much information in a
map have to be considered, as should a possible information overload (discussed in Article I,
and stated by the participants in Article IV). VGI can be valuable for decision-makers, because
it enables residents to integrate their local knowledge into planning processes: residents are
“supposedly closer to the phenomena, can identify changes, and report those changes more
quickly than government employees reliant on infrequently collected data” (Johnson & Sieber,
2013, p. 66). The fact that mobility apps lack participatory approaches (Article I) shows that

there is potential to further integrate and try out participatory tools in mobility apps.
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However, as also demanded by the participants in this thesis (Article IV), it is important not to
see ‘“citizens as sensors” (Goodchild, 2007), but “citizens as partners”, meaning actively
involving them in the research and planning process (Johnson & Sieber, 2013). It is a matter of
strengthening an active civil society (Johnson & Sieber, 2013), which engages and has a saying
in planning healthy and pleasant urban space. In most citizen science approaches, for example
participatory pollution sensing (see Helbig et al., 2021), people record their environment
without being an active collaborator in the research process (Haklay, 2013). As this thesis has
shown, the participants were eager to be involved (Article IV), and showed a high interest in
exchanging local knowledge with one another and the researcher (Article III and IV). It is
valuable to involve users, include their needs and consider the urban context when developing
information and communication technologies which aim at making urban mobility more
sustainable and efficient (Lenz, 2015). With participatory methods, such as co-creation
workshops, different stakeholders including civil society can be involved in research and
planning processes which can improve the acceptance of new developments (e.g. planning
measures, new concepts) (Gebhardt, 2021). The participants of this thesis have given new
perspectives on healthy and pleasant commuting and on possible information and
communication options (Article 1I-IV). Being in close collaboration with potential users is

decisive for designing ICTs adapted to users’ needs.

As already presented, the findings of this thesis led to the idea of creating a pleasant routing
app and emphasized the importance of other exposure communication strategies. However, the
refusal of receiving information due to a lack of options was as well a central issue for the
participants (Article IV). Exposure information should not only be presented and passively
received by the users, who need to find solutions themselves, but should improve their threat
and coping appraisal (see section 2.3 or Article IV). Therefore, it is a matter of not only
presenting objectively measured data, but to make this data subjectively interpretable and
understandable, so that people are able to act accordingly. Following the results of this thesis
regarding pollution communication, new digital developments such as augmented reality (AR)
or virtual reality (VR) could be valuable to communicate exposure to laypersons in a more vivid
way. For example, estimated particulate matter based on city-wide or wearable sensor networks
could be visualized as small or bigger dots floating in the air using AR while walking or cycling.
Using VR and headphones, a virtual city with visualized pollution estimates or noise can give
an understanding of pollution patterns. Hence, pollution could become relatable: particulate
matter close to motorized traffic can be visualized or the lowering of pollutants with increasing
distance to the emitter can be demonstrated, for example in schools or driving schools. In the
last few years studies have developed technologies like these: for example AR smartphones
apps visualizing air pollution in cities (see Mathews et al., 2021), applying AR for educating
school children about their exposure (see Campana et al., 2020) or taking VR to visualize urban
noise standards city-wide and in specific locations (see Berger et al., 2019). Next to these new

technologies, more simplistic approaches for informing people on a city-wide level could be
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the implementation of drawings, lines or digital warnings on the sidewalk, which could indicate
that the increasing distance to the street lowers exposure. Moreover, particulate matter sensor
networks using low-cost sensors visualizing measurements via maps or as part of a weather
forecast could show air pollution to people who have not much engaged with the topic yet
(Hamm, 2020). Making pollution numbers relatable is demanded by the participants (Article

IV), hence, approaches like these could be useful.

Finally, mobility apps and other communication strategies may only be a supplement to good
urban design, urban governance and transport planning (see conclusion in Article I). This is
also stressed by Lyons (2018), who demands that “technology is only one means to the end goal
of smart urban mobility with good urban design something not to be undervalued” (Lyons,
2018, p.13). Referring back to the initial questions of this thesis, it becomes evident that
providing personalized®? exposure information for inevitable daily routes is not useful if there
are no other, healthier or more pleasant route options. Therefore, the following section provides

implications for research and planning how to implement pleasant and healthy routes.

5.3 Contribution to scientific research and implications for policy and
planning

This thesis contributes to scientific research in the field of geography, mobility research and
exposure research and gives suggestions for healthy and pleasant mobility planning. Firstly, the
contribution to and implications for scientific research will be discussed. Following this,

implications for policy and planning will be presented.
Contribution to and implications for scientific research

The contribution of this thesis to scientific research is twofold. Firstly, this thesis enriches the
research fields of health risk communication and exposure research by considering it from a
mobility research perspective. Secondly, it brings together perspectives coming from the
mobilities paradigm, practice theory and cognitive geography and connects it to exposure

research (cf. section 2).

Primarily, this thesis contributes to research following the “new mobilities paradigm” (Sheller
& Urry, 2006), by specifically investigating the movement of cyclists and pedestrians, their
embodied experiences, perceptions, practices and perceived health on-the-move. In the field of
human geography, the mobility and environmental perception of people has traditionally been
researched, for example their movement in time and space (see Hégerstrand, 1970) or their
perception of the urban environment (see Lynch, 1960). In recent years, the practices during

32 Personalized information means air pollution or noise exposure information for the respective route or trip of a
person, and not general information on health impacts of air pollution or noise. It thus refers to the definition of
Becker al. (2021) for “personalized sensor feedback”. It is about en route exposure information (e.g. via a city-
wide map, an app or signs in the city based on city-wide or portable sensors).
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movement and practiced mobility, following practice theory, have gained attention in human
geography as well (Schifer & Everts, 2019). Drawing on these research fields was successful
for this thesis to dive deep into commuters’ perceptions and practices on-the-move and valuable
for linking them with their exposure to air pollution and noise pollution en route. Recently,
exposure and health research have also given the movement of people and their dynamic
exposure patterns attention, specifically due to the development of portable, low-cost sensors
making it possible to record locally changing personal exposure over time and space (Helbig et
al., 2021; Larkin & Hystad, 2017; Snyder et al., 2013). Exposure research has traditionally been
characterized by stationarity and relied on models which do not take spatially varying variables
into account, hence, may lead to an underestimation of environmental-health impacts (Kwan,
2021; Larkin & Hystad, 2017). By investigating perceived and measured air pollution and noise
on-the-move, this thesis’ exposure assessment acknowledges the importance of locally

changing exposure, both perceived and measured.

This thesis contributes to these new and traditional research fields and creates a joint perspective
on movement and (perceived) health and wellbeing on-the-move by following a mobile
ethnographic approach. As presented, all addressed research fields have recently demanded to
take the movement of people and spatial changes of environmental situations into account.
Hence, the movement itself was central in this thesis. To research movement, moving with the
research subject can provide deep insights into their experienced mobility. Also, health research
is argued to lack mobile, i.e. non-stationary methods, which can be addressed through mobile
interviewing such as go- or ride-alongs (King & Woodroffe, 2017). This thesis is embedded in
the aforementioned research fields, which all acknowledge the importance of movement and of
studying people on-the-move. Hence, the addressed research fields were all connected in this
thesis through the consideration of movement, which came to the fore of investigation. This
provided a joint understanding of mobility and exposure.

Furthermore, integrating health-behaviour theories (cf. section 2.3 and 2.4) with the other
theoretical perspectives (cf. section 2.1 and 2.2) was valuable for understanding mobility-
related health communication needs. Giving health topics attention in mobility research and
applying health concepts and theories can enrich research on mobility and health. By drawing
on health research theories during the focus groups and the go- and ride-alongs, the perceived
health of cyclists and pedestrians as well as their protective practices became a research focus
(see Article II, IIT and 1V). Applying health-theories when researching mobility was valuable
to explore health protective practices en route. Specifically, the PMT and EHL highlighted the
importance of self-efficacy and response efficacy (PMT) as well as the importance of
participatory and community engagement (EHL). These components should be considered
when researching and designing exposure information to prevent information denial (see
Article I and IV or Becker et al. (2021)).
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Implication for urban and transport planning and policy

The results of this thesis have shown that cyclists and pedestrians often tried to avoid polluted
areas with high volume of motorized traffic. However, by doing so, they often had to face other
obstacles, for example less safety en route, less attractive routes or longer, less direct and less
comfortable routes (see Article III and IV). On the one hand, this shows how important it is to
ensure routes with low motorized traffic volume and low pollution, which are also fast, safe
and convenient. This has already been acknowledged by the cycling planning of Berlin®?
(SenUVK, 2021). On the other hand, the results of this thesis highlight the importance of
interesting, appealing and health-promoting route environments. By accompanying cyclists and
pedestrians on-the-move, factors relevant for urban transport planning could be discovered.
These will be presented in the following. Promoting these factors can increase cyclists’ and
pedestrians’ perceived health, wellbeing and satisfaction of the transport system, but also has

the potential to balance high air pollution or noise exposure en route (see Article III and IV).

Next to the foremost essential demand to lower pollution in the city (SenUVK, 2019a, 2019b),
this thesis proposes to give more attention to the following planning implications. The following
recommendations are grounded in the statements the participates have made en route (go-/ride-
alongs) or in retrospect (focus groups), the practices observed by the interviewer while
accompanying them and result from observing their route environment and how they engage
with it (go- and ride-along). In the following planning and policy recommendations, the “why”
is based on the findings of this thesis (Article II, III and IV) and at some instances supplemented
by existing literature. The “how” formulates suggestions for planning measures, which derive
from these findings. The implications for policy and planning as derived from the findings of

this thesis are as follows:

» Preserve and implement greenery and even small pieces of plants or grass verges
along/close to cycling and walking routes
Why: Seeing and smelling greenery calms down, increases perceived health and
wellbeing and can balance upcoming stressful or polluted routes
How: Plant trees, flowers, grass verges along the routes, make space for urban

gardens, routing through greenery/parks

> Protect and create habitats for animals along cycling and walking routes
Why: Seeing animals makes the trip interesting, cyclists and pedestrians feel attached

to nature and state to forget that they are in a big city

3Germany is still dominated by individual motorized transport (Nobis et al., 2018). In Berlin individual
motorized transport are commonly used, as is public transport, and walking and specifically cycling are gaining
attention (Gerike et al., 2018; SenUVK, n.d.; SenUVK, 2021). Berlin is currently planning to improve its
cycling infrastructure, having attractive and safe cycling lanes alongside and away from motorized traffic (so
called “bicycle highways”) with connections with city-wide importance (SenUVK, 2021).

126



How: Preserve and protect natural habitats in the city where animals, e.g. foxes, birds

or rabbits, can live, create paths/cycling routes through greenery where animals may
be observed

Preserve and implement water areas or water views along cycling and walking
routes
Why: Seeing and smelling water improves wellbeing, small glimpses of water (e.g. on
a bridge) can balance highly trafficked areas, seeing water perceivably cools down on
hot days

How: Bridges over rivers, routes alongside rivers, water ponds or lakes, fountains

Create vast views along/close to cycling and walking routes
Why: Prevents the feeling to be “trapped” in street canyons, seeing the sky in built-up
areas improves wellbeing and calms down
How: Provide open space where the sky is visible, design street corridors where one

has a wide view, big open green spaces, avoid “street canyons”

Built cycling/walking infrastructure along interesting sites or highlights
Why: Increases curiosity, interest and joy while cycling/walking, prevents a boring
trip and improves wellbeing, makes people feel attached to city (e.g. city landmarks)
How: Plan routes passing landmarks, interesting sites or historical buildings, preserve
and build aesthetic urban form, built aesthetic subway stations, allow urban dwellers to

create and design the city (e.g. official places for graffiti, urban gardening)

Guide cycling/walking routes along open public and vibrant spaces where people
take ownership of their city
Why: Feeling related to “own” city when cycling/walking through it, creates a feeling
that “there is a place” for people living there, increases wellbeing and quality of life
How: Routes passing e.g. playgrounds, allotment/urban gardens, parks where one can
barbeque/picknick or do sports (e.g. fly a kite, skateboard, play table tennis)

Promote streets with local shops, cafés and bars and enhance walking and cycling
infrastructure alongside local shops, cafés and bars
Why: People feel attached to “their” city when cycling/walking past little local
shops/bars/restaurants, increases community feeling, improves trip experience due to
an increase of interest and curiosity
How: Preserve and promote local shops/bars/restaurants, improve cycling/walking
infrastructure alongside (e.g. wide sidewalks so that chairs and pedestrians have space)
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» Increase distance to and lower exposure from motorized traffic
Why: Lowering of inhaled doses of air pollution and exposure to noise prevents
physical and mental health impacts (Krzyzanowski et al., 2005; WHO, 2011)
How: Built cycling/walking routes with a distance/away from to road traffic (attention
to safety at intersections), increase distance to emitters at traffic lights, lower amount
of motorized traffic close to cycling/walking routes, built pedestrian zones, improve

air filters and noise abatement in public transport

» Consider measurable noise and air pollution when planning for walking and cycling
Why: Prevents physical and mental health impacts (Krzyzanowski et al., 2005; WHO,
2011) of cyclists and pedestrians, increases the share of cyclists and pedestrians when
healthier and safer routes are offered (SenUVK, 2021)
How: Give pollution estimation higher importance when planning routes or installing
traffic lights (e.g. waiting times and distance to cars), built air corridors for air

exchange

The proposed planning implications do not only benefit cyclists and pedestrians, but have also
co-benefits. For example, promoting urban ecosystem services such as greenery, water and less
pollution benefits quality of life in cities, can prevent long-term economic and social costs and
increase urban resiliency against, for example weather extremes such as heat waves, flooding
or storms (Gomez-Baggethun & Barton, 2013; IPCC, 2022). This is of high importance
concerning the high confidence in an increase in weather extremes in urban areas due to climate
change (IPCC, 2022). Moreover, lowering pollution, improving access to greenery and
improving physical activity conditions in cities can improve health for all residents and is
estimated to lower mortality rates and may increase average life expectancy (if international
recommendations are followed) (Mueller et al., 2017). The proposed transport planning
suggestions can have positive impacts for all urban dwellers. Promoting vibrant places and
liveable, aesthetic and interesting urban areas may not only be beneficial for the people living
in the city, but also makes the city attractive for tourists or people wanting to move there, hence,
might have economic benefits. Ultimately, planning for a liveable city may also increase
residents overall satisfaction of policy and planning authorities and may therefore be desirable

for urban policy and planning practitioners.

Furthermore, the findings of this thesis have stressed the importance of integrating commuters’
knowledge and opinions into planning processes. To gather data on experiences and commuting
practices, citizen-adapted urban planning could also apply mobile, on-the-move methods.
Marquart and Schicketanz (2022)** discuss benefits and barriers of mobile, on-the-move

methods for urban and transport planning, partly based on this thesis’ go- and ride-along

34 The link to the paper and its abstract is attached in Appendix A.
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approach. Some examples of participatory mobile methods are community walks or community
mappings, which can be done with a group organized by the municipality to collectively discuss
(un)pleasant route environments on site (Marquart & Schicketanz, 2022). However, it is
comparably time-consuming and financially demanding, as are many participatory planning
tools (Nared, 2020). Digital participatory tools with geo-locating address these barriers. Using
a digital map where cyclists or pedestrians can pinpoint and comment on positive or negative
experiences en route, similar to the GPS-tracking approach of this thesis (section 3.3), can help
to identify hotspots and might be of interest for planning (Snizek et al., 2013). Subjective
evaluations of certain places or perceived pollution hotspots as revealed, for example in Article
IT and III, could be discovered. Some cities already apply those tools: for example, the senate
of Berlin provided a digital map where urban dwellers could geo-locate areas where they
experience traffic noise, which resulted in a noise action plan (SenUVK, 2019b). Another
project in Prague, Czech Republic, let district residents and pupils map perceived unsafe routes

and presented the maps to the police and district representatives (Panek, 2019).

These participatory approaches could address the discussed lack in trustworthiness expressed
by the participants in the focus groups (Article IV). The potential of participatory approaches
has been underused in transport planning in Europe, but becomes increasingly relevant (Nared,
2020). Referring to the participants’ demand that decision-makers should plan healthy routes
(Article IV), strengthening participatory planning approaches could improve environmental
justice. Partnerships between researchers, decision-makers and affected residents are decisive
for understanding and improving environmental justice in cities (Lakes et al., 2013), hence, it
should be ensured that all urban residents can have a saying in planning decisions. If both digital
(e.g. smartphone-based) and analogue (e.g. community walks) participatory approaches are
applied, not only “digital-natives” get a voice, but also residents unfamiliar with digital devices
can be reached (Gebhardt et al., 2021). For improving environmental justice in cities, it could
be valuable to take an environmental justice index into account, which integrates air and noise
pollution, land use data and socioeconomic data, but also integrates subjective evaluations of
residents gathered by participatory methods (as the index e.g. developed by Lakes et al. (2013),
or Shrestha et al. (2016)). Therefore, perceived and measurable environmental (in)justice can

be revealed.

For addressing the discovered lack of trustworthiness in political actions (see Article 1V),
decision-makers could consider the concept of Environmental Health Literacy (EHL) when
implementing measures. Drawing on the steps of EHL could be fruitful to design public
information campaigns which prevent the discovered information denial (Article IV). As
discussed in the focus groups, schools could include air pollution or noise topics in their
curriculum, for example in combination with education on mobility. Driving schools could give
pollution effects more attention so that drivers are knowledgeable about health impacts

(proposed by the participants in Article IV). Campaigns in the media, e.g. radio, social media
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or TV, which increase awareness of urban air pollution and noise in the community were also
suggested by the participants (Article IV). Recognition and understanding could be raised by
showing how much premature deaths can be related to air pollution in Europe (see EEA
(2020a)) or which diseases are associated with noise, for example cardiovascular effects or
cognitive development in children (EEA, 2020b). Importantly, this knowledge needs to be
linked to self-efficacy: the presented pleasant routing app or general suggestions to protect
oneself should provide information on how to effectively and feasibly protect oneself from air
pollution or noise. Ultimately, it may lead to creation and community change (see EHL in
section 2.4 and Article IV). However, as discussed in Article IV or by Becker et al. (2021),
providing information without changing the external circumstances through measures for
lowering pollution can backfire and result in resignation and denial. Information campaigns
need to be backed up by policy and planning measures which improve health and wellbeing in

cities.

5.4 Reflections on the study design and applied methods

The methodological approach of this thesis poses both challenges and opportunities. These
should be considered and will now be presented. Moreover, the Covid-19 pandemic disrupted

the data gathering. The impact of this disruption will also be discussed.
The study design and methods: opportunities and challenges

Firstly, the mixed-method approach of this thesis was both challenging and beneficial. It has
integrated qualitative and quantitative approaches in more than one step of the research design:
within the research questions, in the data gathering and analysing phase as well as for
interpreting the results. The quantitative approach, i.e. the measurement data, beneficially
complements the qualitative approach in the go- and ride-alongs and focus groups. Applying
wearable sensors during go- and ride-alongs supported the interpretation of the qualitative data.
It underpinned the qualitative data with the actual measured exposure. However,
complementing qualitative interview data with quantitative measurement data can also be
challenging, because they follow a different research logic and need to be translated for
comparison: for example, the qualitative interview data need to be translated into something
quantifiable, which can be put in relation to the measurements (e.g. by using value-oriented
codes such as ‘good’, ‘neutral’ or ‘bad’) or the quantitative data translated to make it referable
to the qualitative data (e.g. measurable high pollution, low pollution) (see Article II or
Steinmetz-Wood et al. (2019)). In this thesis, which prioritizes the qualitative approach, the
measurement data was translated into percentiles to make them relatable to the qualitative
statements and some qualitative statements were translated to value-oriented codes to make
them relatable to the measurements (pleasant, unpleasant). The measurements supported the
interpretation of the qualitative data, which was highly valuable to explore on site exposure

perceptions as well as wellbeing and perceived health en route.
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The georeferenced quantitative and qualitative data both incorporate the spatial level.
Transferring georeferenced qualitative and measurement data into a map made it possible to
visualize, analyse and interpret both qualitative and quantitative data together in relation to the
spatial situation. Qualitative data with spatial relations (“qualitative GIS” (Cope, 2009)) can be
enriched by geo-localized measurements and other data, for example land use data (as discussed
in Article II), which have proven successful in this thesis. The application of mobile methods
combined with focus groups was also successful. This can be shown in three examples: (a)
During the go- and ride-alongs, the interviewer is invited to join the interviewee’s personal
commuting route in his/her daily life, which creates a relationship. This relationship was
important for the following focus groups, because the interviewees were already familiar with
the interviewer and power imbalances could be reduced. (b) In the focus groups all interviewees
had a common experience, because all had taken part in the go- or ride-alongs. This enhanced
the focus group atmosphere and the interviewees exchanged experiences enthusiastically,
seeming even happy to share their experiences with other participants, ensuring an open and
interactive focus group atmosphere. (¢) The different steps of the research design built on one
another very well: the questions during the go-/ride-alongs made the interviewee aware of air
pollution and noise, knowing that exposure is getting measured increased curiosity and the
following GPS-tracking deepened their awareness and made them cautions about route
alternatives. In the final focus groups, this served as a good background to discuss exposure
communication and information. Each step alone may not have given such comprehensive and

in-depths insights.

Nevertheless, an extensive mixed-methods study design with three steps of data gathering takes
a lot of preparation and time. It also demands time and commitment from the participants.
Hence, there may be a sample bias: the people who participated are probably interested in the
topic, may be critical or curious about air pollution and noise, may be specifically interested in
engaging in research and have time or resources for taking part. Therefore, this potential
“special interest groups”, which may represent only a minority of possible transport users, can
dominate the discussion about transport and mobility measures leading to an “exclusive public
input into transport policy” (Bickerstaff et al., 2002, p. 71; Nared, 2020). This challenge was
partly met by distributing the call for participants among different channels, among them
neighbourhood networks or social media, so that different groups of people could be reached.
Moreover, letting the interviewee choose day and time for the go- or ride-along and having the
focus groups in the late afternoon hours ensured that people with time constrains could
participate. However, as also argued by Tomsho et al. (2019) and in Article III and 1V,
vulnerable people and hard-to-reach groups, such as, for example older people, people with
health problems or children — who are most in need of exposure protection — might not have
been reached with this study. They might also have been excluded because commuting routes
were investigated. The aim of this thesis was clearly on people who commute to work (i.e. not

children or pensioners). This social selectivity should be considered and future studies could
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specifically take these groups into account. It is important to ensure that participants who can
easily articulate their opinions do not overshadow others, who are either not reached at all or
who are not heard (Nared, 2020). Further integrating vulnerable groups is needed and their
capabilities and abilities should be addressed when developing participation processes, both for
exposure communication research (Tomsho et al., 2019) and transport research and planning
(Gebhardt & Konig, 2021; Nared, 2020).

Based on the rather exploratory nature of this thesis, the sample size is comparably small and
not representable. Therefore, the results do not give (and do not aim to give) any conclusions
in statistical terms for a larger group of people. As common in qualitative research, the aim is
to investigate the research subject or phenomenon under investigation and identify how it is
constituted, rather than its statistical characteristic (Lamnek & Krell, 2016). Generally,
qualitative approaches are missing in environmental risk perception research (Noel et al., 2021).
The qualitative approach of this thesis explored exposure perceptions, en route experiences,
commuting practices and exposure communication needs, which a quantitative approach could
not have done in such depths. Hence, it was shown that qualitative approaches offer great
possibilities to research people’s perceived health and wellbeing related to their mobility

practices and needs.

As for the discovered practices and perceptions, it should be noted that the interviewer’s
presence influences the “normally private stream of perceptions, emotions and interpretations
the research is trying to capture” (Hein et al., 2008, p. 1276). The interviewees’ answers and
the observed practices on-the-move are a result of the interaction between the interviewer, the
interviewee and the environment. On-the-move interviews lead to an “experience building”
(Kowalewski & Bartlomiejski, 2020) between interviewee and interviewer. This results in a
common reality, which may differ from the actual ‘reality’ of the interviewee’s commute. The
results have to be seen in light of this and cannot be regarded as the ‘normal’ practices and
perceptions of the interviewee. The fact that the interviewer asked questions, engaged in the
participants’ environment and cycled or walked next the interviewee intruded their “private
dimensions of lived experiences” and created a “contrived social situation” (Kusenbach, 2003,
p. 464 ). This was shown, for example by the fact that interviewees started asking questions to
the interviewer and sometimes reported that talking with someone while cycling was a new
experience for them (see Article IV). They also reported that questions regarding air pollution
and noise perception increased their awareness of these stressors en route. The go- and ride-
along situation itself and the reported environmental perceptions were experienced as a rather
artificial situation, at least partly. As discussed for qualitative research in general, the
underlying values and views of the researcher when gathering and interpreting qualitative data,
and the power relations between researcher and research subject may influence the data
gathering and it is highly important to be aware of that when reflecting upon the gathered data
(Cloke et al., 2004). Go- and ride-alongs make it possible to reveal aspects that “tend to be
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remain hidden to observers and participants alike” (Kusenbach, 2003, p. 478). Hence, also the
interviewees may have experienced their environment in new and unforeseen ways (see for
example how they perceived noise after being made aware of it, cf. Article IV). This is also
regarded as an interesting and valuable result of the go- and ride-alongs and is further discussed
in Article IL

Thirdly, the usage and selection of wearable sensors poses challenges. The applied wearable
sensors measured particulate matter and dB(A). Other pollutants could be of interest as well,
especially for studies which aim at giving the measured exposure a higher priority. Wearable
sensors have increasingly been deployed in exposure research and many sensors exist (see
Helbig et al., 2021). Sensors which dynamically detect multiple pollutants, including e.g. NO»
or Ozone, or which measure frequencies of sounds to detect the source of the noise could be
applied. However, the usage of low-cost wearable sensors also poses its difficulties. In the
underground train the GPS-based smartphone noise sensor did not properly record and
sometimes noise recording difficulties took place®>. Moreover, wind or other sounds (e.g. the
bicycle when riding on rough ground) may have influenced the noise recording. Recorded noise
may not always represent traffic noise. However, it should be noted that also other noise sources
(e.g. wind or cobble stones) can be perceived as an unpleasant sound en route. The voice
recordings have been used to detect whether measurable loud areas were due to traffic noise or
other noise sources. Generally, the noise measurements have been interpreted with caution (see
Article II and Article III). Moreover, the usage of the MovingLab tracking app which tracked
the participants independently on-the-move and automatically detects their mode posed some
difficulties. Privacy issues were stated during the empirical phase: interviewees did not feel
comfortable to share their tracked route in the focus groups on a digital touch screen in front of
others. Privacy concerns are often discussed when applying individual health and tracking
devices (Kamel Boulos & Yang, 2021). In the second and third focus group the digital touch-
screen was not applied (due to the Covid-19 pandemic and restrictions in meeting indoors),
hence, the tracking routes were only partly shared with the group. This was regarded as more

appropriate; however, it hindered an in-depth discussion about the tracked route choices.

Finally, the study area of the thesis will be reflected to give hints of its transferability. The
study took place in Berlin, Germany. Berlin is a city which is increasingly implementing cycling
infrastructure due to the mobility act from 2018 (SenUVK, n.d.), whose inhabitants increasingly
cycle (SenUVK, 2017) and whose mobility committee has newly developed a pedestrian
strategy in 2020 (SenUVK, n.d.). Moreover, Berlin is a green city, with low topography and a
continental climate, hence, walking and cycling is easily feasible (SenUVK, 2021). Moreover,
Berlin has a well-developed and used public transport (Gerike et al., 2018). The experiences,
perceptions and practices during commuting in this city have to be considered in light of the

35 With three participants the noise measurements were interrupted. The missing measurement data has not been
analysed and was not considered in the objectively measured and subjectively perceived data analysis.
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rather beneficial circumstances. In low or emerging cycling cities, the experiences of the
inhabitants regarding active commuting can be different. Aspects such as perceived safe bicycle
infrastructure have a high priority there (Desjardins et al., 2021). The findings of this thesis can
give insights into how cycling and walking is experienced, how to research practiced mobility
and related exposure and how cyclists and pedestrians could be informed about healthy routes.
Therefore, the methods and results of this thesis provide a starting point when planning research
or measures regarding healthy cycling and walking in other cities.

Effect of the Covid-19 pandemic on the study

One important issue that influenced this thesis’ data gathering is the Covid-19 pandemic®¢. The
Covid-19 pandemic emerged in early 2020 during the data gathering phase. Hence, the first ten
participants were recruited and took part before the Covid-19 outbreak, and the other eighteen
participants after the outbreak and during the pandemic. The data gathering during the Covid-
19 pandemic took place in a phase of the pandemic when restrictions were comparably low.
Limitations and opportunities deriving from these circumstances will be elaborated in the

following.

Firstly, the Covid-19 pandemic made the recruiting of participants difficult, because people
could get infected and hence, a call for face-to-face interviews and focus group discussions may
have been a deterrent. Additionally, many people worked at least partly from home during the
pandemic (Kolarova et al., 2021) and commuting to work was not as common as before — and
will maybe stay lower than before in the long-run (Currie et al., 2021). Since the study aimed
at commuting routes, this was influencing the recruitment. Moreover, the usage of public
transport has declined in Germany (Eisenmann et al., 2021) and the fear of infecting oneself in
public transport has increased and may still exist in the in long-term (as shown in Melbourne,
Australia (Currie et al., 2021)). This fear and the need to wear face masks in public transport
may have resulted in less participants using and wanting to be interviewed in public transport.
The smaller number of participants who used public transport after the Covid-19 outbreak may
reflect that.

Secondly, the Covid-19 pandemic has reshaped the quality of life in the city extensively
(Mouratidis, 2021). Studies suggest that green spaces or open public spaces, which provide
space for social interaction or leisure activities, became more essential during the pandemic
(Mouratidis, 2021). This may have led the sample interviewed during the pandemic to think
differently about the external environment and daily routes compared to the pre-pandemic
sample. It is possible that the stated importance of social cues, of leisure areas, of bars,
restaurants or seeing other urban dwellers could, at least partly, be a result of the experiences

made during the pandemic and related social restrictions. However, these factors were already

36 For more information on the Covid-19 pandemic see the official website of the WHO:
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
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stated as important by the interviewees who took part before the pandemic. These aspects may

just have become more important during the pandemic.

Finally, during the Covid-19 pandemic the public has followed the “usually concealed process
of building scientific understandings” (Caulfield et al., 2021, p. 405), because the public could
follow scientific discussions regarding the Covid-19 pandemic in the media. The discussion
about scientific findings took place publicly, including consensus and disagreement in the
scientific community, which impacted public perceptions and acceptance of preventive
strategies (Caulfield et al., 2021). For example, following the declaration of the pandemic,
public awareness regarding its health risks increased and resulted in increasing searches for
Covid-19 related health information as well as changes in mobility practices (Jun et al., 2021;
Schoenherr & Thomson, 2020). In this thesis, the participants who took part after the Covid-19
outbreak may have been more aware and sensitive about health issues — specifically inhaling
particles — and may have more knowledge on scientific health topics as a result of the media
discussions following the Covid-19 outbreak. Moreover, they may be more motivated to
undertake health protective actions, because they were used to protect their health more
extensively during the pandemic. For example, one interviewee stated that wearing masks is
common due to the Covid-19 pandemic, so he would do it for air pollution as well, whereas
another interviewee before the Covid-19 outbreak stated he would never wear a mask because
of air pollution. Face masks for protecting oneself against air pollution exposure could become

more societally acceptable as a result of the Covid-19 pandemic (Ravindra et al., 2022).

Summarizing, the Covid-19 pandemic has clearly had an impact on the data gathering of this
thesis, however, it may just have reinforced already existing needs, requirements and protective
motivations of cyclists and pedestrians. As for the future, Covid-19 has shed light on the
importance of healthy living, healthy urban planning and health promoting policies. The
pandemic emphasized the importance of breathing non-polluted air®’, the need for having green
spaces and open public space where people can meet and shed light on the benefits of cycling
and walking as healthy modes of transport. Specifically, it drew attention to modes of transport
which are not only promoting physical health, but which also pose less danger of infectious
diseases (compared to closed-up public transport) (Mouratidis, 2021). In that sense, the
outbreak of Covid-19 can be regarded as an opportunity to place human health topics in the

center of attention.

5.5 Outlook and concluding remarks

This thesis has given insights into the commute of cyclists and pedestrians in Berlin, Germany,
and has explored possibilities to inform these active mode users about a healthy and pleasant
trip. Promoting sustainable mobility, i.e. by making cycling and walking a pleasant and healthy

37 See discussions about findings that Covid-19 was specifically harmful for people living in areas where high air
pollution levels were measured (Travaglio et al., 2021), however, more research is needed (EEA, 2020a).
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mobility choice, could be a fruitful way forward to create green and healthy cities that “go far
beyond simply reducing CO2 emission” (Nieuwenhuijsen, 2016, p.167). Approaches to
improve sustainable mobility should also prioritize health, and specifically air pollution and
noise. These are two of the leading environmental health impacts in cities (Hénninen et al.,
2014). Additionally, it is crucial to consider as well the subjective health experiences and

wellbeing of cyclists and pedestrians on-the-move, alongside actual measurable pollution.

For future research it is recommended to draw on these findings. The focus on health, reinforced
due to the Covid-19 pandemic, should be deepened and health topics should receive more
attention in the field of transport and mobility. Meanwhile, exposure and environmental-health
research could draw on the perspectives of the disciplinary field of geography and mobility by

expanding its view towards subjectively perceived and mobile exposure assessments.

Moreover, this thesis has emphasized the need to actively involve transport users in the research
and planning process for creating healthy and pleasant mobility. Hence, acknowledge them as
experts of their own mobility needs. The research fields of citizen sciences, participatory
research and citizens-as-sensors or -partners already show its importance. Participatory
planning and governance should be strengthened to give people a voice in planning decisions
and adapt the implemented measures to their requirements. In addition, users should be more
integrated in the development, design and realization of mobility apps for pleasant and healthy
route suggestions. Solely relying on commercial map providers may not meet the actual

requirements of the users.

The requirements of commuters may also differ according to the region. It would be interesting
to investigate the perceived exposure to air pollution and noise, related practices and
experiences of urban dwellers in cities which face high levels of pollution. Moreover,
investigating how they want to be informed and exploring their requirements regarding
pollution prevention could be studied. On the contrary, taking a closer look on perceived and
measured exposure and practices of people in cities with comparably very low pollution, much
greenery and water and high mode share of cyclists and pedestrians would be of interest.
Additionally, future studies could enrich the proposed methodological approach by additionally
measuring physiological reactions during commute, i.e. measuring heart-rate, stress level or
other body-related reactions (e.g. see the study from Kabisch et al. (2021) on physiological
impacts from green space visits). Lastly, it would be of high interest to develop the proposed
pleasant routing app (section 5.2 and Article IV) or integrate components of it in existing
mobility apps, considering the conceptual framework for mobility app development (Article I).
Future studies could test an app like the one proposed and investigate in how far it improves

commuting experiences, perceived health and wellbeing.

Whereas this thesis has focused on cyclists and pedestrians (incl. public transport users), future
studies could also investigate the sensory awareness of car users and investigate which factors
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are of importance for their personal exposure, health and wellbeing en route. This could also
motivate them to change to healthier modes, such as walking or cycling. Generally, car users in
traffic can have higher exposure than cyclists and pedestrians®® (de Hartog et al., 2010; de
Nazelle et al., 2017; Ramos et al., 2016). Future research should also focus on health and
mobility needs of children, older people or other vulnerable groups, since they have comparably
higher air pollution and noise exposure and are often more susceptible regarding air pollution
or noise impacts (EEA, 2020a). It would be specifically interesting to investigate their perceived

health, wellbeing and pollution exposure on-the-move.

Not least since the Covid-19 pandemic the topic of health has gained societal attention. Also
concepts such as healthy cities, green cities or livable cities have become increasingly important
in urban policy and planning (Nieuwenhuijsen & Khreis, 2019). Making cities green, healthy
and livable also involves adapting cities to climate change effects, which is known to have
severe consequences for human physical and mental health, while at the same time it is
important to mitigate climate change in cities (IPCC, 2022; Revi et al., 2014). Promoting
cycling and walking, but also public transport, can address these needs. They can be a
cornerstone for developing a sustainable, i.e. liveable, healthy, environmentally friendly and
just city of the future. This thesis has shed light on these active mode users and drew attention
to their perceptions, experiences, practices and personal exposure whilst cycling or walking in
the city. By exploring perceptions and exposure on-the-move, this thesis has placed the
movement itself in the focus. The results emphasize the need to take the perceived environment
whilst being on-the-move seriously. They shed light on the importance of considering traffic-
influenced microenvironments and related dynamic personal exposure while moving and stress
the need to acknowledge the perceived exposure and perceived health and wellbeing whilst on-
the-move. Summarizing, the results of this thesis highlight relevant aspects of pleasant and
healthy commuting which should be considered in research and planning, and also serve as a
guide for future communication campaigns or information provision. It is essential to not only
inform cyclists and pedestrians about pleasant and healthy routes, but also engage them in
planning and information campaigns, acknowledging their mobility practices and perceptions
en route. This can encourage more people to cycle or walk and ensure that cycling and walking

in cities is a healthy and pleasant experience.

38 As noted by, for example Ramos et al. (2016), the exposure of car users can be higher, however, the
ventilation rate and inhaled doses of particulate matter can be higher for cyclists. Moreover, the exposure can
differ depending on the pollutants, for example the measured exposure to particulate matter, ultrafine particulate
matter, black carbon or carbon monoxide differs by transport modes (see de Nazelle et al., 2017).
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Appendices
Appendix A

Further publications related to this thesis

Authors Year | Title Journal
A. M. Becker, 2021 | Impacts of Personalized Sensor | Current Pollution Reports
H. Marquart, Feedback Regarding Exposure to | Vol. 7 Issue 4 Pages 579-593
T. Masson, Environmental Stressors https://doi.org/10.1007/s40726-
C. Helbig 021-00209-0
and U. Schlink

Abstract:

Feedback on personal exposure to air pollution, noise or extreme temperatures through wearable
sensors or sensors installed at home or in the workplace can offer information that might motivate
behaviours to mitigate exposure. As personal measurement devices are becoming increasingly
accessible, it is important to evaluate the effects of such sensors on human perception and
behaviour. We conducted a systematic literature research and identified 33 studies, analysing the
effects of personal feedback on air pollution, noise and temperatures. Feedback was given through
reports including different forms of visualization, in-person or over the telephone, or directly on the
sensor or through a phone app. The exposure feedback led to behaviour changes particularly for
noise and temperature feedback while findings on behaviour adaptation to avoid air pollution were
mixed. Most studies reported increased awareness and knowledge from receiving exposure
feedback. Many participants in studies on air pollution reported low levels of self-efficacy regarding
exposure mitigation. For a better understanding of the effects of personal exposure feedback, more
studies are required, particularly providing feedback from wearable sensors measuring outdoor air
pollution, noise and temperature.

Authors Year | Title Journal
H. Marquart, 2022 | Experiences of safe and healthy Transportation Research
J. Schicketanz walking and cycling in urban areas: | Procedia 2022 Vol. 60 Pages
The benefits of mobile methods for | 290-297
citizen-adapted urban planning https://doi.org/10.1016/
J.trpro.2021.12.038

Abstract:

Walking and cycling promotes physical activity and mental health. In many European cities,
walking and cycling has increased and is a key part of transport planning. However, many cyclists
and pedestrians still perceive themselves as neglected road users, face air pollutants, noise and fear
travel injuries. Children are in particular vulnerable. The aim of this study is to present mobile
interview methods (“go-/ride-alongs”) for promoting safe and healthy cycling/walking in urban
transport planning. We present two studies from Berlin (a) and Leipzig (b), Germany. We conducted
go-/ride-alongs with cyclists and pedestrians on (a) their commute home from work and (b) children
on their way to school. We accompanied them and investigated how they experience commuting,
the environment and discover ad-hoc situative behavior. We discuss our findings and transfer our
knowledge gained through the mobile method into transport planning strategies. Safety is most
often mentioned by all interviewees. Our studies show a high importance of in-situ/ad-hoc
experiences for travel behavior, which can be examined with an interviewer accompanying. Our
methods encourage interviewees to describe past experiences, how they shape their behavior or
factors supporting/hindering active travel. We consider mobile methods important for exploring
mobility and successful when complemented by participatory methods and instruments (e.g.,
participatory mapping, smartphone-apps, group walks). Therefore, the voice of vulnerable road
users can be strengthened. In a next step individual local experiences and community knowledge
could be incorporated in urban transport planning to improve active travel.
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Appendix B
Interview guideline of the go- and ride-alongs
(translated from German into English by the author)

A. Mobility practices and route choices

Why do we take this route?

Did you take another route in the past? Why?

We have turned to the .../changed the side of the road/..., why did we not take this
route/side of the road/...?

B. Mode of transport

How do you perceive the mode of transport at the moment?
Have you used/do you use another mode of transport sometimes? Why?

C. Environmental perception

How are you feeling regarding your environment at the moment? Do you like it?

Dislike it? Why?

How do you perceive your environment at the moment? Concentrate on what you
hear, smell, see?

You said before, you perceived the environment as [stressful, beautiful, pleasant,
...], how do you feel right now?

D. Health and wellbeing

You said, you perceived the environment as [stressful, beautiful, pleasant, ...].
Does it have an impact on you physically and your wellbeing? You have talked
about how you [don 't] like [the noise/air/...], how would you translate [don 't] like,
what does it do to you physically or mentally?

How do you feel regarding your health at the moment?

Do you have strategies, to reduce or avoid stressors such as air pollution and noise
[questions asked when people undertake protective actions]

E. Optional: Authority arguments for further stimulating a narrative [later during the go-

and ride-along, after interviewee talked about air pollution and noise him-/herself]

In Germany, air pollution and noise exposure are discussed in media and politics.
Have you considered the impacts on your health in terms of air pollution / noise
pollution?

Have you known, that noise over 55 dBA for a longer period of time is already
impacting your health according to the WHO? Usually streets with a high traffic
volume exceed even 70 dB(A).

Have you known that, according to the WHO, the burden of disease from urban air
pollution is placed at top 1 environmental health risk in urban areas. Directly
followed by noise.

We have now [referring to the display of the particle number counter] particles,
that is translated in bad air quality, compared to [street XY] before.

F. Ad-hoc questions

1



Appendix C

Interview guideline of the focus groups
(translated from German into English by the author)

the situation

bicycle, train, car,...)
e If [ imagine my perfect commuting trip to work, it would
consist of...

Arrival and Introduction Tools
Welcome, 1. Welcome, organizational issues Powerpoint
Agenda, 2. Introduction and basic rules: presentation
Procedure a. Short explanation about the research project and the

aims of the focus group discussion

b. Clarifying basic rules of focus groups: no false/right

answers, all opinions and experiences are relevant and

valuable, talk about your own point of

view/experiences, its about personal opinions and

subjective experiences

3. Agenda (questions?)

Getting to To get to know each other, I would like to invite you to give a short | Powerpoint
know each introduction to the others about yourself: presentation
other and get | ¢ Name, background
familiar with | ¢  If I was a specific mode of transport, I would be a... (e.g.

1. Topic: Exchange experiences following the go-/ride-alongs
(based on PMT (threat appraisal and coping appraisal))

To get
started:
Sharing the
perceived
personal
exposure
with others

Evaluating
perceived
severity and
vulnerability
of air
pollution and
noise

To get started:

1. Take alook at the pinboard. If you think of the last trips (to
work), that you have tracked with the MovingLab tracking
App following the go-/ride-along, how much did you feel
disturbed or annoyed from traffic related noise?
Participants are asked to take a pin and place it on the pin
board
Scale from 1-10 supported by the scale of - Extremely -
Strongly - Moderately - Somewhat - Not at all?

2. Take a look at the pinboard. If you think of the last trips (to
work), that you have tracked with the MovingLab tracking
App following the go-/ride-along, how much did you feel
disturbed or annoyed from traffic related air pollution?
Participants are asked to take a pin and place it on the pin
board
Scale from 1-10 supported by the scale of - Extremely -
Strongly - Moderately - Somewhat - Not at all?

3. Take a look at the pinboard. If you think of the last trips (to
work), that you have tracked with the MovingLab tracking
App following the go-/ride-along, how much did you feel
that your health was impacted by these stressors?
Participants are asked to take a pin and place it on the pin
board
Scale from 1-10 supported by the scale of - Extremely -
Strongly - Moderately - Somewhat - Not at all?

=> We will leave the pin board here so that you can look at it

Pin board on
which every
participant can
pinpoint a pin
on the
respective
scales (online
focus group it
was done
online) Note:
they did not
know the results
of their
exposure
measurements
at that time.

later on throughout the focus groups.
1




Sharing
experiences
of the go-
/ride-alongs

MovingLab
tracking
route choices

4. Now, please think of the go-/ride-alongs we have
undertaken together and remember the time following the
go-/ride-alongs. The following beginnings of the sentences
can guide you:

[ am happy that I participated (in the go-/ride along),
because...

My biggest eye opener was (when I/we)...

It made me worry or fear, that...

I find it positive, that....

5. Now let’s think of the routes you have chosen when you did
the MovingLab tracking following the go-/ride-alongs.
What did you change or which alternative routes did you
try out? Did you perceive something different on these
routes?

Powerpoint
slide with the
beginnings of
the sentences
for guidance

Stand around
the MovingLab
table, where the
tracked routes
are visible on
the screen and
can be zoomed
in and out (1.
Focus group),
tracked routes
shown as a
picture via
PowerPoint (2.
and 3. Focus

group)
2. Topic: Feedback about measured air pollution and noise exposure
(based on EHL and PMT: Self-efficacy and response efficacy)

Participants | (5 minutes to read through the brochure) Feedback
receive a brochure
small Short input to air pollution and noise measurements in the city.
brochure in Powerpoint
which their | If you take a look at the exposure measurements: presentation
measured What was surprising? with peaks in
peak What makes you worry/scared? exposure
exposure What was reassuring or positive? measurements
along the
routes is

presented as
well as some

explanation

and further

information

MovingLab | If we now follow up on what was Visual input:

tracking surprising/concerning/positive/...: Let’s take a look the routes you | Showing some

routes have taken during the MovingLab tracking (showing tracked routes | pictures

in the MovingLab table or on the screen): undertaken

during the go-

What would you change regarding your routes/what could you do
to effectively protect yourself? What are you willing to do/change?
What protective measures would you include in our trip?

Which of these behavioural changes will you undertake in the long-
term?

/ride-alongs

(1. focus group:
discussion done
on the

v




MovingLab

table)
3. Topic: Information and communication requirements
(based on EHL)
Information | Information is important to support healthy mobility choices. Let’s | Examples (with
and now take a look at some possibilities to be informed about healthy pictures) of
communicati | mobility. (showing different options of exposure information, e.g. communication
on options signs, mobility apps, media, other examples) and information
options

Which information do you usually consult for your daily routes?
What would you like to know in the future regarding particulate
matter, noise or health burdens?

What would you like to know in the future regarding healthier
route planning?

How should this information be communicated or presented to
you?

Everything is possible! Please let your creativity run free.

regarding air
pollution and
noise in the city
via Powerpoint
presentation




Appendix D

Codesystem go- and ride-alongs

Code and Sub-codes

Number of mentions in the

transcripts
1 Protective practices
1.1 Supress/Ignore exposure 10
1.3 Pause to “calm down" 5
1.4 Hold breath/cover nose 6
1.5 Increased distance (to cars/emitter) 10
1.6 Increase speed (avoid areas) 11
1.7 Violate traffic rules 34
1.8 "Hidden path" 38
2 Sensory awareness
2.1 related to perceived sounds
2.1.1 Noise 49
2.1.2 Quietness 40
2.1.3 Positive sounds (people talking) 2
2.1.4 Positive sounds (related to memories) 1
2.1.5 Positive sounds (musicians playing music) 4
2.2 related to perceived air/smells
2.2.2 Fresh air 9
2.2.3 Good smell (nature/water) 7
2.2.4 Good smell (related to memories) 1
2.2.5 Neutral smells 2
2.2.6 Noticeable air pollution 42
2.3 related to visual experiences
2.3.1 Social aspects/community feeling 19
2.3.2 Dirt / dark areas 8
2.3.3 Unaesthetic urban structures 8
2.3.4 Vast view 10
2.3.5 Places/situations of interest/curiosity 19
2.3.6 Observe people 18
2.3.7 Vegetation/Water 49
2.3.8 Entertainment (Shops/Cafés/etc.) 11
2.3.9 Urban aesthetics 24
2.4 Related to physical health
2.4.1 Unhealthy 7

vi



2.4.2 Healthy

2.4.3 Body tension

2.4.4 Safe feeling (traffic injuries)

2.4.5 Safe feeling (social safety)

2.4.6 Unsafe feeling (social safety)

2.4.6 Unsafe feeling (traffic injuries)
2.5 Affective/emotional experiences

2.5.1 Pleasant

2.5.1.1 Relaxing
2.5.1.2 Attractive
2.5.1.3 Pleasant
2.5.2 Unpleasant
2.5.2.1 Unpleasant
2.5.2.2 Stressful

2.5.2.3 Unattractive

3 Relevant observed built environment/ important
infrastructure / traffic situations

3.1 Good walking infrastructure
3.2 Subway/Tram/Train

3.3 Train station/hall

3.4 Lights

3.5 Freeway

3.6 Bus stop

3.7 Parking cars

3.8 Bad/missing cycling infrastructure
3.9 Cycling infrastructure

3.10 No/Few cars

3.11 Crowded areas (cyclists)
3.12 Crowded areas (cars)

3.13 Crowded areas (people)
3.14 Intersection

3.15 Underpass

3.16 Cemetery

3.17 Pop-up Bike Lane

3.18 Subway (tunnel)

3.19 (Smaller) side roads

3.20 Water

3.21 Greenery/Vegetation

vil

10
10
14

27

57
44
93

60
47

16
17
16
41
14
47
17
21

39
11
51



3.22 Busses

3.23 Tracks

3.24 Cobblestone / bumpy road
3.25 School

3.26 Construction site

3.27 Traffic lights

4 Measured air pollution (relative to respective route)

7 - comparably extremely high
6 - comparably very high

5 - comparably high

4 - mean

3 - comparably low

2 - comparably very low

1 - comparably extremely low

5 Measured noise (median of 10 sec.)

46-50 dB(A)
51-55 dB(A)
56-60 dB(A)
61-65 dB(A)
66-70 dB(A)
71-75 dB(A)
76-80 dB(A)
81-85 dB(A)

viil

12

15
45

52
38
41
41
39
39
33

12
33
76
75
56
29



Appendix E
Codesystem focus groups

Code and Sub-codes

1 Information source & communication of risks
1.1 Information denial

1.1.1 Lack of accuracy
1.1.2 Lack of understanding
1.1.3 Information overdose
1.1.4 "Why should I change?"
1.1.5 Don't want to be informed
1.2 Supporting creation and community change
1.2.1 Political action instead of informing

1.2.2 Informing others in community / increased desire to
become an activist or support activism

1.3 Supporting application, analysis and evaluation
1.3.1 Pollution integrated in weather apps
1.3.2 Healthiest route navigation
1.3.3 Map with pollution information
1.3.4 Info about highly trafficked roads
1.3.5 Alerts
1.4 Supporting recognition & understanding
1.4.1 General Information signs
1.4.2 Governmental sources

1.4.3 Translating measurement data into something
relatable

1.4.4 Informing polluters

2 Protection motivation as a result of the go-/ride-along,
measurements and GPS-tracking

2.1 Response-efficacy — does/can protective practices
really improve commute

2.1.1 Political/social trustworthiness

2.1.2 Practice improves health/wellbeing
2.1.3Practice does not improve health/wellbeing
2.1.4 Refuse/Useless to change routes/practices

2.2 Self-efficacy - am | able to conduct protective
practices

2.2.1 Mode changes

2.2.2 Increase distance to emitter

X

Number of mentions in the
transcripts

12

11

11

10
16



2.2.3 Route changes
2.2.4 Cover nose / cover ear (headphones) / hold breath
2.2.5 Other decisive factors
2.2.6 Suppressing exposure
2.2.7 Feeling of powerlessness
2.3 Perceived vulnerability - how one feels at risk
2.3.1 Do not feel at risk/perceive air pollution/noise
2.3.2 Sensory awareness and physiological effects
2.4 Perceived severity - making sense of the risks
2.4.1 Information increases perceived severity

2.4.2 Information does not increase perceived severity

15
20

24
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