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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 meas-
urement 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.

Keywords  Feedback · Air pollution · Noise · Temperature · Personal sensor · Wearables

Introduction

Urban environmental hazards of highest concern for public 
health are airborne particulate matter [1], noise (especially 
from roads, rail, air traffic, industries) [1, 2] and the urban 
heat island effect that worsens thermal comfort in cities [3, 
4]. Besides implementing policy changes (e.g. directives for 

air quality [5] and noise [6]) individuals can mitigate their 
exposure through choosing less polluted routes or adapting 
behaviours in their household. In order to adapt, individuals 
need to know their level of exposure. This has become easier 
in recent years by the dissemination of personal sensors that 
are installed at home or in the workplace or by wearable sen-
sors (wearables), which individuals can carry during every-
day activities. In recent years, there has been an increasing 
number of studies using wearables [7]. Not only can these 
capture exposure patterns (exposome) [8], but they can also 
improve our knowledge of the distribution of pollutants in 
space and time.

Several studies have combined measured environmental 
data with questionnaires or interviews about the individuals’ 
perceptions, experiences and beliefs regarding the environ-
mental situation [9–16]. Some of these studies found that 
individual’s exposure perception is not always in line with 
measured exposure data, highlighting the need to commu-
nicate exposure data back to individuals [12, 15, 17 for a 
review].

Feedback about personal environmental exposure can be 
provided at different levels of precision. It can be a general 
alert or forecast that affects a region or city or it can be 
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personal feedback from wearables or sensors in people’s 
workplace or household. This review focuses on personal 
feedback. Apart from personal feedback, there is some lit-
erature on the effects of regional air pollution or heat alerts 
[18–24]. Some alerts are bound to specific events such as 
smoke alerts due to wildfire [25, 26]. These alerts can moti-
vate protective behaviour such as drinking water and spend-
ing time in air-conditioned places [27] or reducing outdoor 
bicycle trips [28].

Wearables that provide direct feedback are increasingly 
accessible for private consumers (e.g. the Flow sensor1) and 
there is a growing interest in feedback from sensors installed 
in homes or at work. These developments make it important 
to question the feedback process and to summarize findings 
about its effectiveness in changing perceptions and behav-
iour. This review aims to analyse how personal feedback 
influences participants’ perceptions of air pollution, noise, 
and temperatures and how it might motivate behaviours to 
mitigate exposure.

Predicting (Health) Behaviour Change

By using sensors that measure personal exposure to environ-
mental stressors, people may encounter information, which 
they were previously not aware of and that may be framed 
in ways to increase their risk perceptions (exposure to air 
pollution, noise or heat is perceived as threatening, e.g., to 
health) and/or to elicit fear in them. Threat (fear) appeals are 
strong, when they communicate the negative consequences 
of an event or behaviour (e.g. smoking) as personally rel-
evant and likely to occur [29]. Illustrating the severity of a 
behaviour’s negative outcomes and the likelihood that the 
person will be affected, along with a suggestion of how to 
cope with the situation, can be an effective way to trigger 
behaviour change [29].

The effects of threat appeals to change people’s health 
behaviour have been studied in the Health Belief Model 
(HBM) [30] and in the framework of Protection Motivation 
Theory (PMT) [31, 29]. Both theories were developed to 
address health-related behaviour change (e.g. stop smok-
ing or exercising regularly) [29, 30, 32 and 33]. The HBM 
predicts behaviour change when the perceived susceptibility 
and severity of a negative health outcome are high and when 
actions to mitigate the harm are seen as beneficial [30]. On 
the other hand, perceived barriers to the beneficial behav-
iour can inhibit behaviour change [30]. Similarly, PMT pre-
dicts behaviour change, if current behaviour outcomes are 
perceived as harmful (threat appraisal) and the person sees 

him- or herself capable of implementing changes in their 
behaviour to avert the harm (coping appraisal) [31]. Fear 
was added as the emotional aspect of the threat appraisal 
[31]. The coping appraisal depends on two major factors: 
outcome efficacy (Is there an alternative behaviour that 
can substantially reduce the threat?) and self-efficacy (Can 
I implement these behaviour changes?) [31]. The coping 
appraisal also includes appraisals of the costs to perform 
protective behaviour, including aspects such as financial 
costs or the existence of strong behavioural habits decreasing 
the readiness for behaviour change [34, 35]. Meta-analytic 
evidence supports the feasibility of the PMT for explaining 
health behaviours [36]. Both the PMT and the HBM pro-
vide a well-established theoretical basis for the design of 
interventions (e.g., feedback interventions) aimed at chang-
ing health behaviours, such as behaviour targeting exposure 
mitigation. Other models to predict the formation of behav-
ioural intentions such as the Theory of Planned Behaviour 
(TPB) [37] are less focused on the prediction of health-
related behaviour, though keeping their framework in mind 
can also be of use to plan interventions. In particular, the 
Theory of Planned Behaviour posits that attitudes, perceived 
behavioural control, and subjective norms (the behaviour of 
important others) predict behavioural intentions [37].

Feedback and behavioural monitoring are important com-
ponents of many behavioural interventions [38]. Interven-
tions can entail feedback about a person’s performance or 
behaviour as well as self-monitoring such as feedback to 
visualize physiological reactions (e.g., in fitness apps). Fur-
thermore, feedback can include information on the behaviour 
of others, thereby giving a frame of reference and possibly 
activating a social norm (e.g., others are exposed to less 
particulate matter in the house). Social norms can be strong 
motivators of behaviour change [37]. We define feedback of 
environmental stressors as any form of information provided 
on personal exposure to air quality, noise or temperature. This 
can be understood as behavioural feedback because exposure 
levels can be a distal indicator of behaviours such as routing 
choices, indoor smoking, and cooking or voice levels. This 
behavioural feedback can have an effect on perceived out-
come efficacy of different behaviours, if people can identify 
a relationship between their current behaviour and exposure 
levels. In turn, perceptions of efficacy are a crucial compo-
nent of behaviour change theories (e.g., [31]). It can also be 
understood as an extended form of self-monitoring (similar 
to tracking apps that monitor the heart rate) as individuals 
receive information about their exposome [8]. This informa-
tion about potentially harmful exposure levels can act as a 
threat appeal to motivate action [30] and motivate partici-
pants to adapt and optimize their individual exposure [39].

This review focuses on personal feedback on air qual-
ity, noise and temperature and aims to answer the following 
questions:1  https://​plume​labs.​com/​en/​flow/
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Q1.What impact does feedback on exposure to air pol-
lution, noise and temperature have on participant’s percep-
tions, emotions and behaviours?

Q2. Are there particular aspects of feedback provision 
that are particularly effective in changing behaviours?

Q3. Under which circumstances can environmental feed-
back lead to protective behaviour? What are aspects that 
might prevent behaviour change?

Methods

An initial non-structured literature search gave a rough over-
view of the literature available. Results were discussed to 
determine search terms for the structured literature search. 
Theses search terms were entered in two separate search 
engines: Scopus and Web of Science. The search terms were 
organized in three blocks: pollutants, dependent measures 
and form of feedback (Table 1). The search terms were 
combined to include one component of each block and all 
possible combinations were entered in Scopus and Web of 
Science.

The literature search yielded 5250 results in Web of Sci-
ence and 3081 results in Scopus. In step one (see Fig. 1), 
we deleted duplets from the literature. At this stage, we 
included all papers in which feedback was given about air 
pollution, noise or temperature. Titles were excluded if they 
clearly referred to research outside the range of feedback on 
air quality, temperature or noise (e.g., biological and ani-
mal studies or robotics) or if they were review papers. Two 
authors then scanned the abstracts in step two. Papers were 
excluded if there was no indication of a feedback interven-
tion, e.g., when studies examined only the association of 
exposure and perceptions (see [17] for a review) or health 
outcomes. In step three, all authors participated in reading 
the papers that were identified as relevant. In this round of 
reading the papers, we coded some aspects regarding the 
papers’ methods and the form of feedback. To focus the 
scope of this review, we then limited our inclusion criteria 
to studies with personal feedback (e.g., wearables or sensors 

in the household or workplace). We did not consider studies 
with general pollution or heat alerts for a city or region. In 
this step, we added 8 papers from our initial unstructured 
literature search and reference lists. Figure 1 gives an over-
view of the literature reviewing process. We followed the 
PRISMA guidelines for structured literature reviews [40].

Results

Descriptive Overview of the Reviewed Studies

Thirty-three studies providing feedback on indoor and/or 
outdoor exposure to environmental stressors met our inclu-
sion criteria (Table 2). Most studies were published in 
recent years (21 papers since 2018) and were conducted in 
the countries of the so-called global north (14 studies from 
the USA or Canada, 16 studies from European countries). 
The number of measurements or participants varied largely, 
ranging from one participant [39] to 38267 noise measure-
ments [41]. Most of the studies targeted air pollution (22), 
while fewer studies gave feedback about noise (9), or tem-
peratures (2).

For air pollution, most indoor studies dealt with indoor 
smoking (Fig. 2), including measurements of particulate 
matter (PM), radon, air nicotine and/or secondhand smoke. 
Other indoor studies on air pollution (e.g., from cooking 
stoves) measured PM, NO2, CO, O3, and VOCs. Outdoor 
studies on air pollution provided feedback from wearable 
sensors measuring PM, NO2, VOCs, black carbon, and 
NOx. Some studies gave feedback on participants’ exposure 
indoors as well as outdoors. Most studies on noise exposure 
gave feedback about noise indoors, e.g., in the classroom 
[42–44] or a hospital [45–47]. These interventions aimed 
at lowering participants’ voice, e.g., to protect the teacher’s 
vocal health or intensive care patients. Studies on feedback 
of outdoor noise levels included interventions to promote 
hearing protection usage among air force workers [48] or 
farm workers [49]. The two studies on temperature gave 

Table 1   Search terms used in 
the systematic literature search

a In Web of Science, the terms “air” and “pollution” were entered separately for most search rounds
b In Scopus, the search terms “noise” and “sound” were entered as single search terms
c In Scopus, the term “feedback” was entered in conjunction with “individual” or “personal”

“air” AND “pollution”a

“noise measurement”
“noise monitoring”b

“sound intensity”b

“dB(A)”
“heat”
“temperature”
“thermal”
“weather”

“behavio*” AND “change”
“perception”
“awareness”

“feedback”c

“individual” AND “report”
“individual” AND “information”
“personal” AND “report”
“personal” AND “information”
“report back”
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feedback on work-related outdoor heat [50] and cold tem-
peratures [51].

Design of the Feedback

The reviewed studies varied significantly in their design of 
the feedback, involving differences in their feedback com-
ponents and feedback frequency as well as the presentation 
and the medium of feedback information (Table 3).

Feedback Components and Frequency of Feedback

Studies differed with regard to their level of feedback, includ-
ing feedback from wearable sensors (10 studies) or feedback 
on more aggregate levels of exposure, e.g., household or 

workplace-related exposure levels (22 studies).2 Wearable 
sensors enable participants to explore their environment by 
measuring their exposure in different locations and to pro-
tect themselves by avoiding highly polluted areas. Behaviour 
changes following feedback on more aggregate (e.g., house-
hold) levels of exposure to environmental stressors could 
also be motivated by the desire to protect vulnerable others 
from exposure, for example, protecting children from indoor 
smoking.

Providing information on how participants are able  
to change exposure levels can increase the effectiveness  
of feedback interventions, as behaviour suggestions can 
alter perceptions of self-efficacy, i.e., a person’s beliefs in 
her/his capabilities to attain specific outcomes [52]. This 

Fig. 1   Flowchart of the litera-
ture search process [40]

Records identified from:
Scopus (n = 3081)
Web of Science (n = 5250)

Records removed before 
screening:

Duplicate records removed  
(n = 3123)

Titles screened
(n = 5208)

Papers excluded
(n = 4660)

Abstracts screened
(n = 548)

Papers excluded
(n = 450)

Papers assessed for eligibility
(n = 98) including (n= 8) papers 
from scanned reference lists and 
unstructured search

Papers excluded:
No exposure feedback (n = 
31)
Feedback alert on a 
communal level (n = 20)
Feedback not on air quality, 
temperature or noise (n = 6)
No measurement of 
perception or behaviour 
variables (n = 10)
No empirical study (n = 4)
Paper not accessible (n = 2)Papers included in review

(n = 33)
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2  One study did not provide details on the sensor [67].
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Table 2   Descriptive overview of studies

Paper Year Place Number of  
participants

Quantitative/ 
Qualitative

Idoor/ 
Outdoor

Measured pollutant

Studies on air pollution feedback
Borrelli et al. 2010 USA 133 Quantitative Indoor Secondhand smoke
Adams et al. 2011 USA 32 interviews (50 

households)
Qualitative Mixed 150 chemicals

Klepeis et al. 2013 USA 3 families Mixed Indoor PM2.5
Hahn et al. 2014 USA 50 Quantitative Indoor Radon, secondhand 

smoke
Borrelli et al. 2016 USA 560 Mixed Indoor Secondhand smoke
Fang et al. 2016 Unclear 3 families Mixed Indoor PM
Morgan et al. 2016 UK 9 interviews (39 

participants)
Qualitative Indoor Air Quality Index

Oltra et al. 2017 Spain 28 Qualitative Mixed NO2
Haddad and de 

Nazelle
2018 UK 22 Mixed Outdoor NO2, VOCs

Varaden et al. 2018 UK 10 using devices (400 
in survey)

Mixed Outdoor Black carbon

Wong-Parodi et al. 2018 USA 4 interviews (60 
participants)

Mixed Indoor PM2.5

Ratschen et al. 2018 UK 205 Quantitative Indoor PM2.5
Semple et al. 2018 UK 117 Quantitative Indoor PM2.5
Bales et al. 2019 USA 29 Qualitative Mixed CO, NO2, O3, tem-

perature
Hahn et al. 2019 USA 515 Qualitative Indoor Radon, air nicotine
Tomsho et al. 2019 USA 71 Mixed Indoor PM, NO2
Boso et al. 2020 Chile 15 Mixed Indoor PM
Dobson et al. 2020 Scotland, Greece, 

Spain, Italy
86 Mixed Indoor PM2.5

Heydon and 
Chakraborty

2020 UK 45 Qualitative Mixed PM 2.5, PM10, NOx, 
VOCs

Tan and Smith 2020 UK, Malaysia 1 Qualitative Outdoor PM 2.5, PM10, NO2, 
VOC

Mahjan et al. 2020 UK 4 (10 participants 
with sensors)

Qualitative Mixed PM

O’Donnell et al. 2020 UK 15 interviews (120 
participants)

Qualitative Indoor PM 2.5

Studies on noise feedback
Becker et al. 2013 UK, Italy, Belgium 38,267 measurements Quantitative Mixed Noise
Wang et al. 2014 Canada Unclear Quantitative Indoor Noise
Williams et al. 2015 Australia 85 Quantitative Outdoor Noise
Chawla et al. 2017 USA 106 Quantitative Indoor Noise
Trawick et al. 2019 USA 19 Quantitative Outdoor Noise
Di Blasio et al. 2019a Italy 7 teachers Quantitative Indoor Noise
Di Blasio et al. 2019b Italy 550 class hours Quantitative Indoor Noise
Ukegjini et al. 2020 Switzerland 664 surgeries Quantitative Indoor Noise
Tabuenca et al. 2021 Spain 198 Quantitative Indoor Noise
Studies on temperature feedback
Thompson et al. 2018 USA 66 Quantitative Outdoor Heat
Nelson et al. 2020 USA 44 Quantitative Outdoor Cold
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increased sense of self-efficacy can encourage behaviour 
change [31]. In contrast, providing threatening feedback 
information without actionable behaviour suggestions 
may be less effective or even backfire, leading to apathy 
or denial [53]. Whereas most of the air quality feedback 
studies also made suggestions for alternative behaviour to 
reduce indoor exposure (12 studies) or outdoor exposure 
(two studies), only one of the temperature feedback stud-
ies and only two noise feedback studies explicitly included 
suggestions on protection behaviour. For noise feedback, 
however, it is likely that teachers in the classroom requested 
pupils to lower their voice or that behaviours to reduce noise 
(i.e., lowering the voice) may be intuitive and not require a 
formalized suggestion.

Information on social comparisons can help participants 
to understand their exposure levels relative to the exposure 
of similar others or to gain information on what levels of 
exposure are rated as tolerable by their peer group (i.e., pro-
tection ingroup norms; [54]). In total, ten studies included 
elements of social comparison in their feedback, such as 
information on others’ exposure, pollution levels in other 
places or by allowing participants to exchange their experi-
ences in a chat group [55].

Regarding frequency of feedback, studies either provided 
their participants with continuous feedback (i.e., feedback 
anytime or on demand) or gave feedback only in intervals 
or at the end of the measurement phase. Continuous feed-
back enables participants to be more active in exploring their 
environment or observing how their behaviour affects expo-
sure levels. Continuous feedback was more prevalent in air 
pollution (nine studies) and noise feedback studies (seven 
studies) as compared to temperature feedback studies (no 
studies).

Presentation and Medium of Feedback Information

Information on exposure levels may be easier to comprehend 
and, thus, may be more effective, depending on the presenta-
tion of the feedback [56, 57].

Feedback through an LED light or alert which indicates 
current pollution levels can be very intuitive and draw  
attention to high levels of exposure [58]. Few studies on  
air pollution (five studies) and none of the temperature 
studies used lights or auditory signals to indicate current 
levels of exposure. In contrast, most noise studies provided 

Fig. 2   Overview of studies
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feedback through a light. Colour coding can also help to 
visualize feedback information [59]. Colour coding was used 
to label exposure levels in graphs and maps for air pollution 
and in studies with light feedback (e.g., red light for high 
exposure).

Providing maps can be helpful for outdoor exposure 
measurements, as maps allow participants to locate their 
exposure and find ways to avoid it. Both temperature stud-
ies, most outdoor air pollution studies (four studies) and 
one noise study provided participants with maps, the latter 

Table 3   Feedback components

585Current Pollution Reports (2021) 7:579–593
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being the only noise pollution study that did not measure 
exposure at work or in school. There were only two studies 
using wearable sensors that did not provide a map [48, 60].

Oral feedback (e.g., over telephone or in person) offers 
the opportunity for participants to interact and pose ques-
tions directly but may have the downside of being a ‘non-
permanent’ form of communication. Relatively few studies 
provided oral feedback: these were mainly indoor smoking 
studies (combining feedback with efforts to increase respond-
ents’ self-efficacy), as well as one noise feedback study (dis-
cussing feedback during work meetings; [45]). Temperature 
feedback was given in feedback sessions where printed feed-
back reports were explained by the research team [51, 50].

Method of Outcome Measurement

Fifteen studies measured the effects of feedback quantita-
tively (Table 1), using questionnaires to assess changes in 
behavioural intentions or self-reported behaviour as well 
as sensor measurements to capture changes in participants’ 
exposure levels (e.g., lower levels of indoor air pollution 
indicate less smoking; [25]). Sensor measurements capture 
changes in behaviour directly, while interview or question-
naire studies allow a more detailed investigation of factors 
possibly affecting exposure mitigation behaviours (e.g., 
perceived behaviour barriers). Although some studies 
relied solely on sensor measurements [42, 43, 45, 46 and 
89] more studies combined sensor measurements with inter-
views [61, 62] or questionnaires [44, 48, 63 and 64]. Eight 
studies applied only qualitative methods (e.g., interviews, 
focus groups or analyses of journal entries [39, 55, 65–67]). 
Nine studies combined qualitative and quantitative methods 
to assess the outcome/s of exposure feedback (i.e., mixed 
methods approach) [62, 68–70]. Table 4 (Appendix) gives 
an overview of study outcomes and methods of outcome 
measurement.

Behaviour Change as an Outcome

Behavioural Intentions and Self‑reported Behaviour 
Change

Changes in intentions or self-reported behaviour changes 
were observed in seven studies on indoor air pollution feed-
back and in five studies on outdoor air pollution feedback. 
Some participants intended to use outdoor air pollution 
feedback for long-term changes in the future [39, 69]. Self-
reported behaviour changes included small-scale adapta-
tions, such as opening windows at home, taking less polluted 
routes [39], getting out of the car in front of a bus rather 
than behind it or keeping car windows closed on busy high-
ways [68]. In one study, 60% of participants reported having 
changed their behaviour to walking and cycling rather than 

taking a car to school [70]. However, in three studies, par-
ticipants indicated that the wearable sensor did not motivate 
them to change their behaviour [60, 65 and 69].

Participants who received feedback on indoor air pollu-
tion voiced their intention to make small-scale behaviour 
changes, such as reducing their use of pesticides, scented 
candles, bath soaps, and detergents and to increase ventila-
tion [71, 72], or intentions to buy dry wood and to take part 
in a stove replacement program [55]. They also self-reported 
having made small behaviour changes such as using a vac-
uum cleaner, smoking outside or keeping doors closed to 
avoid outdoor pollution from entering the house [55]. In one 
study, where feedback included instant behavioural prompts, 
participants followed these suggestions [73]. However, in 
some studies the trend towards taking action was not sig-
nificant [74].

In smoke cessation programs with exposure feedback, 
some persons reported willingness to make small behaviour 
changes, such as going outside to smoke, opening a window 
or door, and smoking less [75]. One study considered  stages 
of behaviour change [64] and observed a progress towards 
exposure mitigation [64]. Self-reported behaviour changes 
included steps to mitigate smoking behaviour at home [61, 
62 and 76]. However, these changes did not always sustain 
over time [61] and, while for some the feedback suggested 
a change, others ignored or denied the information [77] and 
some studies found that changes in self-reported smoking 
were not significant [63, 78].

Most studies with noise feedback focused on measured 
behaviour change, rather than intentions or self-reported 
behaviour. However, one study found that 95% of partici-
pants were motivated to use hearing protection in the future 
[49], while one study found that participants did not find the 
feedback helpful to change their behaviour during work [48]. 
Providing outdoor workers with information on cold or hot 
temperatures resulted in an increased willingness to adapt 
behaviour [50, 51].

Changes in Manifest Behaviour

Studies analysing actual changes in behaviour rely on sensor 
measurements to see whether exposure levels were reduced 
after participants received feedback. One study on general 
household air pollution showed no change in air quality after 
the feedback function of the sensor was activated [55], while 
another study which also included behavioural prompts in 
the feedback found a lower percentage of polluted time in 
the feedback phase [73].

Smoking cessation programs found mixed results regard-
ing measured pollution levels. While some observed that 
the feedback led to a significant drop in PM2.5 levels [62, 
89] others found no significant changes in PM [78] or no 
improvement through repeated feedback on secondhand 
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smoke (vs. only one feedback) [61]. One study which com-
pared smoking cessation interventions even found that an 
intervention with feedback to increase risk perception led 
to less decrease in secondhand smoke than a self-efficacy 
focused intervention without feedback [63].

Real-time feedback on noise exposure significantly 
decreased the noise level in hospitals [45, 46 and 47] and 
for air force workers experiencing continuous noise (but 
not for arms operators who experience impulse noise) [48]. 
Noise measurement devices in classrooms, indicating noise 
levels with colours and iconographs (smileys), resulted in 
a lower classroom noise level [42–44]. In one study, noisy 
classes had reversed effects because children tried to make 
loud sounds to keep the noise measurements up [44]. One 
study showed that users of an app measuring noise exposure 
changed their measurement behaviour, measuring more fre-
quently in very noisy environments after receiving feedback 
on their personal noise exposure [41].

Exchanging Information with Peers

An important outcome of receiving exposure feedback 
was increased communication with peers about this issue. 
For example, respondents exchanged knowledge about air 
pollution by talking to others such as family and friends 
[39, 62, 68, 70, 74 and 80]. Some used the feedback to 
encourage others to quit smoking [77] or found it easier to 
communicate with their co-workers about hearing protection 
to mitigate noise exposure [49]. After receiving information 
on air pollution, participating schoolchildren even started a 
group initiative to reduce exposure to air pollution on school 
journeys [70]. Other participants showed more political 
activism against industry-related pollution [71]. Using sen-
sors also led to curious observers, resulting in conversations 
with others [39, 74].

Constraints to Behavioural Change

Although receiving feedback was associated with positive 
outcomes, the studies also mentioned a number of con-
straints that limited behaviour change. Constraints related 
to outdoor air pollution exposure were that the capacity to 
choose less polluted routes was limited for practical reasons 
or because behaviour change was perceived as too costly 
[39, 60, 65 and 69]. In one study, participants reported that 
they were already doing their best to avoid air pollution [69]. 
Some participants in indoor air pollution studies felt that 
they had low levels of self-efficacy to control their indoor air 
pollution due to comfort constraints, weather conditions and 
lack of control over nearby polluters (e.g., emissions from 
neighbours) [55]. Others felt unsure how to reduce their 
exposure [71] or had family obligations, such as watching 
children, which did not allow them to smoke outside [62, 

80]. Other reasons for not changing indoor smoking habits 
were bad weather or mental health problems [62].

Other Outcomes

Feedback on exposure also affected non-behavioural out-
comes, including exposure-related knowledge, risk percep-
tion, emotions and confidence to mitigate exposure.

Knowledge, Awareness and Risk Perception

Personal feedback on air pollution and temperature increased 
participants’ (self-reported) knowledge and problem aware-
ness [39, 51, 55, 60, 62, 65–67, 70–74 and 80 and 90]. Par-
ticipants also indicated an increased interest in air quality 
issues [68]. Specifically, respondents reported increased 
knowledge about the sources of air pollution and the level 
of exposure in different situations [67, 68, 72 and 73]. One 
noise-related study focused on the accuracy in perception 
and found that repetitive use of a noise feedback application 
led to more precise subjective perceptions of noise [41].

For some participants, the feedback increased their con-
fidence, e.g., to talk to others about the topic or to reduce 
their exposure [39, 49, 73 and 74]. In other cases, however, 
participants reported that their increased awareness was 
uncomfortable due to feelings of powerlessness and low self-
efficacy to control their exposure [65]. Apart from knowl-
edge gains, receiving feedback about smoking at home and 
its health impacts also led to a significant increase in risk 
perception and concern regarding health impacts [55, 62, 
74 and 76].

Exposure‑Related Emotions

Many participants reported being surprised about their 
exposure to air pollution or cold temperatures [51, 55, 60, 
65, 68, 71, and 80]. One participant felt disappointment 
on days with high levels of air pollution [39]. One person 
reported sadness [66] and some reported fear in reaction to 
the feedback [51, 60]. Heightened threat could also lead to 
feelings of powerlessness and resignation [65]. On the other 
hand, some participants found their experimentation with the 
sensors fun and informative [44, 68].

Summary of Results

The goal of this review was to investigate how pollution feed-
back can affect participants who receive information about 
their individual exposure levels. To answer our research ques-
tions regarding the effects of feedback on perceptions, emo-
tions, and behaviour, it is helpful to differentiate the studies 
based on the source of pollution as well as the behaviours 
required to minimize exposure. Most outdoor air pollution 
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studies, in which participants explored their surroundings 
with wearable sensors, found that alternative behaviours (i.e., 
choosing other routes) were very costly and change was often 
not possible. Results regarding behaviour change in response 
to indoor air pollution feedback were mixed. Though some 
found small-scale adaptations, there were also constraints 
to changing pollution levels. Noise feedback and feedback 
regarding ambient temperature were mostly successful in 
changing behaviour. Most studies raised awareness and 
knowledge about air pollution, noise or temperature. Several 
studies also reported that participants shared the new learned 
information with others. Several participants were surprised 
about their pollution levels and had a heightened perception 
of threat. Combined with feelings of low self-efficacy, this 
led to resignation for some participants.

Discussion

We have taken a closer look at a relatively new and evolving 
field, namely personal feedback on environmental stressors. 
As personal sensors are becoming more accessible, it is 
important to evaluate the effects of personal exposure feed-
back on human perception and behaviour. Our review shows 
that feedback can indicate behaviour change to some extent 
(Q1): Some studies observed behavioural changes or elicited 
intentions to change behaviour, while others did not change 
behaviour and some even led to resignation. Current studies 
in this field vary greatly in their study designs and method-
ologies of feedback provision and outcome measurement. 
Hence, this review will not be able to provide clear recom-
mendations on how to design feedback to be successful (Q2), 
but we can draw attention to what has worked in the past and 
what has not; and we discuss some presumptions on why the 
results may vary (Q3).

There is a Lack of Feedback Studies on Outdoor 
Exposure

It is encouraging to find that this field is evolving and many 
researchers are exploring the usefulness of wearable sensors. 
However, there are significant research gaps: surprisingly 
few studies focus on feedback regarding outdoor noise or 
outdoor air pollution and even after a thorough literature 
search, we found only two studies that provided tempera- 
ture feedback. Noise is a severe environmental stressor  
in urban areas [1, 2] and traffic-related noise pollution is  
a major source of health problems [82]. Given its severity, 
there is a need to further investigate how noise exposure can 
be communicated outside of work/school during everyday 
activities (e.g., exposure to road/rail traffic noise during daily 
commute) [83]. Similarly, more studies on feedback about 
outdoor air pollution exposure in urban areas are needed, 
though research interests in this field are increasing [7]. Due 

to the fact that urban heat islands are threatening human 
health and comfort [3, 4], individual temperature feedback 
also deserves more attention in the future. While heat alerts 
and air pollution alerts are spread via media such as news-
papers, TV or the radio [18–24] we see great potential for 
personal sensors in this field. Not only can wearable sensors 
provide information on the temporal and spatial distribution 
of pollutants; feedback from wearable sensors can also give 
more precise information about individual exposure pat-
terns, which can inform behaviour change such as choosing 
different routes or travel times in everyday outdoor mobility.

Self‑efficacy Needs to Be Considered in Future 
Studies

The results of this review imply that behaviour change for 
exposure mitigation is harder for air pollution than for noise 
exposure, even though most noise feedback interventions 
were rather simple (e.g., installing a feedback light). There 
may be different explanations for this. Noise reduction in 
indoor environments was mostly achieved by lowering 
voice levels. Participants themselves were the main source 
of noise, which means that they were mostly in control of 
noise levels. Control over the outcome, i.e., self-efficacy, is 
an important predictor in behaviour change theories such as 
the Protection Motivation Theory [29, 31] or the Theory of 
Planned Behaviour [37]. Investigating externally produced 
noise exposure and resulting mitigation behaviour would be 
an interesting future research direction.

Outdoor air pollution levels are not directly controllable 
and many participants felt like their capabilities to mitigate 
exposure were limited or too costly. While some implemented 
small-scale changes, others resigned. In studies where par-
ticipants were given clear instructions on how to avoid air 
pollution [70, 73] they felt more empowered and reported 
behaviour change. Smoking cessation programs were partly 
successful in leading participants to reduce smoking at home. 
Though smoking cessation is hard given the addictive proper-
ties of nicotine, this is again a case of the participant being 
the source of the pollution and therefore in control.

When participants did not feel in control of their expo-
sure, some reported feeling resignation, fear or sadness. 
This hints at the dangers of interventions where participants 
receive information about their exposure, but do not get sup-
port in terms of clear behaviour recommendations. A lack 
of coping appraisal when threat appraisal is high can lead 
to  so-called non-protective coping that is focused on reduc-
ing negative emotions when a threatening situation cannot 
be changed in itself [53]. These non-protective responses 
can be denial, wishful thinking, and resignation [53, 84]. 
Interventions without behavioural suggestions to increase 
self-efficacy might backfire and lead to frustration rather 
than problem-focused behaviour changes.
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Collective Action as an Outcome

Outdoor air pollution, noise, and rising temperatures are 
a collective problem. Since individuals find it difficult to 
avoid exposure, it is important to take collective reactions 
to environmental feedback into account [85, 86]. Turning 
towards agentic groups can provide a feeling of group-based 
control [87] and therefore spur people into action. There are 
indications that participants have used their newly learned 
insights from the sensor measurements to talk to others and 
feedback even motivated political activism. Examining par-
ticipants’ willingness to take collective action or laying a 
stronger focus on communication aspects (e.g., platforms 
where participants can exchange experiences or get in con-
tact with experts/decision-makers) would be an interesting 
research direction for exposure feedback studies.

More Powerful Study Designs are Needed

Finally, most of the reviewed studies are explorative or quasi-
experimental (for example, looking at exposure levels and 
questionnaires before and after a feedback intervention). 
While these designs can help to get an initial understanding, 
they do not allow causal inferences. Therefore, it is impor-
tant to use more rigorous testing (e.g., randomized controlled 
trials) in the future. Moreover, most studies are rather short-
term, highlighting the necessity for long-term studies to 
investigate how behaviour change can be sustained over time.

Furthermore, it is evident that most studies were conducted 
in the USA or Europe. This narrow focus can lead to conclu-
sions that might be most applicable to WEIRD (white, edu-
cated, industrialized, rich and democratic) samples [88]. Fur-
ther research is needed to test the applicability of these findings 
in different cultural settings and places where air pollution, 
noise or heat exposure may be an even more severe problem.

Conclusion

In this literature review we have investigated the impact of 
feedback from personal sensors measuring air pollution, 
noise, and temperature. Giving personal feedback has a great 
potential to increase knowledge and awareness of personal 
exposure. The reviewed studies show mixed results regard-
ing behaviour change. The potential for a behaviour change 
depends not only on the form of feedback but also on the 
source of pollution and the type of behaviours required to 
mitigate exposure. Studies in which participants are in con-
trol of their exposure (e.g., their own noise emissions or 
smoking behaviour) more often lead to behaviour changes 
in response to feedback, than studies in which they receive 
feedback on exposure from external sources outside of their 
control (e.g., outdoor air pollution). When behaviour adapta-
tions to avoid exposure are very costly or seem impossible, 
this can result in negative emotions or resignation.

Suggestions for future research directions in the field of 
individual feedback from sensors are as follows:

Firstly, personal feedback on outdoor exposure is rare, espe-
cially outdoor noise pollution, and extreme temperatures dur-
ing daily activities are missing. Given their severity for health 
[1, 3 and 4], future research should investigate the effects of 
individual feedback during outdoor activities. Secondly, future 
studies should pay more attention to self-efficacy and take 
behavioural change models (e.g., Protection Motivation The-
ory [29, 31]) into account when designing the feedback pro-
cess. The reviewed studies highlight the necessity of providing 
guidance on how to cope with exposure. This is important not 
only to motivate individual protective behaviour but also to 
avoid fear and resignation. Thirdly, communication with peers 
was an outcome in several studies on air pollution exposure. 
This exchange is important for people not only to understand 
their exposure in relation to others but also to feel empowered 
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to take action as members of a group [85]. This aspect should 
be further studied in the context of personal exposure feedback. 
Finally, future research should focus on rigorous study designs 
such as randomized controlled trials and longitudinal studies.

Providing feedback on personal exposure to environmen-
tal stressors has a great potential to motivate behaviour adap-
tations and to raise awareness about the health impact of our 
surroundings. As personal sensor technology is becoming 
more accessible, this field of research is developing quickly 
and it offers a promising perspective for future health inter-
ventions and exposure communication.

Table 4   Outcomes of reviewed studies (positive outcomes (green), 
negative outcomes (red), exchange with others (violet), awareness/
knowledge (blue), emotions (yellow))
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