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ABSTRACT 

Physical activity plays a key role in maintaining individ -being, 
improving physical and psychological functioning and reducing the risk of 
chronic disease. Lack of physical activity is a major public health concern. 

 
engagement in physical activity could promote the development of 
interventions that help individuals live healthily. rapidly evolving 
digital applications and sensor technology offer new opportunities to provide 
ubiquitous, personally relevant support to help individuals change and to 
study their process of change in their everyday lives over time. 

Although motivation is the core component of several key social 
psychological theories of behaviour change, many fundamental questions 
about the role of motivation remain unanswered. Firstly, no synthesis exists of 
the evidence of the intervention features that increase motivation or intention 
for physical activity and therefore there is no understanding on which 
intervention mechanisms work best. Secondly, autonomous motivation is a 
recognised determinant of physical activity, but there are no established 
mechanisms to help practically translate motivation into physical activity. 
Thirdly, control theory-related, self-regulatory behaviour change techniques 
(BCTs), such as goal setting, action planning, and self-monitoring, have 
repeatedly been identified in successful physical activity interventions. 
However, what exactly makes individuals start using these BCTs is less well 
known. In addition to the motivational and self-regulatory determinants of 
physical activity, factors such as intervention delivery method and perceived 
empathy, warmth, and support of autonomy may affect intervention 
outcomes. Finally, a problem with the existing evidence is that although 
behavioural theories explain individuals  behaviour, most studies draw their 
conclusions from group averages. Understanding the processes of change 
within individuals is necessary to improve theory and develop services that 
target the right determinants and provide suitable support for each user. 

 
This work aimed to resolve these challenges using data from several studies, 
to (1) conceptualise the process that leads to increased motivation for physical 
activity and engagement in the behaviour change process, and (2) develop and 
evaluate a digital intervention based on theory and evidence. The two first 
studies examine motivation quality and the related BCTs. The multi-theory 
process model presented in Study I and the meta-analytic conclusions of Study 
II were used to guide the development of the smartphone-based digital 
intervention that was presented and tested in Studies III and IV. 

More specifically, the aims of Study I were to identify the BCTs that 
translate physical activity motivation into action, by integrating two research 
traditions into a new multi-theory process model, in which self-regulatory 
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BCTs from control theory mediate two types of motivational regulations from 
self-determination theory and physical activity. Study II aimed to 
systematically review and meta-analyse the impact of interventions on 
motivation and intention for physical activity, and to identify the BCTs, 
intervention features and delivery modes that moderate intervention 
effectiveness. Study III sought to describe (1) the development and feasibility 
testing of a theory- and evidence-based smartphone health app; (2) a multi-
theory framework on engaging users in the behaviour change process; (3) a 
method for qualitatively studying engagement, and to study (4) whether the 
app users express engagement in behaviour change, and (5) how the app users 
discuss autonomy support. Study IV aimed to examine the smartphone-based 
intervention in the series of six-week N-of-1 
randomised controlled trials (RCTs). It examined whether a digital 
intervention based on motivational interviewing and biofeedback reports 

whether daily self-efficacy and 
motivation were associated with daily steps. 

 
Study I used a structural equation model to analyse prospective survey data on 
411 Finnish adolescents from seven vocational schools and two high schools.  

Study II conducted a systematic literature review and meta-analysis of the 
moderators of autonomous motivation, stage of change, and intention for 
physical activity. Subgroup analyses and meta-regressions assessed the 
moderators, including BCTs, delivery modes, and theory use.  

Study III presented the development smartphone app and 
a theoretical framework for 
behaviour change process with spontaneous and reflective processes of 
change. Motivational interviewing features aimed to support autonomous 
motivation and provide encouragement for the change process. The app was 
feasibility tested among 12 adults who individually participated in think-aloud 
tasks and semi-structured interviews.  

Study IV described a series of factorial N-of-1 RCTs that individually 
examined data on 15 healthy adults (600 observation days) using dynamic 
regressions and aggregated longitudinal multilevel models.  
 
Study I concluded that of the motivational constructs presented in the self-
determination theory, autonomous motivation was associated with the use of 
self-regulatory BCTs from control theory, and that the use of these techniques 
mediated the association between autonomous motivation and physical 
activity.  

Study II identified 89 intervention studies (k=200; N=19,212) and found 
several moderators of physical activity motivation and intention. The 
interventions had largest effects on autonomous motivation (d=0.32; 95% CI 
[0.13, 0.50]; p=.001; k=20; I2=77.62), and slightly smaller effects on stage of 
change (d=0.19; 95% CI [0.10, 0.28]; p<.001; k=48; I2 =60.37) and intention 
(d=0.17; 95% CI [0.08, 0.26]; p<.001; k=41; I2 =53.82). Statistically 
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significant moderators included self-regulatory BCTs and BCTs related to 
guided exercise sessions. 

Study III identified  the indicator of initial 
engagement in behaviour change within the motivational interviewing 
literature. Autonomy was discussed under five themes.  

In Study IV, a series of N-of-1 RCTs was considered mostly feasible, with 
high adherence and no dropout. The factorial N-of-1 RCTs with motivational 
interventions found no intervention effects on the , but 
did find associations between daily self-efficacy, motivation, and steps. 

 
This work was the first to systematically synthesise evidence on the factors that 
increase exercise motivation and intention, and offers important findings for 
social psychological theory and intervention development (Study II). If 
replicated in more robust designs, social psychological theory could build on 
the finding that not only does autonomous motivation predict the use of self-
regulatory BCTs (Study I), but the relationship between motivational and self-
regulatory variables may be bi-directional: the use of self-regulatory BCTs is 
also associated with progress in the stage of change of physical activity (Study 
II).  

This work was the first to present a smartphone intervention with 
digitalised motivational interviewing features, taking steps towards wide-
reaching and affordable, automated psychological support for behaviour 
change. The novel framework of engaging smartphone users in the behaviour 
change process by using spontaneous and reflective techniques may help 
intervention developers promote autonomous motivation for self-regulation 
and physical activity (Study III). The method of identifying change talk during 
app usage may help app developers assess whether their products engage users 
in the behaviour change process.  

The novel smartphone-delivered factorial N-of-1 RCT presented in this 
work serves as an example for future studies that may wish to quickly and 
automatically collect data on the impact of specific intervention elements on 
individuals (Study IV). The finding that daily self-efficacy and motivation 
explain the daily steps of some individuals and in the aggregated data suggest 
that changes in these constructs have a close-to-immediate association with 
physical activity.  

This work implies that intervention design needs to focus more on 
autonomy-supportive strategies and individual-level analysis. Autonomous 
motivation can be targeted with a range of techniques, including spontaneous, 
gamified methods, and by supporting reflection on the factors that make 
physical activity personally meaningful and desirable. 
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TIIVISTELMÄ 

Fyysinen aktiivisuus on tärkeää yksilöiden hyvinvoinnille. Se parantaa fyysistä 
ja psyykkistä suorituskykyä ja vähentää kroonisten sairauksien riskiä. 
Parempi tieteellinen ymmärrys yksilöiden liikkumiseen vaikuttavista 
prosesseista voisi auttaa kehittämään interventioita, jotka tukevat tehokkaasti 
terveellisiä elämäntapoja. Uudenlaiset digitaaliset sovellukset ja 
sensoriteknologia ovat tehneet henkilökohtaisesti räätälöidystä 
käyttäytymisenmuutoksen tuesta saavutettavampaa. Ne myös mahdollistavat 
yksilöiden sisäisten muutosprosessien pitkittäistutkimuksen jokapäiväisen 
elämän ohessa. 

Motivaatio on useiden keskeisten sosiaalipsykologisten teorioiden 
ydinelementti, mutta useita perustavanlaatuisia kysymyksiä motivaation 
suhteesta käyttäytymisenmuutokseen on vailla vastausta. Ensinnäkään 
liikuntamotivaatiota tai -toiminta-aikomuksia lisäävistä interventio-
tekniikoista ei ole ollut kokoavaa tutkimusta, eikä siis tietoa siitä, mitkä 
tekniikat ovat tehokkaita. Toiseksi, autonominen motivaatio on tunnustettu 
liikuntaa ennustava tekijä, mutta on vain vähän tietoa mekanismeista, jotka 
auttavat motivaatiota konkretisoitumaan liikunnaksi. Kolmanneksi, 
kontrolliteoriaan liittyvät itsesäätelytekniikat kuten tavoitteenasettelu, 
toiminnansuunnittelu ja omaseuranta ovat toistuvasti olleet osana 
menestyksekkäitä liikuntainterventioita. On kuitenkin vähän tietoa siitä, mikä 
saa yksilöt ottamaan nämä tekniikat käyttöön. Motivaation ja 
itsesäätelytekniikoiden lisäksi interventioiden tehokkuutteen voi vaikuttaa 
esimerkiksi intervention toteutustapa: turvallinen ilmapiiri, empatia, ja 
autonomian tuki. Julkaistun tutkimuksen puutteena on myös se, että vaikka 
teoriat selittävät yksilöiden käyttäytymistä, useimmat johtopäätökset 
pohjautuvat ryhmäkeskiarvoihin. Muutosprosessin ymmärtäminen yksilöissä 
on välttämätöntä teorioiden vahvistamiseksi ja sellaisten palveluiden 
kehittämiseksi, jotka tarjoavat kullekin käyttäjälle sopivaa tukea.  

 
Tämä työ pyrki vastaamaan näihin haasteisiin seuraavin tavoin. Käyttämällä 
dataa useasta tutkimuksesta tämä työ pyrki (1) käsitteellistämään prosessin, 
joka lisää liikuntamotivaatiota ja käyttäytymisenmuutosprosessiin 
sitoutumista ja (2) kehittämään ja arvioimaan teoriaan ja näyttöön 
pohjautuvan digitaalisen intervention. Työn kaksi ensimmäistä tutkimusta 
tarkastelivat motivaation laatua ja motivaatioon vaikuttavia käyttäytymisen-
muutostekniikoita ja interventiopiirteitä. Teoreettinen viitekehys 
tutkimuksessa I ja meta-analyyttiset johtopäätökset tutkimuksessa II 
ohjasivat älypuhelinpohjaisen intervention kehittämistä, joka on raportoitu 
tutkimuksessa III. 

Yksityiskohtaisemmin tavoitteet olivat seuraavat: Tutkimus I pyrki 
tunnistamaan käyttäytymisenmuutostekniikoita, jotka muuttavat 
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liikuntamotivaatiota toiminnaksi ja yhdisti kaksi tutkimusperinnettä uudeksi 
prosessimalliksi, jossa autonominen motivaatio välittyy liikunnaksi 
itsesäätelytekniikoiden avulla. Tutkimus II on systemaattinen katsaus ja meta-
analyysi liikuntamotivaation ja -aikomuksen muutosta testaavista 
interventiotutkimuksista. Se pyrki tunnistamaan käyttäytymisenmuutos-
tekniikoita, interventiopiirteitä ja -toteutusmenetelmiä, jotka vaikuttavat 
interventioiden tehokkuuteen. Tutkimus III pyrki kuvailemaan (1) teoria- ja 
näyttöpohjaisen älypuhelinsovelluksen kehitystyön ja toteutettavuus-
testauksen; (2) teorioita yhdistävän viitekehyksen siitä, kuinka yksilöiden 
käyttäytymisenmuutosprosessiin sitoutumista voidaan tukea; (3) laadullisen 
menetelmän muutokseen sitoutumisen tutkimiseksi; ja tutkimaan (4) 
ilmaiseeko sovelluksen käyttäjien puhe käyttäytymisenmuutokseen 
sitoutumista; ja (5) kuinka käyttäjät puhuvat autonomian tuesta. Tutkimus IV 
pyrki testaamaan uutta älypuhelinsovellusta sarjassa kuuden viikon mittaisia 
N=1 satunnaistettuja kenttäkokeita käyttäjien arkiympäristössä. Tutkimus 
havainnoi, johtivatko motivoivaan haastatteluun ja biopalautteeseen 
pohjautuvat digitaaliset interventiot kasvuun yksilöiden päivittäisissä 
askelissa ja olivatko päivittäinen pystyvyydentunne ja motivaatio yhteydessä 
askelten määrään. 
 
Tutkimus I analysoi rakenneyhtälömallinnuksella prospektiivista kysely-
lomakedataa 411 suomalaiselta nuorelta seitsemästä ammattikoulusta ja 
kahdesta lukiosta. Tutkimus II sisälsi systemaattisen kirjallisuuskatsauksen ja 
meta-analyysin liikunta-aikomuksiin, autonomiseen motivaatioon ja 
muutoksen vaiheeseen vaikuttavista tekijöistä. Alaryhmäanalyyseillä ja meta-
regressiolla tutkittiin moderaattoreita, mukaanlukien käyttäytymisenmuutos-
tekniikat, interventiontoteutusmenetelmät ja teorian käyttö. Tutkimus III 
esitteli Precious-älypuhelinsovelluksen kehitystyön sekä viitekehyksen 
käyttäytymisen muutokseen sitoutumisen lisäämisestä spontaanien ja 
harkinnanvaraisten muutosprosessien avulla. Motivoivan haastattelun 
elementtien tavoitteena oli tukea autonomista motivaatiota ja rohkaista 
muutosprosessiin. Sovellus toteutettavuustestattiin kahdellatoista aikuisella, 
jotka osallistuivat yksitellen ääneenajattelutehtäviin ja puolistrukturoituun 
haastatteluun. Tutkimus IV taas kuvasi sarjan faktoriaalisia satunnaistettuja 
kontrolloituja N=1 interventiotutkimuksia viidellätoista terveellä aikuisella 
(600 havaintopäivää), joiden data arvioitiin yksilökohtaisesti dynaamisillä 
regressioilla ja yhdistetysti monitasomalleilla.  
 
Tutkimus I:n johtopäätös oli, että itsemääräämisteorian motivaatio-
muuttujista autonominen motivaatio oli yhteydessä kontrolliteoriaan 
liittyvien itsesäätelytekniikoiden käyttöön, ja näiden tekniikoiden käyttö 
medioi yhteyttä autonomisen motivaation ja liikunnan välillä.  

Tutkimus II sisällytti 89 interventio-tutkimusta (k=200; N=19,212), joista 
tunnistettiin useita moderaattoreita liikuntamotivaatiolle ja -aikomuksille. 
Interventioilla oli suurin vaikutus autonomiseen motivaatioon (d=0.32; 95% 
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CI [0.13, 0.50]; p=.001; k=20; I2=77.62) ja hieman pienempi vaikutus 
muutoksen vaiheeseen (d=0.19; 95% CI [0.10, 0.28]; p<.001; k=48; I2=60.37) 
ja aikomuksiin (d=0.17; 95% CI [0.08, 0.26]; p<.001; k=41; I2 =53.82). 
Tilastollisesti merkitsevät moderaattorit sisälsivät mm. itsesäätelyyn ja 
ohjattuihin liikuntasessioihin liittyviä käyttäytymisenmuutostekniikoita.  

Tutkimus III tunnisti kuudenlaista muutospuhetta, joka tulkitaan merkiksi 
käyttäytymisenmuutosprosessiin osallistumisesta motivoivan haastattelun 
kirjallisuudessa. Autonomiapuheesta tunnistettiin viisi teemaa.  

Tutkimuksessa IV, N=1 kenttäkokeet Precious-soveluuksella osoittautuivat 
suurimmalta osin toteutettavaksi, osallistumisaktiivisuus oli korkea eikä 
yksikään osallistuja keskeyttänyt kokeeseen osallistumista. Motivoivat 
interventiot faktoriaalisessa N=1 satunnaistetussa kontrolloidussa 
kenttäkokeessa eivät vaikuttaneet osallistujien päivittäisiin askeliin, mutta 
yhteyksiä löytyi päivittäisen pystyvyyden, motivaation ja askelten välillä.  

 
Tämä tutkimus, joka ensimmäisenä systemaattisesti kokosi näyttöä 
liikuntamotivaatiota ja aikomuksia lisäävistä tekijöistä, tarjoaa tärkeitä 
löydöksiä sosiaalipsykologisen teorian ja interventioden kehittämiseen 
(Tutkimus II). Jos tulokset replikoidaan vielä vankemmilla menetelmillä, 
sosiaalipsykologinen teoria voi rakentua sille löydökselle, että autonominen 
motivaatio ei ainoastaan ennusta itsesäätelyyn liittyvien käyttäytymisen-
muutostekniikoiden käyttöä (Tutkimus I) vaan suhde motivaatiotekijöiden ja 
itsesäätelytekijöiden välillä on kahdensuuntainen: käyttäytymisenmuutos-
tekniikat ovat myös yhteydessä edistymiseen muutoksen vaiheesta toiseen 
(Tutkimus II). 

Tämä työ esitteli myös uudenlaisen älypuhelinintervention, joka pohjautuu 
digitalisoituihin motivoivan haastattelun periaatteisiin. Sovelluksen 
kehitystyö edustaa ensiaskelia kohti laajalevikkistä ja edullista, 
automatisoitua psykologista tukea käyttäytymisen muutokseen. 
Tutkimuksessa III esitelty uusi viitekehys älypuhelimen käyttäjien 
sitouttamiseen käyttäytymisenmuutosprosessiin spontaanien ja 
reflektiivisten tekniikoiden avulla voi auttaa interventionkehittäjiä tukemaan 
autonomista motivaatiota itsesäätelyyn ja liikuntaan. Tutkimuksessa esitelty 
analyysimenetelmä, joka pyrkii tunnistamaan tuottavatko käyttäjät 
muutospuhetta, voi olla hyödyksi, kun sovelluskehittäjät haluavat tutkia 
auttavatko heidän tuotteensa käyttäjiä sitoutumaan käyttäytymisen-
muutokseen.  

Tässä työssä esitelty älypuhelimella toteutettu faktoriaalinen N-of-1 
satunnaistettu kontrolloitu kenttäkoe voi olla esimerkki tulevaisuuden 
tutkimuksille, joiden tavoitteena on kerätä nopeasti ja automaattisesti dataa 
tiettyjen interventioelementtien vaikutuksesta yksilöihin (Tutkimus IV). 
Havainto, että pystyvyys ja motivaatio selittävät fyysistä aktiivisuutta 
päivätasolla joissain yksilöissä ja koko osallistujajoukon yhdistetyssä datassa 
viittaa siihen, että muutoksilla näissä muuttujissa on liki välitön vaikutus 
fyysiseen aktiivisuuteen. 
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Tämä työ ehdottaa, että interventiosuunnitteluun tulisi sisällyttää 
vahvemmin autonomiaa tukevia strategioita ja havaintojen analysointia 
yksilötasolla. Autonomista motivaatiota voi tukea monilla tekniikoilla, 
mukaan lukien spontaanit, pelilliset keinot,  sekä kannustamalla osallistujia 
pohtimaan asioita, jotka tekevät fyysisestä aktiivisuudesta merkityksellistä ja 
tavoiteltavaa. 
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1 INTRODUCTION 

Those who think they have no time for bodily exercise will sooner or 
later have to find time for illness. 

Edward Stanley, Earl of Derby, December 20, 1873 

 
Much of the potential for reducing  lies in health-
related behaviours (Bauer et al., 2014). Regular physical activity, described as 

s energy 
(Caspersen et al., 1985, p. 126), is one of the key behaviours for 

maintaining health and helping prevent or treat various non-communicable 
diseases, including cardiovascular disease, diabetes, breast cancer, colon 
cancer, and stroke (Lear et al., 2017; Warburton & Bredin, 2017). Physical 
activity can also improve psychological health, well-being and quality of life 
(WHO, 2019). An inactive lifestyle is estimated to account for 9% of premature 
deaths (Lee et al., 2012) and is, therefore, a major public health concern that 
leads to increased expenses for society (Guthold et al., 2018). The World 
Health Assembly has recognised this need and set a target of reducing the 
global levels of physical inactivity among adults and adolescents by 15% 
between 2018 and 2030 (WHO, 2019). Regular physical activity is an effective 
preventive measure against multiple chronic conditions, and often leads to a 
risk reduction of 20 30% (Rhodes et al., 2017). However, interventions to 
increase physical activity often only reach modest effects, and are not 
maintained among adults (Marteau et al., 2015) or adolescents (Hynynen et 
al., 2016).  

Modern technology provides new opportunities to support and measure 
(for meta-analyses, see Fanning et al., 2012; Yang 

& Stee, 2019). A meta-analysis of health interventions delivered through 
mobile devices found that these mHealth arms were more effective than 
comparison arms, and physical activity interventions were more successful 
than interventions on other health outcomes (Yang & Stee, 2019). Social 
psychology can increase understanding of the design of these services by 
identifying the necessary determinants of behaviour and providing 
frameworks that support the design. Social psychology is therefore in a key 
position to design a new generation of digital interventions that increase 
understanding and effectively support change in health behaviours.  
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1.1 OVERVIEW OF THE BACKGROUND AND 
STRUCTURE OF THIS WORK: UNDERSTANDING 
BEHAVIOUR CHANGE 

Behavioural theories identify hundreds of mechanisms that have the potential 
to change behaviour and inform intervention design (Hagger et al., 2020a). 
These determinants have been classified into factors related to 
capabilities, opportunities, and motivation (Michie et al., 2011). By capability, 

-
such as skills in and knowledge of a specific behaviour (id.). Opportunity refers 
to barriers or facilitators of behaviour external to the individual, such as 
resources and time to exercise (id.). Motivation has been defined as the force, 
energy or drive to initiate, perform, and persist with activities (Colman, 2009), 
and it covers areas of conscious decision-making as well as subconscious 
emotional responses and habits. Capability, opportunity and motivation are 
recognised as influencing each other over time, as well as being influenced by 
the target behaviour (Michie et al., 2011). 

This work provides several perspectives on the study of motivation and 
behaviour change, and the use of theory to explain physical activity change. It 
explores some of the intra-individual factors that help adults and adolescents 
engage in health-enhancing amounts of physical activity. The structure of this 
work is as follows. The introduction consists of three parts: the first part 
presents the theoretical background, and the second part describes the 
necessity for individual-level studies, specifically N-of-1 studies, and the third 
part introduces the current state-of-the-art of smartphone interventions for 
physical activity. The work consists of four studies that build on different 
research traditions. Studies I III observe motivation as it is presented in self-
determination theory (Deci & Ryan, 2000) and Study II also sees it as the 
concept of intention in, for example, the health action process approach 
(HAPA) (Schwarzer, 1992), the theory of planned behaviour (Ajzen, 1991), the 
reasoned action approach (Fishbein & Ajzen, 2011), and the transtheoretical 
model (DiClemente & Prochaska, 1998). Capability is studied by examining 
the use of the self-regulatory behaviour change techniques related to control 
theory (Carver & Scheier, 2012). Opportunities are not considered in detail in 
work, but they are touched on by including perceived barriers to physical 
activity in the variables examined in Study IV. 

The methods section presents the design, development, and feasibility 
testing of the Precious app, a smartphone app designed to provide 
motivational and self-regulatory support for physical activity. The 
intervention design is based on theory, as recommended when designing 
interventions, to systematically link the suggested determinants to evidence 
(Carey et al., 2019; Craig et al., 2008). The methods and results sections 
present how the synergy of self-determination theory, motivational 
interviewing, and control theory can be built into a digital service. Overall, this 
work examines the behaviour change process which I define here as all the 
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mental or physical efforts in which an individual engages to change their 
behaviour, including the cognitive, affective, motivational, and self-regulatory 
processes required for change. Engagement in the behaviour change process 
therefore includes reflection on the factors that influence behaviour: capability 
(e.g., do I know how to use the gym equipment?), opportunity (e.g., am I able 
to organise childcare so that I can go to the gym?), and motivation (e.g., will I 
have more energy if I start regular weight training?). 

1.2 PART I. THEORETICAL BACKGROUND 

To provide a systematic vocabulary for the following chapters, Part I briefly 
describes the taxonomies and ontologies used in this work. This is followed by 
the theories on which the four studies built. This section first describes 
theories of motivation, including self-determination theory, the theory of 
planned behaviour, and the transtheoretical model. Next, theories of action 
are introduced, which focus on the cybernetic control theory (Carver & 
Scheier, 2012) and the related self-regulatory BCTs. This section finishes by 
discussing how self-determination theory and control theory have been 
combined in the literature, and the gaps in the theoretical understanding of 
motivational and self-regulatory factors for physical activity. 

1.2.1 TAXONOMIES AND ONTOLOGIES OF BEHAVIOUR CHANGE, 
AND MECHANISMS OF ACTION 

 
To synthesise the evidence from the abundance of behavioural theories, 
models, and intervention techniques, a common vocabulary for describing 
study content has become essential (Carey et al., 2019; Michie et al., 2013). 
The combined efforts of social and health psychologists and implementation 
scientists have led to the creation of several taxonomies of the behavioural, 
motivational, and relational factors related to behaviour change. These 
taxonomies aim to 
interventions, the elements that aim to change specific behaviours, which may 
be repeated from study to study but not reduced into smaller components 
(Carey et al., 2019; Michie et al., 2013, 2018). This enables more accurate 
comparisons of the intervention content of studies, and more accurate data 
synthesis in future reviews. 

The taxonomies in this work include the behaviour change technique (BCT) 
taxonomy v1 (Michie et al., 2013) and a taxonomy on techniques and 
interaction styles in motivational interviewing (Hardcastle et al., 2017). In 
addition, taxonomies on self-determination theory-based techniques have 
emerged since the studies of this work were conducted. Gillison et al. (2019) 
identified 21 distinct, SDT-based techniques that were not covered by the 
Michie et al. (2013) or Hardcastle et al. (2017) taxonomies. Teixeira et al. 
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(2020) presented 25 techniques derived from self-determination theory, 
which partially overlap with the techniques presented in Gillison et al. (2019) 
and Hardcastle et al. (2019). I addition, Knittle et al. (2020) describe 123 
techniques that can be carried out by the individuals themselves and do not 
need to be instigated by others. The behavioural, motivational, and relational 
techniques listed in these taxonomies form a common vocabulary for 
discussing and measuring intervention content in a replicable way. 

To understand how BCTs work, Carey et al. (2019), Connell et al. (2019) 
and Johnston et al. (2018) conducted a series of studies identifying through 
which mechanisms of action BCTs may affect behavioural variables. These 
links, collected from a large body of intervention research (Carey et al., 2019), 
from a panel of 105 experts (Connell et al., 2019), and triangulated for further 
evidence (Johnston et al., 2018), present the associations between behaviour 
change techniques and the mechanisms of action through which they would 
function. BCTs may either facilitate mechanisms of action, for instance, when 
BCT action planning increases self-efficacy (Williams & French, 2011b), or 
remove any factors preventing the mechanisms of action from working (Carey 
et al., 2019). 

1.2.2 THEORETICAL CONCEPTUALISATIONS OF MOTIVATION AND 
INTENTION TO BE PHYSICALLY ACTIVE 

 
Many social psychological theories identify motivation and intention as the 
key determinants of behaviour (Hagger, Cameron, et al., 2020b). An 
amotivated individual does not see meaning or value in a behaviour or feel the 
desire to initiate actions (Deci & Ryan, 2017). In contrast, the right type of 
motivation can be a driving force of actions that help create the circumstances 
under which a behaviour is possible. 

Intention 
behaviour (Ajzen, 2002; Ajzen & Schmidt, 2020). Intention formation ends 
possible deliberation about whether to aim for a behavioural goal, and the 
strength of an intention may signal how much effort a person will put into 
reaching that desired outcome (Fishbein & Ajzen, 2011; Gollwitzer, 1990; 
Webb & Sheeran, 2006). Several social cognitive theories and models 
conceptualise it as the central determinant through which motivational factors 
translate into behaviour. For instance, the theory of planned behaviour (Ajzen, 
1991), the reasoned action approach (Fishbein & Ajzen, 2011), health action 
process approach (Schwarzer, 1992), and the protection motivation theory 
(Rogers, 1975) all place intention at the culmination point of the motivational 
processes that precede action, such as attitudes, subjective norms, and 
perceived behavioural control (a concept close to self-efficacy) (Fishbein & 
Ajzen, 2011).  

Consequently, intention has been a popular determinant in social 
psychological studies over the years (Sutton, 1998). In 277 behavioural 
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interventions coded by Carey et al. (2019)  and 
ed with BCTs. 

The research literature suggests a large number of BCTs that may increase 
intentions, including the recognition of discrepancies between the current 
situation and a desired state, and behavioural goal setting to take steps 
towards the desired situation (Maes & Karoly, 2005). The next sub-chapters 
describe several ways in which motivation and intention are conceptualised in 
the literature and focus on the approaches used in this work. Sub-chapter 
1.2.2.5 discusses how the gap  between intention and behaviour could be 
bridged. 

1.2.2.1 Self-determination theory 
 

A prominent motivational paradigm, self-determination theory (SDT, Deci & 
Ryan, 2000; Ryan & Deci, 2017), has received considerable attention in the 
literature as a framework for designing interventions and for effectively 
explaining behaviour change. The concept of self-determination, in other 
words autonomy, is defined as an experience of freedom and integrity of 
personality and thus an essential aspect of healthy human functioning (Deci & 
Ryan, 2000). SDT follows the principle of self-organisation, and is particularly 
recognised in humanist psychology (e.g. Rogers, 2003), developmental 
approaches (Piaget, 1971), and the psychodynamic tradition (Freud, 1920). 
The theory perceives humans as active, growth-oriented organisms and 
assumes they are naturally inclined toward developing an organised coherence 
among the elements of the social world, among themselves, and among their 
psychological makeup. Self-determined, autonomous individuals engage in 
behaviours willingly, with congruence and volition (Deci & Ryan, 2000; 
Frederick & Ryan, 1995). 

SDT has brought the individual experience to the centre of research, as well 
as the processes that influence this innate energy (Ryan & Deci, 2017). The 
organismic perspective of SDT sees individuals as having evolved to be 
innately physically active, and this tendency thrives in environments in which 
needs are supported (Ng et al., 2012; Ryan & Deci, 2017, p. 4). Humans have 
innate tendencies to be curious, playful, and seek challenges, which are often 
present in physical activity. However, bad experiences with controlling or 
coercive coaches, physical education teachers, or peers may undermine this 
enjoyment (e.g. Gagne, 2003; Hagger & Chatzisarantis, 2007). SDT divides 
motivation on the basis of goal orientation, whether the actions are carried out 
to achieve a specific goal or for intrinsic pleasure from the behaviour itself 
(Edward L. Deci, 1971; Ryan, Patrick, Deci, & Williams, 2008; Ryan, 2012).  

SDT has grown to comprise six interconnected mini-theories, of which 
three are the most relevant for behaviour change: the cognitive evaluation 
theory, the organismic integration theory, and the basic psychological needs 
theory (Hagger et al., 2020b). 
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Cognitive evaluation theory and organismic integration theory: 
Qualitatively different motivational regulatory styles 

 
Its focus on the quality of motivation instead of quantity alone distinguishes 
SDT from other theories of motivation. It differentiates several distinct 
motivational regulation types. Different motivational orientations form a 
continuum because of the psychological growth and socialisation processes 
that make humans internalise and integrate social norms as part of their 
values, identity, and personality (Chatzisarantis et al., 2003; Ryan & Deci, 
2017, p. 4). The more these practices are integrated as part of the self, the more 
autonomous the motivation becomes. The degree to which a goal has been 
integrated into an individual  personality defines the relative autonomy of 
their goal-directed behaviours (Ryan & Deci, 1999). This is reflected in the 

changed behaviour 
to two mechanisms of action: values and motivation (Carey et 

al., 2019). 
An entirely self-determined, autonomous motivational state consists of 

intrinsic motivation, which is used to describe behaviour regulation that is 
based on inherent satisfaction from the activity itself and which is not 
dependent on separable, external reinforcements (Deci & Ryan, 2002). 
However, few activities in human life are based on purely intrinsic pleasure, 
and SDT provides a fine-grained analysis of externally motivated behaviours 
by the degree to which they are experienced as autonomous or externally 
controlled (Ryan & Connell, 1989; Ryan & Deci, 2000b). 

External regulation describes a situation in which behaviour is conducted 
for purely external reasons, such as experienced coercion or pressure from 
others. It may transform into more autonomous forms of motivation through 
the processes of internalisation and integration (Deci & Ryan, 1991). 
Individuals are not passively socialised by the environment, but they actively 
internalise their surrounding regulations to match their inner values (Deci & 
Ryan, 2000).  

When individuals have partially assimilated this social, external control so 
that behaviour is experienced as internal tension, pressure or conflict, the 
regulation type is called introjected regulation. Behaviours are performed in 
order to avoid guilt and shame about inaction, or to achieve social approval 
(Deci & Ryan, 2000). Together, external and introjected regulation form 
controlled motivation. 

When external goals are more internalised and the experience of the 
personal importance or value of the activity guides the behaviour, motivation 
is described as identified regulation. Integrated regulation in turn 
refers to when, through self-reflection, individuals determine that their goals 
are in line with their core selves and are experienced as part of their personality 
(Ryan & Deci, 2017). Autonomous motivation is formed by these two well-
internalised extrinsic motivations, together with intrinsic motivation (Ryan & 
Deci, 2017, p. 499). 
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Basic psychological needs theory: How supporting basic 
psychological needs fosters and shapes motivation  
 

Externally controlled behaviour regulation can become more autonomous 
under conditions that support the principles of SDT (Ryan & Deci, 2000). SDT 
posits that sustained, autonomous motivation is born and maintained when 
three basic psychological needs are met. These needs  autonomy, competence 
and relatedness  are essential for human well-being and the desire to engage 
in action (Deci & Ryan, 2000). Autonomy is defined as self-endorsement, 
personal ownership, and the (Ryan & Deci, 2017). 

interactions with the environment, and the desire to challenge oneself while 
achieving new skills (id.). Relatedness is defined as the need to establish and 
maintain close relationships with others, and the emotional connection, 
warmth, and safety in these attachment relationships in which the person both 
gives and receives benevolent care (id.). 

Social-contextual factors play a key role in either supporting or thwarting 

and thriving (Ryan & Deci, 2017). More specifically, for physical activity, 
coaching style has shown to strongly influence how much athletes enjoy 
activity and how well they perform. Need satisfaction leads to vitality and 
energy, which are key indicators of wellness (e.g. Ryan & Frederick, 1997). 
Need satisfaction has also been found to mediate the relations between 
autonomous motivation and sustained behaviours in multiple behaviours (Ng 
et al., 2012). 

 
 
Empirical evidence of self-determination theory 
 

SDT states that the quality of motivation (how well behavioural regulation is 
internalised) predicts the intensity and perseverance of the target behaviour. 
This modest but positive impact is backed up by a vast body of empirical 
evidence of physical activity and other health-related behaviours (for reviews, 
see Dalgetty et al., 2019; Ng et al., 2012; Ntoumanis et al., 2020; Teixeira, 
Carraça, et al., 2012). Of the different regulation styles, intrinsic motivation is 
the one that predicts sustained exercise (Teixeira, Carraça, et al., 2012) and 
sports participation (Frederick & Ryan, 1995). However, identified regulation 
may best lead to initial adoption of physical activity (Hagger & Chatzisarantis, 
2012; Hagger, Chatzisarantis, & Biddle, 2002). Increasing evidence also 
connects autonomous motivation to objectively measured physical activity 
among adults, (e.g., Standage et al., 2008). Novel methodologies might reveal 
interactions between qualitatively different regulation styles that are not 
mutually exclusive but can exist in different quantities within an individual. 
For instance, controlled motivation has been associated with physical activity 
when autonomous motivation is also high (Phillips & Johnson, 2018).  
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SDT specifies the mechanisms through which motivation can be internalised 
but is less specific about the intervention techniques for optimising these 
mechanisms. A recent meta-analysis studied the techniques used in SDT-
based interventions targeting need satisfaction and autonomous motivation 
(Gillison et al., 2019). Meta-regressions found that overall, SDT-based 
techniques explained a large percentage of need satisfaction and autonomous 
motivation, but very few of the individual techniques had a statistically 
significant association with these outcomes. This provides further evidence 
that creating a need supportive environment requires a more universal 
approach than the use of individual techniques.  

The moderator analyses discovered that in SDT-based interventions, 
different age groups have perceived mainly similar autonomy support, need 
satisfaction and autonomous motivation (Gillison et al., 2019). Although 
increases in competence satisfaction have been greater in adults, these results 
may be due to differences in interventions offered to different age groups 
(Gillison et al., 2019). Adults, however, may experience the same techniques 
that adolescents find autonomy supportive as controlling, including 
informational, competence-based feedback, clearly communicated rules, and 
opportunities to complete expected tasks (Gillison et al., 2019). 

1.2.2.2 Motivational interviewing 
 

I cannot teach anybody anything. I can only make them think.  

Socrates 

Motivational interviewing (MI) is a widely used method in coaching, 
counselling, and healthcare settings to help people engage in behaviour change 
(Miller & Rollnick, 2013). The collaborative interaction between an MI coach 
and their client aims to help the client explore how their future goals and 
values may be achieved through behaviour change, and aims to nurture their 
hope and confidence (Clifford & Curtis, 2016, p. 3). The general spirit  of the 
method refers to a trusted, client-centred atmosphere that can be fostered with 
relational techniques, such as empathetic listening and reflective feedback, 
which is classified and summarised in Hardcastle et al. (2017). However, the 
spirit of MI is a holistic, accepting, 

cannot be mechanically constructed by a set of techniques (Miller 
& Rollnick, 2009).  

Self-determination theory has been suggested as the theoretical framework 
for MI research, as the satisfaction of basic psychological needs overlaps with 
the aims of the method (Teixeira, Palmeira, et al., 2012; Vansteenkiste et al., 
2012). For instance, MI emphasises the 
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behaviour change to happen when the client takes ownership of their 
behaviour (instead of the client changing because somebody expects them to 
do so. MI practices may also provide methods for the practical application of 
SDT (Markland et al., 2005; Patrick & Williams, 2012). 

The language an individual uses in favour of behaviour change, change 
talk , plays a particular role in the process (W. R. Miller & Rollnick, 2013, p. 
29). Change talk is produced by the clients themselves and can include 
elements such as reasons for change, commitment to change, and ability to 
change, and it may be an indicator of the success of MI. The idea of skilful use 

introduced by, for example, Arkowitz et al., (2015) and Miller & Rose (2009). 
One meta-analysis found support for this causal chain and concluded that 
skilful use of MI techniques predicted more change talk (Magill et al., 2014). 
The amount of change talk did not associate with intervention outcomes in 
Magill et al. (2014), but a later meta-analysis found that a higher proportion 
of change talk was associated with reductions in risk behaviours related to 
alcohol use (Magill et al., 2017). The opposite of change talk is sustain talk , 
which includes statements in favou (Miller & Rollnick, 
2013). 

The efficacy of MI has been studied by numerous systematic reviews and 
meta-analyses in various fields of health (Dalgetty et al., 2019). Empirical 
evidence suggests that interventions based on MI principles may be more 
effective than other types of counselling for health behaviour change, 
including physical activity (Frost et al., 2018). Several reviews have discovered 
small to medium positive effects on physical activity (Gagliardi et al., 2015; 

ow et al., 2012). Gagliardi et 
al. (2015) concluded that even single, face-to-face counselling sessions 
exploring motivation could increase self-reported physical activity, and that 
multiple sessions led to effects reaching over a year. However, according to a 
review by Orrow et al. (2012), several (7 33) face-to-face advice or counselling 
sessions were required for inactive adults to meet physical activity guidelines. 

1.2.2.3 Theory of planned behaviour and the reasoned action 
approach 

 
The theory of planned behaviour (TPB) (Ajzen, 1991) is one of the most widely 
applied and cited theories of behaviour, and explains the cognitive processes 
leading to intention formation. It is based on the theory of reasoned action 
(Fishbein et al., 1975), but extends it by introducing perceived behavioural 
control, a close concept to self-efficacy (Bandura, 1977). The TPB was further 
developed into the Reasoned Action Approach (Fishbein & Ajzen, 2011), which 
places more emphasis on emotions, affective associations, and descriptive 
norms, and enables a deeper understanding of perceived behavioural control.  
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As the name suggests, this family of theories takes a cognitive approach to 
individuals  behaviour regulation, focussing on their attitudes and beliefs 
about the target behaviour, and suggesting that is a proximal 
predictor of behaviour. Intention is influenced by the attitudes towards the 
behaviour (the likely consequences of the behaviour) and the norms an 
individual perceives in their social environment (beliefs about significant 

 (Ajzen & Schmidt, 2020). Perceived behavioural control 
affects this process, and together with actual behavioural control, influences 
how intentions are converted into behaviour (Ajzen & Schmidt, 2020). 

These theories have been criticised for not explicitly being theories on how 
people change, but rather theories explaining or predicting behaviour 
(Armitage & Conner, 2000). They do not systematically suggest specific 
behaviour change techniques to target behavioural determinants (Ajzen & 
Schmidt, 2020). However, the literature has suggested mechanisms for 
targeting the predictors, including social support, to influence subjective 
norms (Hagger et al., 2009), and threat information to increase the sense of 
risks and vulnerability (for a review, see Ruiter et al., 2001).  

Although most studies on reasoned action constructs have compared 
groups, TPB constructs have also been used to predict physical activity at the 
individual level (Hobbs et al., 2013), and times when individuals had stronger 
attitudes, norms, perceived behavioural control and intentions were 
associated with higher levels of physical activity. 

 
 
Approaches to self-efficacy and perceived behavioural control 
 

Closely related to the basic psychological need of competence is the construct 
of self-efficacy (Ryan, 1995)  beliefs about capabilities or perceived 
behavioural control. The definition of self-efficacy has evolved over time, but 
in this work is defined as an -specific belief in their ability 
to successfully perform a course of action and achieve the desired outcomes 
(Bandura, 1997).  

Several theories conceptualise self-efficacy as a central determinant of 
motivation or intention to practise a certain behaviour. Social cognitive theory 
(Bandura, 1977), the theory of reasoned action/planned behaviour (Ajzen, 
1991), the transtheoretical model (Prochaska & Velicer, 1997), and the health 
action process approach (Schwarzer, 1992) all posit self-efficacy-type 
constructs as the key determinants of behaviour. The theoretical domains  
framework defines 
reality, or validity about an ability, talent, or facility that a person can put to 

, and includes self-efficacy in this category with self-
confidence, perceived competence, perceived behavioural control, beliefs, self-
esteem, empowerment, and professional confidence (Cane et al., 2012). Beliefs 
about capabilities was the most frequently identified mechanism of action in 
the interventions screened by Carey et al., 2019, indicating the key position of 
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this construct in the social psychological literature of behaviour change. The 
key techniques to increase self-efficacy proposed by the theory of self-efficacy 

(seeing a similar person engaging in the activity) (Bandura, 1977), vicarious 
experience being especially effective for physical activity self-efficacy (for a 
review, see Ashford et al., 2010). BCT taxonomy v1 would describe these 

association between self-efficacy and physical activity, particularly on the 
initiation of activity, across different study populations (Bauman et al., 2012; 
Hagger et al., 2018). Self-efficacy has been increased by, for example, coping 
planning (Gutiérrez Doña et al., 2009), verbal persuasion about capability 
(Steinmetz et al., 2016), action planning, behavioural feedback, instruction, 
and reinforcement schedules or rewards (Ashford et al., 2010; Williams & 
French, 2011b). 

1.2.2.4 Transtheoretical model and stage of change 
 

In contrast to self-determination theory s continuum model of internalising 
motivation, the transtheoretical model (TTM) of DiClemente & Prochaska 
(1998) suggests that the behaviour change process can be divided into distinct 
stages that extend from pre-intentional stages to the maintenance of 
behaviour. The theory recognises the stage of pre-contemplation, when 
individuals are not (yet) considering changing their behaviour, and the stages 
of contemplation and preparation, during which individuals start to orient 
towards change and to form intentions (Prochaska & Velicer, 1997). The action 
stage sees the desired behaviour become adopted, and in the maintenance 
stage it becomes a sustained behavioural pattern. TTM studies typically 
measure increases in intention or the target behaviour by observing progress 
from one stage to another or measuring the decisional balance by assessing 
the perceived pros and cons of change. Stage and phase theories such as the 
TTM tend to make a distinction between the pre-intentional and intentional 
phases of the behaviour change process (Heckhausen & Gollwitzer, 1987; 
Rhodes et al., 2020; Schwarzer, 2008). 

Empirical research suggests that stage progression happens in parallel with 
increasing intentions (Armitage & Arden, 2002). The TTM literature describes 
affective and cognitive mechanisms that may facilitate stage progression 
(Prochaska & Velicer, 1997). Some behavioural techniques are also suggested, 
but there is no systematic synthesis of evidence on the effectiveness of 
intervention techniques used to target stage progression. One literature 
synthesis found positive evidence on the association between BCT  pros and 

(Carey et al., 2019, Table 7) 
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Intentions or motivation do not, however, equate behaviour, but their modest 
relationship has often been referred to as the intention-behaviour gap  
(Sheeran & Webb, 2016, 2018). A considerable amount of literature has 
addressed the limitations of intentions as a predictor of behaviour and the 
difference between thoughts and actions (Dekker, 2008; Sheeran, 2002; 
Sheeran & Webb, 2018; Webb & Sheeran, 2006). In trials targeting physical 
activity, meta-analyses have identified a positive, small to medium association 
between intention and physical activity (Rhodes & Dickau, 2012; Steinmetz et 
al., 2016). Several theories suggest mechanisms that could help bridge the 
gap  and translate intentions into behaviour. This work examines the self-
regulatory BCTs related to the control theory framework for this purpose.  

1.2.2.5 Control theory and self-regulatory behaviour change 
techniques 

 

Individuals live life by identifying goals and behaving in ways aimed 
at attaining those goals 

Scheier & Carver, 2003, p. 17 

Broadly speaking, self-regulation refers to the processes related to goal setting 
and goal achievements, and the hurdles that people face when striving for 
these goals, often referred to as the intention-behaviour gap (Mischel et al., 
1996; Sheeran & Webb, 2018; Sniehotta, Scholz, et al., 2005). Goals may be 
defined as internal representations of processes (such as behaviour), events, 
or outcomes that an individual wants to reach (Austin & Vancouver, 1996; 
Gollwitzer, 1999; Gollwitzer & Sheeran, 2006). Goal setting has been defined 

(Rhodes et al., 2020). People regulate their behaviour to approach 
their selected goals (Gardner et al., 2010) via various behaviour change 
techniques (Michie et al., 2009). Control theory offers an explanatory 
mechanism that links these techniques together: a behavioural feedback loop 
explains how individuals first set behavioural goals, make action plans, then 
self-monitor their behaviour and progress, and adjust behavioural goals on the 
basis of the progress made towards the goal (Carver & Scheier, 2012).  

The control theory (Carver & Scheier, 1982, 2001, 2012) posits that human 
behaviour is goal driven and autocorrecting. Human behaviour is perceived as 
rational, guided by causality, and a process in which individuals interact with 
their environment and changing circumstances (Diefendorff & Gosserand, 
2003). Goals may be defined as the 
processes or events (Austin & Vancouver, 1996). 
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Figure 1 Control theory feedback loop. Modified from Gardner et al. (2010).

The core principles of the control theory are illustrated in the discrepancy loop 
(Figure 1). Individuals use this feedback mechanism to regulate their progress 
towards their goals. If an individual finds a discrepancy between their 
perception of their current situation (
their desired behavioural state (a reference value), they are likely to act:
individuals adjust their behaviour or their internal state to better achieve the 

output function (Carver & Scheier, 2012). Environmental factors may 
interfere with the behavioural process. Coping planning (or problem solving) 
is a BCT that helps people identify and prepare for the factors that might act 
as barriers to their goal achievement. The following paragraphs describe the 
theory and empirical findings on the BCTs closely associated with goals setting 
and other functions of a discrepancy loop action planning, coping planning, 
and self-monitoring of behaviour (Carver & Scheier, 1982; Michie, Abraham, 
Whittington, McAteer, & Gupta, 2009).

Self-monitoring of progress

Self-monitoring is a self-regulatory behaviour change technique central for 
increasing commitment to goal progress. It can take the form of, for instance, 
writing down daily exercise in a diary or recording daily steps using automatic 
trackers, such as an activity bracelet. 

Self-monitoring has several dimensions that have a different impact on 
progress (Harkin et al., 2016). Firstly, what is monitored is important, 
whether it is behaviour (such as gym attendance) or an outcome (such as 
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physical fitness). Higher monitoring has been associated with higher goal 
achievement, but focussing monitoring on an outcome tends to lead to changes 
in that outcome, whereas focussing monitoring on behaviour is more likely to 
affect that specific behaviour only (Harkin et al., 2016). The effects on goal 
progress have been larger when the monitoring data have been recorded and 
saved by either the person or automatically (as opposed to no recording) and 
when the data have been shared with other people (Harkin et al., 2016).  

Self-monitoring has achieved the largest effects when it has been offered 
together with other control theory-related BCTs: goal-setting, action planning, 
or immediate feedback on behaviour (for meta-analyses, see Harkin et al., 
2016; Michie et al., 2009; Samdal et al., 2017). However, meta-analyses have 
found that self-monitoring may not be the optimal technique in all 
populations: self-monitoring of behaviour has also been a negative moderator 
of physical activity among older adults (French et al., 2014) and adults with 
overweight or obesity (Carraça et al., 2021). In addition, concerns have been 
raised about the use of physical activity trackers undermining motivation to 
move when a tracker is not available (Attig & Franke, 2019). Therefore, self-
monitoring-based BCTs do not automatically suit everyone, or are not 
necessarily adopted by all intervention participants.  

 
 
Action planning 
 

Planning has been defined as the mental representations of how a person 
chooses to achieve a behavioural or an outcome goal (Gollwitzer, 1999). 
Implementation intentions are action plans that are associated with specific 
events that help activate the plan in an if then  pattern. Individuals are asked 
to specify what kind of cues trigger the behaviour (when, where and how) 
(Gollwitzer, 1999). In this work I use action planning and implementation 
intentions synonymously, following the taxonomy of Michie et al., (2013). 

The mechanism behind planning may be the active reflection of the 
necessary steps required to engage in the activity, and the mentally pictured 
execution of the components of the behaviour helps automate the necessary 
actions (Michie et al., 2008). When individuals plan, they cognitively create 
situational cues, which reduce the need for conscious effort (Gollwitzer, 1999; 
Sniehotta, Schwarzer, et al., 2005). Planning thus increases the likelihood of 
executing the intended behaviour (Sniehotta, Scholz, et al., 2005; Webb and 
Sheeran, 2007). Although it is believed that certain self-regulatory functions 
only fully evolve in  twenties, according to a systematic review that 
analysed 15 19-year-old students (Hynynen et al., 2014), planning can also be 
effective in increasing physical activity. 

Planning is widely used in behaviour change interventions, possibly due to 
its affordable and easy implementation (Hagger & Luszczynska, 2013). It is 
also one of the only BCTs that is specified by social psychological theories, 
which do not systematically suggest techniques for targeting determinants of 
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behaviour. Theories such as the goal theory (Bagozzi, 1992), HAPA 
(Schwarzer, 1992), and the precaution adoption process model (Weinstein & 
Sandman, 1992) have included planning in their logic models of behaviour 
change. Evidence that planning helps turn intentions into behaviour is 
consistent (e.g. Gollwitzer, 1999; Hagger & Luszczynska, 2013; Sniehotta, 
Schwarzer, Scholz, & Schüz, 2005), especially when interventions require the 
specification of time, location and modality (Gollwitzer & Sheeran, 2006). 
However, the only mechanism of action linked to action planning in a 

corresponding roughly to the self-regulatory BCTs presented in this work 
(Carey et al., 2019). Thus, more research is needed to understand how 
planning affects our cognitions and behaviour.   

 
 
Coping planning 
 

Coping planning refers to strategies that help a person overcome foreseeable 
barriers to their desired behaviour (Michie et al., 2011). A coping plan should 
prevent unwanted distractions and protect healthy habits (Sniehotta, 
Schwarzer, et al., 2005). Action planning and coping planning have 
psychometrically differing functions in behaviour change (Sniehotta, 
Schwarzer, et al., 2005). Whilst most evidence of action planning has been 
found in interventions targeting the early phase of behaviour change (Michie 
et al., 2011; Sniehotta, Schwarzer, et al., 2005), coping planning may support 
the maintenance of behaviour change over time (Bartholomew, Parcel, Kok, 
Gottlieb, & Fernandez, 2011). 

Williams & French (2011) have criticised coping planning for underlining 
barriers to behaviour and possibly undermining self-efficacy. However, a 
literature synthesis has found that coping planning can increase self-efficacy 
(Carey et al., 2019). It has also shown to be an effective BCT in several health-
related behaviours, specifically improving the impact of action planning 
(Kwasnicka et al., 2013; Sniehotta et al., 2006). In the adolescent population, 
coping plans have helped protect action plans (Mischel & Patterson, 1978) and 
have been essential for their effectiveness (Araújo-Soares et al., 2009).  
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1.2.3 THEORETICAL AND EMPIRICAL OVERVIEW OF COMBINING 
SELF-DETERMINATION THEORY AND CONTROL THEORY  

 

Motivation is when your dreams put on work clothes. 

Benjamin Franklin 

 
This chapter introduces the theoretical interrelationships between control 
theory and , and evidence of the associations between them. SDT and control 
theory build on different assumptions regarding the regulation of behaviour 
and can thus be seen as contrasting or complementary approaches. SDT sees 
the satisfaction of fundamental psychological needs as a driver of motivation, 
leading to differing types of self-regulation (Deci & Ryan, 2000). The goals an 
individual sets and how personally meaningful they are has a fundamental 
impact on the quality of motivation and the commitment to behaviour change. 
Control theory, on the other hand, sees human behaviour as a goal-oriented 
process in which active, conscious cognitive processes guide the individual to 
adjust their behaviour to meet their goals (Gardner et al., 2010).  

The developers of SDT and control theory have addressed the similarities 
and differences in their approaches (e.g. Carver & Scheier, 2012; Deci & Ryan, 
2000). Carver and Scheier (1999) voiced a critique of 
dichotomy between autonomy and control. According to  concept 
of autonomy can be described by 
system and the 

disfavoured outcomes  (Carver & Scheier, 1999). Deci and Ryan (2000) 
pointed out that this division did not take into account the complexity of 
human motivation, as individuals may experience both an autonomous and a 
controlled approach, as well as avoidance goals for the same behaviour, and 
that in certain cases, tangible external rewards may even undermine 
autonomous and intrinsic motivation. However, Assor et al. (2009) suggested 
that approach and avoidance motivation may also be used in SDT research, as 
they can distinguish between two forms of introjected regulation. 

Carver and Scheier also questioned the notion of basic universal needs 
(Carver & Scheier, 1999), which led Deci and Ryan (2000) to emphasise the 
richness of human experience and the importance of individuals selecting 
their goals actively, specifically aiming towards activities that fulfil their 
autonomy, competence and social relatedness. 

Despite these differences, a useful synergy can be found between the two 
theories. Deci and Ryan (2000) see SDT as focussing more on the reasons for 
choosing specific goals, whilst the control theory feedback loop introduces the 
techniques necessary for achieving a selected goal. Once a new behaviour has 
been achieved, autonomous forms of motivation may explain why behaviours 
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are then maintained (Ferrer-Caja & Weiss, 2000; Maes & Karoly, 2005; Ryan 
& Deci, 2007).  

This work underlines the complementary nature of control theory and SDT, 
revealing strengths and weaknesses in both frameworks. If the difference 
between autonomous and controlled motivation did not matter, higher 
motivation, whether autonomous or controlled, would predict the use of 
control theory-related self-regulation techniques. However, if autonomous 
motivation leads to a wider adoption of self-regulatory BCTs, the associations 
between motivation and target behaviour might be partly explained by the 
adoption of control theory-related BCTs. For instance, individuals who enjoy 
physical activity or feel it is part of their identity would engage in goal setting, 
planning, and self-monitoring more actively than those with controlled forms 
of motivation, which are less strongly or even negatively associated with 
behaviour. 

Therefore, higher autonomous motivation could be positively associated 
with the use of self-regulation techniques. It is logical to assume that the more 
pleasure a person associates with the target behaviour, the more likely they are 
to take preparatory actions such as goal setting and planning. Similarly, the 
closer an activity is to  core values and identity, the more the person 
will engage in ensuring the activity can be completed and in monitoring their 
progress. 

However, it is not a given that all individuals will engage in these self-
regulatory actions, or that they are beneficial for everyone. For instance, Attig 
& Franke (2019) discovered that the impact of self-monitoring using activity 
trackers may depend on motivation quality. Autonomous motivation may 
protect users from the negative effects, such as dependency, that users with 
controlled motivation may experience more strongly. To improve intervention 
effectiveness, we need to understand what predicts the uptake of self-
regulation techniques and helps people act and actively plan and monitor their 
behaviour. We must understand the mechanism through which these 
techniques change behaviour. Moreover, studies have neglected the 
differences among individuals, and whether the techniques are effective for 
everyone. 

 
 
Feedback 
 

Feedback is a core feature of the control theory discrepancy loop. Practical, 
personally tailored, and easily accessible feedback has been identified as 
increasing health behaviours in just-in-time adaptive intervention studies, 
which use behavioural or environmental signals to activate feedback 
(Schembre et al., 2018). Research within the self-determination theory 
tradition has also examined how the quality of feedback influences 
behavioural processes. Positive feedback is generally beneficial for intrinsic 
motivation, especially when task difficulty is optimally challenging (Ryan & 
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Deci, 2017, p. 485). Sufficiently small goals or optimised challenges are 
associated with intrinsic motivation, as they enable repeated positive feedback 
and mastery experiences (Deci et al., 1975; Rigby & Ryan, 2011; Schmierbach 
et al., 2014). Autonomy support: achievable goals, empathetic support, clear 
instructions, and a focus on actions instead of the individual may help deliver 
beneficial effects with even negative (or change-oriented) feedback 
(Carpentier & Mageau, 2013; Mouratidis et al., 2010). Positive feedback may 
be more effective in increasing autonomous motivation in an autonomy-
supportive environment (Ryan & Deci, 2017, p. 485), and may help individuals 
deal with disappointments such as losing a competition (Vansteenkiste & Deci, 
2003). Non-controlling language is also considered important for satisfying 
the psychological need of autonomy (Gillison et al., 2019). Therefore, both the 
content and the context in which feedback is given are important. 

Self-determination theory may also help us understand why physical 
activity is so often organised in the form of sports. Sports typically consist of 
challenges, goals, and competence feedback. When the level of the challenge is 
right, these factors may fulfil the basic need of competence. (Ryan & Deci, 
2017, p. 486). Sports provide automatic feedback in the form of points, scores 
or leaderboards, improved health or performance tracked by an activity 
monitor. Social feedback is also received from coaches, teachers, and peers.  

The motivational interviewing approach presented earlier introduces a 
systematic approach to feedback in behaviour change (Miller & Rollnick, 
2012). The principles of MI help formulate the feedback in a way that supports 
the basic psychological needs of SDT (Vansteenkiste et al., 2012).  

As wearable sensor technology evolves and becomes more accessible to 
consumers, feedback on behaviour, especially feedback on the outcomes of 
behaviour, is becoming increasingly based on physiological data. When used 
as a behaviour change strategy, this type of physiological or biochemical 
feedback is referred to as biofeedback (Michie et al., 2013). Biofeedback is 
often used to train individuals to identify and modify physiological signals 
from their body to improve their health outcomes (Schwartz & Andrasik, 
2017). It is applied in, for instance, chronic disease management (Fournié et 
al., 2021), rehabilitation (Ortiz et al., 2022), and elite sports 
2021). A systematic review and meta-analysis by Howlett et al. (2019) 
associated biofeedback with physical activity maintenance among inactive 
adults after interventions have ended. 

1.2.4 GAPS IN THEORETICAL UNDERSTANDING OF MOTIVATIONAL 
AND SELF-REGULATORY FACTORS FOR PHYSICAL ACTIVITY 

 
Despite the consistent evidence on the association between autonomous 
motivation and physical activity (Ntoumanis et al., 2020), exactly how 
autonomous motivation translates into physical activity is poorly understood. 
Individuals may need practical tools to put the desire to be active into practice. 
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(Milne et al., (2002) found a similar mechanism regarding intention: adding 
planning techniques to motivational techniques in an intervention increased 
physical activity, while motivational techniques alone did not lead to changes 
in activity. 

Secondly, we do not know what makes individuals use self-regulatory 
behaviour change techniques. Addressing this gap could improve the efficacy 
of interventions, as more individuals might adopt these techniques if they 
received the right support. 

Thirdly, despite the predominance of motivational constructs in behaviour 
change, no studies have drawn together evidence on the mechanisms that 

Consequently, we know 
little about the intervention techniques that influence motivation, intention, 
or progression from the pre-intentional stage to contemplation, action or even 
the maintenance stages. A possible reason for this obvious gap is that many 
studies only provide general descriptions of their intervention methods, or 
worse, do not report the intervention content at all (Michie et al., 2015). 

Fourthly, although behavioural theories predict change in individuals, the 
literature on physical activity determinants is built almost entirely on group-
level effects. Moreover, the time scale of the association between physical 
activity and its determinants in everyday life is not understood. Part II of the 
introduction presents research related to change within individuals. 

 
 

1.3 PART II. UNDERSTANDING WITHIN-PERSON 
PROCESSES AND DEVELOPING EVIDENCE-BASED 
SMARTPHONE INTERVENTIONS 

1.3.1 MODELLING CHANGE WITHIN INDIVIDUALS 
 

The constructs studied in this work operate mainly on the individual, intra-
personal level (Doise & Mapstone, 1986), focussing on behavioural 
determinants such as self-efficacy, self-determination, and self-regulation 
(while understanding that all these constructs operate in a social reality). Most 
social psychological and behavioural theories also conceptualise change within 
in -efficacy leads to their intention to practise 
their behaviour. However, experimental studies of psychological models 
typically analyse the average effects of the predictors on the whole sample, 
rather than looking into the effects on each individual (Duan et al., 2013; 
Hekler et al., 2016a; Spruijt-Metz et al., 2015), which limits the conclusions 
that can be drawn for supporting individuals (Rothwell, 2005). Group-
average-based estimations may hide the relationships between the variables 
of individuals who do not follow the average trajectory, and in the worst case, 
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hide the opposing effects altogether (Bolger & Laurenceau, 2013; Inauen et al., 
2016; Smith et al., 2018). 

1.3.2 ADVANTAGES OF A WITHIN-PERSON APPROACH TO SOCIAL 
PSYCHOLOGICAL SCIENCE 

 
Interventions that aim to help individuals achieve health-enhancing levels of 
physical activity may increase in efficacy if they target determinants that are 
pertinent to each individual. To identify these factors, the variance in physical 
activity and its predictors needs to be analysed within individuals, over time 
(Scholz, 2019). Simple pre-post measurements leave aside the dynamic 
interaction of behaviour and its predictors, including the order of the effect 
and change happening over time (Spruijt-Metz et al., 2015). For instance, 
social cognitive theory postulates that self-efficacy and behaviour have a two-
way relationship, i.e., one affects the other. However, the theory does not 
specify whether the change is immediate or whether the strength of the 
association changes over time (Hekler et al., 2016a). Repeated within-person 
measurements may help identify the timing, necessary exposure, and duration 
of these associations, as well as detect the direction in the effects that differ 
between participants (Bolger & Laurenceau, 2013; Shaffer et al., 2018).  

These ecological momentary assessment (EMA) studies, conducted in 
everyday life settings using repeated questions, enable investigating when the 
change in a hypothesised predictor is followed by a change in the outcome 
variable (Dunton, 2017; Shiffman et al., 2008). For instance, changes in 
motivational variables may lead to the increased enactment of specific 
behaviour change techniques (Michie et al., 2013) and subsequent changes in 
physical activity. This increasing accuracy may ultimately advance social and 
health psychological theory and their application in intervention design 
(Scholz, 2019). 

Different theory-based predictors can be effective for different individuals, 
as shown by Smith et al. (2018), who found different types of relationships in 
all six N-of-1 studies that they conducted on social cognitive theory constructs 
and physical activity. Most evidence of self-efficacy and motivation predicting 
physical activity comes from between-person studies, often measured only 
before and after an intervention. Aggregated longitudinal EMA studies by 
Hekler et al. (2012) and Dunton et al. (2009) found support that daily 
fluctuation of self-efficacy may predict walking, but these studies did not 
observe individual trajectories or differences between individuals. 

1.3.3 N-OF-1  
  

St individual entities at the within-
person level are typically referred to as N-of-1 studies (also single case or 
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idiographic studies) (Kwasnicka et al., 2019; McDonald et al., 2017). N-of-1 
methods have traditionally been used in medicine (Gabler, Duan, Vohra, & 
Kravitz, 2011; Punja et al., 2016), neuropsychological rehabilitation (Perdices 
& Tate, 2009), psychotherapy (Norcross & Wampold, 2011), and several fields 
of psychology (Smith, 2012a), and are increasingly used in health psychology, 
(e.g. Burg et al., 2017; Hekler et al., 2012; Kwasnicka et al., 2017; Nyman et al., 
2016; Perski et al., 2019; Smith et al., 2018; Sniehotta et al., 2012). N-of-1 trials 
are more accurate than between-person studies when generating evidence for 
individual treatment decisions (Guyatt et al., 2002) and are recommended for 
testing theoretical mechanisms within individuals (Craig et al., 2008). 
However, these designs remain underused in health behaviour research 
(McDonald et al., 2017). 

The benefits of the N-of-1 design include being able to deliver intervention 
techniques as separate modules. It is thus possible to identify the efficacy of a 
specific technique for a specific person (Barlow et al., 
2007; Yardley et al., 2016). The increasing use of N-of-1 methods is a natural 
development from the technological solutions that enable repeated, non-
invasive measurement (Dallery et al., 2015) and meets the need for agile 
testing of rapidly evolving health technologies (Michie et al., 2017). 

An N-of-1 randomised controlled trial (RCT) includes active manipulation 

intervention elements, and comparing them to control periods without the 
interventions (McDonald et al., 2017). In other words, individuals are used as 
their own controls. The focus changes from average intervention 
effectiveness, to asking for whom the intervention works and why. With a 
factorial design, N-of-1 RCTs can assess more than one intervention target, as 
in (Nyman et al., 2016; Sniehotta et al., 2012). 

N-of-1 studies have been used to show that different theory-based 
predictors may be effective for different individuals. For instance, Smith et al. 
(2018) found different types of relationships in all six of the N-of-1 studies that 
they conducted on social cognitive theory constructs and physical activity.  

For self-efficacy and motivation to be physically active, most evidence 
comes from between-person studies, often measured only before and after an 
intervention. Aggregated longitudinal EMA studies by Hekler et al. (2012) and 
Dunton et al. (2009) found that daily fluctuation of self-efficacy predicting 
walking, but these studies did not observe individual trajectories or differences 
between individuals. 

1.3.4 AGGREGATING N-OF-1 DATA 
 

N-of-1 designs enable the observation of effects on individuals, as well as the 
aggregation of data from several participants, thus drawing generalisable 
conclusions (Araujo et al., 2016; Sniehotta et al., 2012). Although information 
on individuals is lost with this approach, individual differences can still be 
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used to adjust the dependent variable using multilevel approaches (Bolger & 
Laurenceau, 2013, p. 29; Hekler et al., 2016a). Multilevel modelling enables us 
to separate the between-subject and within-subject levels of analysis, and the 
use of random effects accounts for the between-subject differences in the 
dependent variable, daily steps (Bolger & Laurenceau, 2013, p. 27; Cushing et 
al., 2014). All statistical methods have their biases, therefore combining N-of-
1 analyses with aggregated within-person multilevel models may help produce 
a more nuanced picture of the same research question (Munafò & Smith, 
2018). It can help to observe associations in a group of individuals, taking into 
account autocorrelation, the tendency of consequent observations to be more 
similar than observations far apart in time, and the nested structure of the data 

modelling also makes it possible to control for other variables in the same way 
as other regression-based approaches and increases the statistical power from 
N-of-1 analyses, as observations can be combined by the whole group of 
participants.  
 
 

1.4 PART III. DEVELOPING AND TESTING MOBILE 
APPS FOR HEALTH BEHAVIOURS: STATE-OF-THE-
ART 

Part III presents the opportunities and challenges of smartphone apps 
providing digitalised support for behaviour change. 

1.4.1 MOBILE PHONE INTERVENTIONS FOR PHYSICAL ACTIVITY: 
RESEARCH AND CHALLENGES TO DATE 

 

through or supported by mobile devices, such as mobile phones, patient 
monitoring devices, or other wireless devices (World Health Organization, 
2011). For many individuals, mobile phones, specifically smartphones have 
become a central part of everyday life (Poushter, 2016). Modern technology 
offers exceptional opportunities to overcome many of the limitations of 
ubiquitous data collection, and to deliver timely interventions and theory-
testing, as most smartphone owners almost always keep their phones close by 
(Dey et al., 2011; Fanning et al., 2012). With embedded sensors such as 
accelerometers for step detection real-time data can be collected in the 
participant  natural environment (Miller, 2012). Automatic, objective, 
continuous data collection has improved the feasibility and rigour of N-of-1 
trials on behavioural determinants and decreased the burden on participants 
(for a review, see Shaffer et al., 2018). Most popular health apps include the 
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BCTs goal setting, self-monitoring and feedback (Antezana et al., 2020; 
Schoeppe et al., 2016, 2017). Due to the ubiquitous nature of mobile devices, 
the effectiveness of mHealth is repeatedly questioned by the scientific 
community and has been addressed by several systematic reviews (Marcolino 
et al., 2018). 

The question of mHealth effectiveness is ambiguous, because mHealth is a 
method of delivering interventions rather than an intervention technique. 
Mobile-based interventions differ considerably and are based on different 
theoretical frameworks, BCTs and mechanisms of action, ranging from simple 
goal reminders (Prestwich et al., 2010) to complex gamified platforms with 
augmented reality elements, such as PokémonGo (Althoff et al., 2016).  

Despite this heterogeneity, mobile phone-based interventions have shown 
small to moderate positive effects on several fields of health. The best mHealth 
results have been achieved in chronic disease management, in which the need 
for behavioural support may be more salient, while a systematic review of 
systematic reviews concluded that the evidence on physical activity is mixed 
(Marcolino et al., 2018). Meta-analyses have found mHealth interventions to 
have positive effects on physical activity (Fanning et al., 2012). Largest effects 
on physical activity have been found in mHealth interventions that combine 
app use with other delivery modes (Schoeppe et al., 2016), especially when 
these include wearables (for a meta-analysis, see Gal et al., 2018). One 
systematic review found that half of the physical activity studies conducted 
showed short-term increases in self-reported outcomes and that none showed 
negative effects (Free et al., 2013), although due to the file drawer effect , 
ineffective experiments or negative results may be published less frequently. 
However, publication bias analyses in meta-analyses such as that by Qin et al. 
(2021) indicate that a great number of ineffective studies would be needed to 
nullify the positive findings on mHealth interventions for physical activity or 
weight loss. 

Effective examples of increasing self-reported physical activity include 
messages targeting affective or instrumental beliefs to help inactive 
adolescents walk more (Sirriyeh et al., 2010); messages targeting social 
cognitive theory constructs, including social support and self-efficacy, to 
encourage postnatal women to walk more (Fjeldsoe et al., 2010); and 
reminders of goals or plans to encourage sedentary adults walk more 
(Prestwich et al., 2010).  

A meta-analysis of eight RCTs compared the effectiveness of interventions 
delivered by a mobile phone, in person, on a website, or on paper, and found 
that mobile and website RCTs had similar effects on physical activity to those 
of the other delivery modes (Hakala et al., 2017). Mobile-based delivery is well 
received through such simple means as text messages (Free et al., 2013). It can 
be concluded that mobile phones as an intervention delivery mode do not 
prohibit the effectiveness of interventions, although the effects may be higher 
among younger people with a high socio-economic status (SES) (Szinay et al., 
2021; Western et al., 2021). 
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Improving the uptake of and engagement with health apps could therefore 
decrease the burden on public health caused by unhealthy lifestyles (for a 
review, see Szinay et al., 2020)

(Mathews et al., 2019). In 2017, only 0.18% of 325,000 
publicly available health apps had undergone rigorous scientific assessment 
(Aitken et al., 2017). The necessity of systematic, theory- and evidence-based 
app development and testing is therefore evident. Building intervention on 
theory may improve its effectiveness, depending on the BCT content (McEwan 
et al., 2019; Webb et al., 2010), specifically when digital interventions draw 
from both cognitive and behavioural theories (Webb et al., 2010; Yang & Stee, 
2019) or when interventions targeting physical activity or diet build on self-
determination-theory, motivational interviewing or control theory (for 
systematic review of reviews, see Dalgetty et al., 2019). 

1.4.1.1 Engagement in digital interventions 
 

(Perski, Blandford, 
West, et al., 2017; Szinay et al., 2020). However, engagement in digitally 
delivered interventions is a multidimensional concept that cannot be captured 
with the usage time or frequency only (Michie et al., 2017; Perski, Blandford, 
West, et al., 2017). Numerical data on usage do not provide a full picture of the 
level and depth of engagement (Miller et al., 2019; Yardley et al., 2015, 2016). 
Summative metrics also do not indicate the quality of engagement in 
behaviour change: more time spent on an app might indicate that it is simply 
fun to use  or even the opposite, that it has low usability (Donkin et al., 2013). 

Gaming and usability literature traditionally measure engagement from the 
perspective of the subjective user experience: immersion, attention, affect, and 
flow (Perski, Blandford, West, et al., 2017), leading to a need to qualitatively 
evaluate user interactions with the service (Yardley et al., 2015). This approach 
helps identify which services are user friendly but does not reveal whether app 
use leads to changes in behaviour or cognitions.  

From a social and health psychology perspective, the focal aspect of 
engagement in digital health services needs to be whether an app helps 
individuals engage in the behaviour change process. In this work, I refer to the 
engagement in the behaviour change process as any movement towards the 
desired behaviour, whether it be a cognitive or affective change, concrete 
actions of preparation for physical activity, or initiating physical activity. This 
may include the reflection of personally valued reasons to change or the act of 
planning and monitoring behaviour. 
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1.4.2 ADDRESSING MOTIVATION AND SELF-REGULATION IN 
MOBILE APPS 

 
A widely recognised problem with behaviour change interventions, and 
particularly with digitally delivered materials, is the lack of participant 
engagement with the intervention content. One possible reason is that most 
sports apps offer a relatively limited selection of self-regulatory behaviour 
change techniques, often limited to self-monitoring of behaviour in the form 
of physical activity tracking (Lyons et al., 2014; Qin et al., 2021). Step tracking 
has its advantages, and longitudinal intervention studies have indicated that 
it can increase inactive individuals  physical activity by an average of 2500 
steps a day (Bassett et al., 2017). However, many potential app users might not 
be attracted to activity tracking features and might benefit from more holistic 
support that helps them reflect on their motivation, capabilities, and 
opportunities (Lyons et al., 2014). Tracking features also typically offer 
externally set thresholds and difficult-to-reach goals, such as 10 000 steps a 
day. Recent research suggests, however, that almost any increase in physical 
activity has health benefits for most individuals (Warburton & Bredin, 2017). 
Apps could reach a wider audience if they provided a wider range of techniques 
for individuals with different activity levels, motivational profiles, and usage 
preferences (e.g. König et al., 2018). Digital delivery also enables the automatic 
tailoring of intervention content to each user, but this option is used in 
surprisingly few popular apps (for review see Sajjadi et al., 2022). Instead of 

ur, apps can add fun elements to exercise and 
make use of (Ryan 
et al., 2006). Furthermore, apps could help users reflect on the reasons why 
they want to exercise or remind them of positive experiences or future goals. 

This type of approach was taken by Friederichs et al. (2015), who tested two 
computer-based digital interventions and found that a self-determination 
theory and motivational interviewing-based intervention increased overall 
self-reported physical activity, whereas a comparison digital intervention did 
not. However, the comparison arm, based on other social cognitive theories, 
increased the number of days on which exercise exceeded 30 minutes, whereas 
the the self-determination theory-based intervention did not have this effect. 
They therefore recommend combining self-determination theory or 
motivational interviewing with some other social cognitive theory when 
developing physical activity programmes. 

1.4.2.1 Digital applications of motivational interviewing 
 

Despite promising results that face-to face counselling interventions increase 
physical activity (Frost et al., 2018), the price of individual support 
programmes is typically too high for population-level implementation, and 
cost-effectiveness may sometimes be lower than that of other delivery options 
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(for reviews see Garrett et al., 2011; Wu et al., 2011). Automated digital delivery 
of personalised counselling could provide a cost-effective, wide-reaching 
alternative to person-to-person support. A digital service cannot provide the 
real presence of a human, but Rigby & Ryan (2011) suggest that the way in 
which we experience relational support, companionship and team building 
does not necessarily depend on the physical presence of another individual. 
Self-determination theory is applicable in virtual worlds and during digital 
interactions in the same way as it is (Rigby & Ryan, 2011). 

Technology-delivered adaptations of motivational interviewing have led to 
positive changes in several health-related behaviours, as a systematic review 
by Shingleton and Palfai (2016) identified. Earlier reviews had discovered that 
technology-assisted interventions had no effect or lower effect sizes than 
interventions delivered in person. The ineffective studies were often delivered 
by telephone only (DiIorio et al., 2009; Lundahl et al., 2013). It is likely that 
technology-transmitted MI programmes have evolved over time and become 
better at engaging and encouraging users, thus leading to higher effectiveness. 
The target population has also become more used to digital platforms. 

Smartphones could thus be an optimal platform for certain MI features, as 
they accompany people in their everyday lives and people continuously 
interact with them during little breaks in their day (L. G. Morrison et al., 2014). 
Individuals also value the possibility of receiving support when and where it is 
needed (Dennison et al., 2013). However, no study has tested delivering a fully 
automated MI on a smartphone app (Shingleton & Palfai, 2016). The wide 
reach and cost-effective dissemination of digital, smartphone-based 
interventions makes it important to know whether digitalising MI features on 
a smartphone is feasible, and whether these features have the desired impact 
of engaging users in behaviour change (Eldridge et al., 2016). 

1.4.2.2 Gamification in mobile apps 
 

With smartphones and wearables, digital games have become ubiquitous. 
Many people spend significant time and effort on mastering their skills and 
reaching goals in game environments. Games rarely bring about external 
rewards, so the passion people experience may, to a great extent, be explained 
by need satisfaction (Ryan et al., 2006) and flow state, in which the balance 
between challenge and skill is optimal (Csikszentmihalyi & Csikszentmihalyi, 
1992). Ryan and Przybylski (2006) suggest that the need satisfaction 
experienced while gaming may provide such experiences of social connection, 
mastery, and autonomy, which can lead to improved well-being. Game playing 
may also improve mood and relax the autonomic nervous system (Russoniello 
et al., 2009). 

Gamification refers to the use of game elements in a real-life environment, 
with a serious goal, such as learning or behaviour change (Deterding et al., 
2011). Gamified elements typically consist of rewards, competition, and 
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feedback messages, but only a few studies have examined the effectiveness of 
specific game elements at increasing physical activity. Many typical 
gamification strategies have been identified as controlling within the self-
determination theory framework, including tangible rewards, controlling 
feedback, ego involvement, and conditional regard (provision of affection only 
when acting in the desired way) (for a review, see Bartholomew et al., 2009). 
However, the impact of rewards, feedback, and competitive elements depend 
to a great extent on contextual factors and can be experienced as either 
controlling or informative. In the former case, the consequences for 
motivation and performance are often negative; in the latter, they are more 
likely to be positive (Ryan & Deci, 2017, p. 490). Pressure to win, especially 
when rewards depend on success, may undermine the intrinsic joy obtained 
from the challenge, but winning may also provide competence feedback and 
present an autonomous challenge. 

Virtual rewards, such as badges and points, have induced some positive 
effects on physical activity and the related cognitions in digital interventions. 
Some examples include the GoalLine goal setting app, the users of which had 
mixed feelings about trophies, and only a few considered them motivating 
(Munson & Consolvo, 2012). During a three-week trial of the Ubifit app, users 
reported that digital flowers on the phone screen supported their motivation 
to remain active (Consolvo et al., 2008). Adding gamified elements (risk of 
losing points and levels) to self-regulation techniques such as goal setting, self-
monitoring and feedback increased physical activity in adults compared to 
adults using non-gamified self-regulation techniques (Patel et al., 2017). A 
smartphone app to increase stroke survivors  physical activity levels 
successfully increased steps by using fish animations to visualise user activity 
in a group of four users (Paul et al., 2016). A study comparing three different 
mobile apps found similar increases in self-reported physical activity in all 
three user groups using the gamified, social or self-regulation technique-based 
apps (King et al., 2013). 

Gamification does not necessarily need to take the form of a fully-
developed game, but the quantification and monitoring of human behaviour 
can be seen as a form of gamification, which is increasingly present in everyday 
life due to digital sensors and social media broadcasting (Attig & Franke, 
2019). 

 
This section has introduced the theoretical background and key constructs of 
this work. The following section presents the aims of the four studies 
conducted as part of this work. 



Aims 

46 

2 AIMS 

The overarching aim of this work was to increase the understanding of the 
social psychological factors that influence individuals  uptake of and 
engagement in physical activity. These include the determinants of 
motivation, the motivational factors that may predict the use of behaviour 
change techniques that support self-regulatory processes, and the factors that 
promote engagement in the behaviour change process. As defined in the 
introduction, the here refers to all the mental or 
physical efforts an individual makes in order to change their behaviour, 
including the motivational, self-regulatory, and emotional processes required 
for change. 
 
Study I sought to provide a new perspective on self-determination theory and 
control theory by introducing a model that integrates these two approaches 
(Figure 2). Despite  central function in behaviour change 
research, few studies have intentionally combined them. Identifying 
motivation quality as a predictor of the use of self-regulation techniques could 
improve future intervention design and increase efficiency. 

The aim was therefore to investigate whether motivation quality 
determines the extent to which adolescents engage in self-regulatory 
processes. The hypothesis was that individuals who experience autonomous 
motivation for physical activity would engage more actively in action planning, 
coping planning and self-monitoring  well-known techniques to facilitate 
engagement in physical activity. In contrast, controlled forms of motivation 
based on external coercion or internalised guilt or shame were not 
hypothesised to predict the use of these self-regulatory BCTs.  

Identifying the BCTs that translate motivation into action could partially 
explain why autonomous motivation is consistently identified as a better 
predictor than controlled motivation when explaining physical activity. Study 
I aimed to provide preliminary evidence to support these hypotheses and the 
multi-theory process model presented in Figure 2 below. 



 

47 

 

Figure 2 Image reproduced from Study I. 

Although intention and motivation are the key constructs of several social 
psychological theories of behaviour, there is a surprising lack of focus in the 
literature on the effectiveness of the intervention elements that increase them. 
Many theories hypothesise determinants for intention and motivation, but 
only a few suggest specific intervention techniques to change these constructs. 
Therefore, Study II investigated physical activity interventions, targeting one 
of the three motivational factors: autonomous motivation, intention, and the 
progression from pre-intentional to intentional phases, as described in the 
transtheoretical model of DiClemente & Prochaska (1998). This study aimed 
to synthesise the evidence on the intervention elements that are associated 
with motivational factors to provide stronger evidence for intervention 
development. 

Study II examined the interventions  effects on autonomous motivation, 
intention, and stage of change. The primary aim was to identify the 
intervention features that moderate the motivational outcomes: BCTs 
classified using the v1 BCT taxonomy (Michie et al., 2013) and other 
intervention features, including the use of theory, factors related to the 
intervention delivery, and participant characteristics. Finally, the study aimed 
to assess the extent to which changes in motivational factors were associated 
with changes in physical activity. 
 
The approaches in this work focus on the individual and their experiences. 
Self-determination theory builds on the concept of an active individual who 
naturally desires to engage in behaviours (Ryan & Deci, 2017). Self-regulation 
techniques, as the name says, involve individuals regulating their own 
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behaviour. Motivational interviewing is a person-centred, collaborative, goal-
oriented communication style (W. R. Miller & Rollnick, 2013). Engagement in 
and adherence to interventions are personal processes, even when affected by 
environmental or relational factors. Despite all this, few studies have 
investigated change over time in these concepts on the individual level. 
Studies III and IV aimed to discuss the development and testing of the 
Precious app, a smartphone app with personally tailored interventions, and 
how such data can be analysed on the individual level. 
 
Study III aimed to describe the evidence- and theory-based development and 
feasibility testing of the Precious app, which was specifically designed to meet 
the need for effective digital interventions that support motivation to be 
physically active and use self-regulatory BCTs. The objective of the study was 
to present an extended version of the multi-theory framework from Study I, 
which suggests potential pathways for engaging users in the behaviour change 
process with digital interventions. It also sought to explore whether the newly-
developed app supports engagement in the behaviour change process. This 
work suggests that engagement in digital interventions can be understood 
more profoundly by extending the focus from the frequency of usage or time 
spent with a service to active cognitive involvement in the process. The 
hypothesis was that successfully implemented, digitalised motivational 
interviewing would help users 
towards behaviour change. Secondly, the study aimed to explore the ways in 
which the users discussed autonomy, one of self-
psychological needs, while using the app. 
 
Study IV aimed to pilot test two motivational components of the Precious app 
in a series of factorial N-of-1 RCTs: (1) fully automated techniques from 
motivational interviewing, and (2) heart rate variability-based biofeedback, 
which, it was hypothesised, would make the connection between behaviour 
and health outcomes more salient for the user. The N-of-1 RCTs aimed to 
determine the feasibility of the automated factorial RCT design and to 
understand the strengths and limitations of this approach.  

Only a few studies have observed whether changes in self-efficacy precede 
changes in physical activity in day-to-day environments (Dunton et al., 2009; 
Hekler et al., 2012; Smith et al., 2018). Observing these associations within 
individuals on a daily basis would provide a more fine-grained understanding 
of this widely hypothesised association, which has mainly been tested by 
comparing group averages over two timepoints (Hekler et al., 2012). 
Therefore, as a secondary outcome, the study aimed to increase within-person 
level evidence of the predictors of physical activity, because how self-efficacy 
and motivation translate into physical activity over time, and whether these 
associations differ between individuals, is poorly understood (Bolger & Zee, 
2019). 
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The specific research questions, by order of study, were: 
 
 

 
I Testing the initial multi-theory process model 
 

1. Is autonomous motivation associated with the use of the self-
oping 

- ? 
2.  Does the use of self-regulatory behaviour change techniques 

explain (mediate) the relationship between autonomous 
motivation and physical activity? 

 
 

II  Synthesising research evidence of intervention features that 
increase motivation to be physically active  

 
1. To what extent do physical activity interventions increase 

autonomous motivation, stage of change, or intention? 
2. Which behaviour change techniques in physical activity 

interventions moderate the changes in the motivational 
constructs: autonomous motivation, stage of change, and 
intention to be physically active?  

3. What type of intervention delivery, theory use, and participant 
characteristics moderate the changes in the motivational 
constructs autonomous motivation , stage of change , and 
intention to be physically active ? 

4.  To what extent are the effects of interventions for autonomous 
motivation, stage of change, and intention associated with the 
effects of interventions for physical activity behaviour? 

 
III Developing and feasibility testing the Precious app 

 
1. What kind(s) of change talk did the Precious app elicit from the 

participants, if any?  
The purpose of this question was to study whether the 
motivational interviewing-based features succeeded in engaging 
the participants in the behaviour change process. 

2. How did the participants discuss autonomy support in the 
Precious app?  
The purpose of this question was to examine the 
experiences of the autonomy-supportive features in the Precious 
smartphone app and the extent to which participants' interactions 
with the Precious app fulfilled their psychological need for 
autonomy. 
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IV  Series of factorial N-of-1 randomised controlled trials testing the 

 Precious app 
 
1.  How was the app and the digitally delivered, factorial N-of-1 RCT 

received? 
2.  Did the individuals take more steps on the days they received 

digital motivational interventions than when they received no 
intervention?  
The interventions consisted of (a) digitalised motivational 
interviewing-based messages and (b) prompts to conduct a 
biofeedback measurement. 

3.  Are self-efficacy and motivation associated with the number of 
steps taken on a daily level, within individuals? 
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3 METHODS 

Before turning the focus onto the participants, data collection, and the 
methodological details of all the four studies, and to provide a background for 
Studies III and IV, the methods section presents the development work 

PREventive Care Infrastructure based On Ubiquitous 
 project, which led to the creation of the Precious app.  

3.1 DEVELOPMENT OF THE PRECIOUS APP 

To meet the need for evidence-based, digital health behaviour interventions 
that help the user engage in the behaviour change process, the Precious app 
was designed and developed through multidisciplinary, EU funded 
collaboration. The Precious project consortium consisted of eight European 
partners in sensor engineering, computer science, human computer 
interaction, nutritional science, psychiatry, and social and health psychology. 
The app design was created iteratively through collaborative writing of the 
project deliverables (available on http://www.thepreciousproject.eu), yearly 
consortium meetings, monthly teleconferences, and regular design meetings 
in smaller teams. The project  aim was to develop a state-of-the art digital 
platform that supports physical activity, sleep hygiene, stress management 
and healthy nutrition. This section describes the development of the physical 
activity-related features of the Precious app, and the social psychological 
aspects designed as part of this work, presented in Studies III and IV. No 
intervention development framework was used to systematically guide the 
development work, but the work loosely followed the steps of intervention 
mapping (Eldredge et al., 2016, p. 12). 
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Figure 3 Logic model of the problem (retrospective model, not previously published). 

3.1.1 STEP 1. LOGIC MODEL OF PROBLEM BASED ON NEEDS 
ASSESSMENT  

 
The Precious project targeted adults who were at risk of lifestyle-related 
diseases due to modifiable health behaviours such as lack of physical activity, 
unhealthy diet, stress, or poor sleep hygiene. To assess the end-
and user requirements, possible app usage scenarios were defined through 
early consultations with the end-users. Thirty-six adults between the age of 18 
and 64 were recruited from several European countries via an online screening 
tool (N=437 responses) to complete interview scenarios of imaginary app 
usage situations related to physical activity, diet, sleep, or stress management 
(nine participants per target behaviour). The interviews revealed that the 
participants sought support for motivation, goal setting, and time 
management in particular. This needs assessment study is described 
elsewhere (Kuczora et al., 2014).  

Ethical and privacy principles were reviewed in relation to the different 
fields of expertise presented in the consortium, emphasising data protection 
and accessibility (Nurmi et al., 2014). For improved accessibility, the 
consortium created possible usage scenarios with four groups of end-users in 
mind: a family with children, students, young single professionals, and retired 
couples. The special needs of these groups were taken into account in the 
design phase. Special attention was paid to individuals who were not typical 
health app users and to the design needs of elderly people and people from 
lower socio-economic groups. Accessibility choices included a widely used 
operating system, short and simple texts, large font size, and easy-to-use 
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functions, avoiding complex graphs and statistics. The needs assessment and 
logic model of the problem is roughly summarised in Figure 3.

Figure 4 Early logic model that guided app development phase.

3.1.2 STEP 2. PROGRAMME OUTCOMES AND OBJECTIVES LOGIC 
MODEL OF CHANGE

The programme design started with a review of theory and evidence from 
social psychology and gamification, which led to an initial motivational design 
(Helf et al., 2014). A virtual individual model was designed to combine data 
from different input methods and to form a representation of each user s 
motivational and behavioural stage, which would enable individualised 
tailoring of motivational and self-regulatory support (Myllymäki et al., 2014). 

The first version of the logic model of change was established, with the 
main principles guiding the physical activity intervention design, building on 
Study I (Figure 4). The main aim was to increase individuals daily physical 
activity, and the main pathways to achieving this would be using motivational 
interviewing techniques to satisfy basic psychological needs, autonomy, 
competence, and relatedness, which were hypothesised to lead to increased
autonomous motivation and support of control theory-related, self-regulatory 
behaviour change techniques (Figure 5). 
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Figure 5 Early-phase conceptualisation mapping motivational interviewing techniques and 
self-regulatory BCTs on basic psychological needs from self-determination theory 
and showing how need satisfaction guides the behaviour change process through 
different phases of change (Created by the author, published in Tejedor et al., 
2015).

3.1.3 STEP 3. PROGRAMME DESIGN: THEORETICAL FRAMEWORK
BEHIND THE PRECIOUS APP

The iterative development of the final app content was initiated by the first 
and second author of Study III, who mind-mapped the key service elements 
and their relationships, brainstormed ways in which to implement the 
motivational and self-regulatory variables on a digital platform and defined
the rules of user-specific, tailored suggestions. The service design also drew 
from the systematic development of a computer-based physical activity 
intervention using automated motivational interviewing techniques by 
Friederichs et al. (2014, 2016). Engineering and user design students joined
the weekly design meetings, mock-up screens were created, and comments to 
the user design were obtained from people outside the research team (more 
details in Tejedor et al., 2015). 



 

55 

The initial project proposal had included the use of motivational 
interviewing, biofeedback from Firstbeat sensors (Palmer et al., 2021) and 
gamification, as intervention mechanisms. The design thinking started by 
conceptualising ways in which to practically implement these techniques on a 
smartphone within the frameworks of self-determination theory and control 
theory (Figure 1). During the project, the thinking behind the model evolved, 
and it eventually lead to the publication of an updated version of the multi-
theory framework presented in Study III, and the results of this work (Figure 
6). 

3.1.4 STEP 4. PROGRAMME PRODUCTION 
 

The final functionalities and content of the motivational interviewing 
components in the Precious app were collaboratively written by the first and 
second author of Study III and programmed into the app by the third author. 
To refine the app design, a prototype of the Precious app was also presented 
to potential end-users in a workshop, in which they were invited to discuss 
their experiences and perceived challenges related to fitness goals and 
technology (Helf et al., 2016). The participants were instructed to perform 
imagination exercises, such as creating fitness plans as if magic was available 
(to inspire creative out-of-the-box thinking) (Iacucci et al., 2000) and there 
were no technological constraints, as suggested by Vavoula & Sharples (2007). 

The final physical activity features of the Precious app included seven 
motivational interviewing-based relational techniques (Hardcastle et al., 
2017) and 12 behaviour change techniques (Michie et al., 2013) for physical 
activity motivation and self-regulation. The app was also connected to the 
servers of Firstbeat technologies Ltd to provide heart rate variability-based 
biofeedback (Palmer et al., 2021). 

The app was designed to tailor suggestions to the s 
and exercise statuses so that those with low intentions to be physically active 
would receive more motivational interviewing and gamified suggestions, and 
those who were already willing to engage in physical activity would receive 
more reminders of self-regulatory BCTs: goal setting, action planning and self-
monitoring. The available outcome goals to choose from were intended to be 
intrinsically motivating, for example, competition and challenges that may 
provide optimal challenges and competence feedback (Ryan & Deci, 2017, p. 
488), or to support identified or integrated regulation by matching users  
values. The app provided structure for setting goals, which is an autonomy-
supportive feature (Gillison et al., 2019). Finally, heart rate variability-based 
biofeedback was included in the service design to increase the personal 
relevance of the data provided by the app and to show users the immediate 
impact of their actions on their physical well-being. 
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3.1.5 STEP 5. PROGRAMME IMPLEMENTATION PLAN (ADOPTION, 
IMPLEMENTATION, AND MAINTENANCE) 

 
The wider adoption and implementation of the Precious app is beyond the 
scope of this work, 
Framework funding scheme, the project consortium had to assess business 
models and the options for long-term maintenance of the designed service 
(Mutafungwa et al., 2014).  

3.1.6 STEP 6. EVALUATION 
 

The development of the Precious app included several usability, feasibility, 
and pilot assessments. During the app design, usability think-aloud studies 
were conducted to improve the accessibility of the features (unpublished 
study). Think-aloud interviews were also used alongside semi-structured 
interviews to assess whether the newly-developed app helped initiate 
motivational processes in the test users (Study III). A usability RCT combined 
and compared an early version of the app with face-to-face motivational 
interviewing sessions and assessed the acceptability and usability of the app 
during a three-month field study of obese patients (Castellano-Tejedor et al., 
2020). Of the features examined, the biofeedback report and the physical 
activity modules received the highest ratings, while the food diary and dietary 
challenges (beyond the scope of this work) received the lowest ratings 
(Castellano-Tejedor et al., 2020). Finally, Study IV pilot tested running a series 
of factorial N-of-1 RCTs on the Precious app. A second factorial N-of-1 RCT 
studying the determinants of self-regulation was built on the lessons learned 
from the first field trial (Nurmi et al., n.d.). This study is ongoing and not 
reported as part of this work. 
 

3.2 PARTICIPANTS AND DATA COLLECTION  

3.2.1 STUDY I: SURVEY PARTICIPANTS AND DATA COLLECTION 
  

The data for Study I were collected using a prospective survey including 
validated measures of physical activity and its predictors. Finnish adolescents 
(N=411, aged 17 19) completed an online questionnaire at baseline (Time 1; 
T1 in March and April 2013). After three to five weeks, a follow-up online 
questionnaire with self-reported measures of self-monitoring and physical 
activity was administered to the same participants during school hours under 
teacher supervision. Forty-three per cent of the initial respondents (N=177; 
63% girls, M age=17.7, SD=0.70) completed this Time 2 (T2) survey. The high 
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periods outside the schools and other curricular requirements. For more 
details on these measures, see Section 3.3.1. 

3.2.2 STUDY II: SYSTEMATIC REVIEW AND DATA EXTRACTION 
The data for Study II were collected through a systematic literature search, 
which identified eighty-nine intervention studies assessing adults  changes in 
autonomous motivation, stage of change, and intention to be physically active. 
To be eligible for inclusion, a study needed to report one of these motivational 
constructs in relation to any type of physical activity. A broad search criterion 
was essential in order to detect all the studies that had assessed physical 
activity, and thus, potentially also some motivational constructs for physical 
activity. The study also needed to report data on at least one of the 
motivational measures for at least two timepoints, pre- and post-treatment, 
which enabled the calculation of the effect sizes of the change.  

As the aim was to examine changes in autonomous motivation, stage of 
change or intention in the early phase of physical activity behaviour change, 
studies were only included if the first follow-up measurement took place 
within the first 26 weeks after the baseline measurement. In addition, studies 
were excluded if they reported intention to increase physical activity (instead 
of intention to be physically active), as any changes in physical activity levels 
might influence further responses to this item. The inclusion and exclusion 
criteria of the 89 studies included in the final analyses are presented in Study 
II, Figure 1. Details on the study identification are presented in the PRISMA 
flow diagram in Study II, Figure 1.  

The searches were conducted in February 2016 in PubMed, PsycInfo, Web 
of Science, and Google Scholar. The search strategy was comprehensively 
reported in the appendix of the publication. After the database searches, one 
researcher screened the abstracts of the retrieved studies to remove titles that 
were clearly beyond the scope of this study. For all the remaining studies, 
eligibility for inclusion was determined from the full-text article, as described 
in Study II. The final data set included 200 study arms and 19,212 participants, 
the details of which are presented in the results. 

To identify potential moderators, the research team screened all the 
included studies, supplementary materials, and any secondary references, 
following a detailed coding protocol. To ensure consistency in the coding 
protocol, each co-author pilot-coded five randomly selected studies and 
assessed the inter-rater reliability (Landis & Koch, 1977). The co-authors 
discussed and agreed on decision rules for discrepancies identified in the pilot-
coding. Inter-rater reliability was deemed acceptable at a level of k=0.70 for 
all coded moderators after two pilot-coding rounds (Landis & Koch, 1977). The 
rest of the studies were coded by two randomly selected researchers, and the 
discrepancies discussed in the group as a whole, until consensus was reached. 
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tion about health 

discrepancies). Three additional BCTs were identified in the coding process 
and added as supplementary BCTs to the taxonomy, as suggested by Henrich 
et al. (2015). A moderator was included in the analyses when it was both 
present and absent in at least three study arms. 

3.2.3 STUDY III: TESTING THE PRECIOUS APP: FEASIBILITY STUDY 
PARTICIPANTS AND DATA COLLECTION 

 
During the development of the Precious app, usability and feasibility tests 
were conducted in a convenience sample of twelve adults who were recruited 
from two Finnish regions by a research group member. Their ages ranged from 
25 to 63. The participants were interviewed in person by a research group 
member in June 2016 at a location that was convenient for them (workplace, 
home, or university lobby) and were rewarded with a movie ticket. Inclusion 
criteria were at least 18 years of age, and sufficient language skills to use the 
English language app and to be interviewed in either Finnish or English. (A 
table of participant details is reported in Multimedia appendix 3 of Study III).  

In the interview session, participants were asked to use the Precious app 
and describe aloud all their interactions with the app, as in Ericsson & Simon 
(1998). A screen-recorder app saved all the oral utterances and tactile 
interactions with the app. The think-aloud interview lasted around 30 minutes 
(including the dietary features not reported in this work) and was followed by 
questions on physical activity and smartphone use. 

3.2.4 STUDY IV: TESTING THE PRECIOUS APP: FIELD STUDY 
PARTICIPANTS AND DATA COLLECTION 

 
Fifteen healthy adults who did not meet the physical activity 
recommendations were recruited via an advertisement in a regional 
newspaper that was freely available on public transport in the Helsinki region 

-to-face baseline meeting with the author of this work, the 
participants installed two study apps onto their phones and agreed to wear an 
activity bracelet (MiFit) for the duration of the forty-day trial. The main 
outcome variable, steps, was tracked continuously by a Xiaomi MiBand wrist-
worn accelerometer. This bracelet was chosen because, firstly, MiBand was 
among the most accurate commercially available wrist-worn step counters at 
the outset of this trial, with 96.6% step count accuracy (El-Amrawy & Nounou, 
2015). Secondly, its long battery life enabled participants to wear the 
waterproof bracelet throughout the six-week trial, minimising the risk of data 
loss related to the need to remove and charge a device. Thirdly, the MiBand 
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unit price was within the project budget. Finally, Bluetooth connectivity 
allowed continuous, time-stamped step data collection on the 
phones without burdening the participants with manual reporting. 

The Precious app provided digital intervention elements via 
phones on individually randomised two-day periods (described in Study IV) 
and collected time-stamped data when any app features were used. In addition 
to t
(by the author) to send questions on motivation twice a day, and on self-
efficacy, perceived barri
of this app was signal-contingent data collection, meaning that participants 
answered the questions when prompted to do so (Bolger & Laurenceau, 2013, 
p. 16), and could not interact with the app outside of these times. Data were 
collected from the -to-face 
follow-up meeting in which the participants also participated in a semi-
structured interview (not reported in this work). 
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3.3 MEASURES 

 
The four studies had different perspectives on studying the multi-theory 
frameworks presented in the aims. An overview of the measures is described 
below, and full details can be found in the respective research papers. Table 1 
shows the key constructs that were examined in each study. 

 
 

Table 1. Key constructs measured in Studies I-IV. 

 Study 
I 

Study 
II 

Study 
III 

Study 
IV 

Physical activity     
Objective Xa X  X 
Self-report X X X  
Motivational constructs     
Autonomous motivation for PA X X   
Controlled motivation for PA X    
Motivation for PA (non-specific)    X  
Autonomy support   X  
Intention to be physically active  X   
Stage of change for PA  X   
Self-efficacy for PA    X 
Control variables     
Perceived barriers to PA    X  
Pain or illness    X  
Self-regulatory BCTs (for PA)     
Goal setting   Xd Xb  
Action planning Xc Xd Xb  
Coping planning Xc Xd   
Self-monitoring Xc Xd   
Interventions     
Digitalised motivational interviewing   Xb X 
Biofeedback    X 
Engagement     
Change talk   X  

Note. PA = physical activity. a for validation only. b qualitative evaluation of 
participant experiences with the BCT. c measuring BCT use. d measuring 
whether the BCT was offered in the intervention. 
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3.3.1 MEASURES OF STUDY I: SURVEY-BASED STUDY OF THE 
BASIC THEORETICAL MODEL 

 
Participants  leisure-time physical activity was assessed by self-reports at 
Time 1 and Time 2 by means of a single- -

(Rasmussen et al., 2012): 
many days were you physically active so that the activity intensity was 
moderate or vigorous and you were active for 
An eight-point scale included response options ranging from 0 to 7 days. To 
confirm the concurrent validity of the physical activity self-report measure, 
objective measurements of physical activity were taken over seven days by a 
three-axis accelerometer (Hookie Meter v2.0, Hookie Technologies Ltd, 
Espoo, Finland) worn by a subsample of 44 students, as in Vähä-Ypyä et al. 
(2015). 

As secondary outcome variables and mediator variables Study I examined 
three self-regulatory techniques. At baseline, four items were used to measure 
action planning for leisure-time physical activity 
detailed plan regarding wh
(Sniehotta, Schwarzer, et al., 2005). Four items were used to measure coping 
planning 

Response 
options ranged from 1 to 4, higher numbers indicating more plans (Sniehotta, 
Schwarzer, et al., 2005). Self-monitoring was assessed by two items at 
follow-up 

. The response options ranged 
from 1 (definitely false) to 7 (definitely true) (Sniehotta, Schwarzer, et al., 
2005). 

The predictors in Study I were motivational regulations from self-
determination theory at baseline from the Self-Regulation Questionnaire 
(Ryan & Connell, 1989) adapted for this exercise. An initial stem introduced 

exercise regularly. 
Please indicate how true each of these reasons is for why you exercise 

. This was followed by 16 items, 
including four for each of the motivational regulations: external regulation 
( introjected regulation (e.g., 

identified regulation 
and intrinsic motivation 

the items were worded so that higher scores indicated higher 
motivational regulation of each kind. The items from the external and 
introjected regulation scales were used to create a variable for controlled 
motivation, and the items from the intrinsic and identified regulation scales 
were used to create a variable for autonomous motivation. For descriptive 
statistics, the motivational regulation items were averaged, and in the 
structural equation model, the items were treated as latent variables. 
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3.3.2 MEASURES OF STUDY II: SYSTEMATIC REVIEW AND META-
ANALYSIS  

 
The Behaviour change techniques (Michie et al., 2013) and intervention 
features were coded separately from both the intervention and control arms, 
following the Iterative Protocol for Evidence Base Accumulation (Peters et al., 
2015). The purpose of coding all the study arms instead of only the active 
treatment arms was to obtain more accurate evidence on how the intervention 
content associated with the outcomes (Peters et al., 2015). The coded 
intervention features included the delivery of the intervention to an individual 
or a group, face-to-face or via computer, mobile, SMS, phone, email, or letters 
and brochures, whether the intervention was self-guided or who delivered it, 
total contact time, number of contacts, and time in weeks between baseline 
and post-treatment. The features also included the year, location, 
measurement timing, follow-up length, and the measurement tools used. The 
characteristics of the intervention participants that were extracted were age, 
gender, whether participants were healthy or belonged to a risk or disease 
group, weight status, BMI, socio-economic status, education, recruitment 
methods, income level, existing level of physical activity, and sedentary 
behaviours. Finally, whether the study used any theory as its theoretical basis 
was coded using the theory coding scheme of Michie and Prestwich (2010).  

Physical activity included both objective and subjective measurements in 
the studies included in the systematic review. Data on autonomous 
motivation, intention, and stage of change were collected from each arm at 
baseline and the first follow-up measurement point. This meta-analysis 
included studies regardless of their theoretical underpinnings, and the use of 
theory was examined as a moderator of intervention effectiveness. Thus, the 
definitions of the constructs varied slightly across the studies. The stage of 
change is often reported as the percentage of respondents in each stage, and 
change is measured as the progression of participants from one stage to 
another. To focus analyses on pre-intentional change, with author consensus, 
the action and maintenance stages were merged to create a -
stage.  

3.3.3 MEASURES OF STUDY III: QUALITATIVE INTERVIEWS 
 

The primary outcomes of Study III were the qualitatively explored perceptions 
of autonomy and the prevalence of change talk among smartphone app test 
users. The interview included questions related to previous app use (e.g. What 
kind of apps have you tried earlier and stopped using?), experiences of using 
the Precious app (e.g. In your opinion, what are its most/least appealing 
features?), service engagement (e.g. What would keep you coming back to the 
Precious app?) and general impressions (e.g. If the Precious app was to be 
recommended by general practitioners, how should it be improved?). 
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Study III examined engagement in the behaviour change process using 

from previous studies of engagement in digital interventions, which have 
tended 
a proxy for assessing whether participants are processing the change, and 
whether they are cognitively engaged in the intervention s materials and 
questions asked by the app. This goes beyond measuring the frequency of app 
use and aims to detect whether the participants find personally relevant 
reasons to be physically active or desires to engage in activity. The theory-
based, deductive thematic analysis looked to identify expressions of ability to 
change, desire to change, need to change, reasons to change, commitment to 
change, taking steps toward change, or any other talk that expressed users  
active reflection on increasing physical activity (Glynn & Moyers, 2012). 

3.3.4 INTERVENTIONS AND MEASURES OF STUDY IV: FACTORIAL N-
OF-1 RANDOMISED CONTROLLED TRIAL 

 
Two types of digital interventions were delivered through the Precious app: 
digitalised motivational interviewing and biofeedback. Motivational 
interviewing was offered via fully automated, algorithm-based features that 
reflected the 
imagery exercises. Biofeedback was implemented through smartphone 
notifications that prompted the user to use a wearable heart rate variability 
sensor (Firstbeat technologies), to upload the data onto their personal 
computer and to read the report from their computer. The report included 
visual data on the user s physical activity, stress, recovery, and sleep quality 
during the 24-hour use of the sensor.  

The daily EMA measurements were single-item questions, answered using 
a nine- -

collected at 9 10 am), motivat
exercise? 10 am and 4

collected at 9 10 am). In addition, pain or illness  id illness or pain stop 
by three options (none, somewhat, 

seriously) between 4 pm and 5 pm every afternoon. 
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3.4 DATA ANALYSIS 

Full details of the analyses are reported in the articles of this work, but below 
is an overview of the methods used to reach the conclusions of this work. 
 
Study I. A structural equation model (SEM) was chosen as the method for the 
primary analyses, as it allowed simultaneous modelling of the sequent and 
parallel paths present in the theoretical model suggested in Study I (Figure 2). 
The SEM also enabled modelling the psychological predictors and moderators 
as latent variables, which offered better accuracy than average-based 
variables. IBM SPSS version 23 software was used to impute missing values 
for the psychological variables and to conduct dropout analyses with 
MANOVA, t-tests, and chi-square tests. The primary analyses were then 
conducted using the SEM maximum likelihood method and Mplus statistical 
software version 7.31 (Muthén & Muthén, 2015). As past behaviour is a known 
predictor of current behaviour, a question on past physical activity behaviour 
at baseline was included as a control alongside participant gender and age. 
Gender was added as a dichotomous non-latent variable (1=boys, 2=girls), and 
the participants  age, past physical activity, and physical activity at follow-up 
were added as continuous, non-latent variables. Validity checks showed that 
the latent factors met the requirements for construct validity (AVE>.50) and 
composite reliability coefficients exceeded the threshold value of .70 
(Diamantopoulos & Siguaw, 2000). The hypothesised mediation effects of the 
self-regulatory BCTs were examined by calculating the indirect effects with 
bootstrapped standard errors. The model fit of the hypothesized model was 
deemed adequate (Marsh et al., 2004).  
 
Study II. Comprehensive Meta-Analysis software v3 (CMA; Borenstein et al., 
2014) was used to conduct the meta-analyses. The changes in autonomous 
motivation, intention, stage of change, and physical activity from baseline to 
post-intervention were compared, using means and standard deviations when 
available (Morris & DeShon, 2002) 
d, F-ratio and p-value). When the pre-post correlation was missing, the mean 
of all other interventions reporting the value was used for imputation, as in 
Morris & DeShon (2002). The effect sizes for stage of change were calculated 
so that the distributions of the participants at baseline and post-treatment at 
each stage could be compared, following Lipsey & Wilson (2001).  

Random effects meta-analyses were chosen because the effects involving 
human behaviour are almost always affected by multiple extraneous factors, 
so researchers synthesizing the effects in this field can expect substantial 
heterogeneity across studies in their meta-analyses (Hagger, 2022). 
(Borenstein et al., 2007). I2 statistics were used to assess heterogeneity. Funnel 
plots and trim and fill methods were used to assess publication bias (Duval & 
Tweedie, 2000).  
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Moderator analyses were conducted using CMA. Comparative subgroup 
analyses studied which BCTs and participant and study characteristics were 
associated with changes in the three motivational constructs. The cumulative 
effect sizes of the study arms that included a moderator were compared to the 
cumulative effect size of the study arms without a moderator. When available, 
intention-to-treat data were used for the analyses. All statistical analyses of 
Study II were specified in the PROSPERO pre-registration or added after peer 
reviewer suggestions. Meta-regressions were conducted using CMA to 
examine the associations between changes in motivational constructs and 
changes in physical activity. 
 
Study III. To assess user engagement with the motivational interviewing 

analysis 
(Braun & Clarke, 2006) were used to analyse think-aloud and semi-structured 
interviews, in line with earlier think-aloud studies of digital interventions 
(Morrison et al., 2014; Perski, Blandford, Ubhi, et al., 2017). Inductive 
thematic analysis was used to examine the perceptions of autonomy and 
deductive, theory-based thematic analysis to explore change talk, as described 
in motivational interviewing. Both methods aimed to capture the essential 
content of the interviews in themes that describe the data patterns in a 
summarised form (Braun & Clarke, 2006). To remain sensitive to each 

whether the themes of the individuals 

that were identified by the theory-drawn constructs were then combined into 
a general set of themes (Braun & Clarke, 2006). The excerpts on autonomy 
support and change talk were interpreted according to 

 the language, 
meaning, and experience was unidirectional (Braun & Clarke, 2006). Change 
talk was ide (Glynn & Moyers, 2012).  

Although reports of thematic analysis are typically organised under the 
identified themes (Braun & Clarke, 2006), the results here were organised 
under the different app functions. This was in order to increase the 
understanding of specific digital techniques, instead of producing general 
feedback on the Precious app. 

 
Study IV included analyses on two levels: N-of-1 time-series analyses 
examining the research questions within each participant (40 observation 
days), and aggregated multilevel models examining the data on all participants 
together (600 observation days). All analyses were conducted using IBM SPSS 
statistics version 24. Steps and daily EMA scores were plotted to visualise 
temporal patterns, to check for non-linearity, and to visually examine 
individual scores, as recommended by Bolger & Laurenceau (2013), Manolov 
et al. (2014), and McDonald et al. (2020).  

The N-of-1 time-series analyses were conducted with dynamic regressions, 
examining the effect of intervention availability, morning self-efficacy and 
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motivation on individual par numbers of steps each day (McDonald 
et al., 2020; Vieira et al., 2017). To control for capability and opportunity 
factors that may influence daily steps, pain or illness and perceived barriers 
were added as control variables.  

Time-series data often shows patterns of autocorrelation, when 
observations are associated with previous day observations or reoccurring, 
cyclical events. To account for this, participant-specific lagged variables were 
created for each user for the days on which autocorrelation was detected, to be 
used as control variables in the N-of-1 time-series analyses, as suggested by 
McDonald et al. (2020) and 
to adjust for possible patterns in the data, lagged steps, day of the intervention, 
and day of the week were added for participants whose data displayed any 
time-related patterns. No quadratic time trends were identified. Previous N-
of-1 studies have sometimes used pre-whitening to remove autocorrelation 
(e.g. Nyman et al., 2016), but this method was not adopted here as it risks 
removing some effect of interest (McDonald et al., 2020). 

Random intercepts multilevel modelling was used to investigate the 
research questions in the aggregated sample. As this study focused on within-
subject variation, within- and between-subject variables were created for 
motivation, self-efficacy, pain or illness, and perceived barriers by centering, 
as in Bolger & Laurenceau (2013). Grand-mean and person-mean centring was 
conducted by subtracting the mean score across the participants and the 
timepoints from each observation. Intraclass correlation (ICC) was used to 
decompose variability, as it can be interpreted as the percentage of the total 
variance in the outcome variable resulting from differences between the means 
of the participants (Bolger & Laurenceau, 2013, p. 30; Cushing et al., 2014). 
Low ICC shows little variability between  means. When data have 
a nested structure, multilevel models are a suitable analysis method, as they 
can incorporate the non-independence in the data. The ICC was computed 
from the ratio of between-person variability to total variability to display the 
proportion of variance between the participants at level 2 (Cushing et al., 
2014).  

Time was added to account for the longitudinal data and to detect changes 
over the course of the study; 
in behaviour. Pain or illness and perceived barriers were added to the model 
before the allocation variables for interventions to adjust for factors that were 
not within the 
adding AR1 and observing changes in model fit. 

Washout periods are used after intervention periods to allow each 
participant to return to their baseline cognitions and behaviours and to let the 
effect or preceding interventions fade away (Richard et al., 2014). To control 

-over effects, washout days were added as 
a control variable (Kwasnicka et al., 2019).  
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3.4.1 ETHICAL CONSIDERATIONS 
 

Participation in all the studies was voluntary, and informed consent was 
obtained from all the participants before the data collection and interviews. 
The protocol and the questionnaire for Study I was approved by the research 
ethics committee of the Hospital District of Helsinki and Uusimaa, and the 
Ethics Committee for Gynaecology and Obstetrics, Pediatrics and Psychiatry 
(decision number 249/13/03/03/2011). The studies of the Precious app were 
approved by the University of Helsinki Ethical Review Board in the 
Humanities and Social and Behavioural Sciences. Studies III and IV were 
conducted under unding 
scheme, including extensive ethical reporting on the project aims (Nurmi et 
al., 2014). Annual deliverables on ethics were also submitted for the funder 
review and are published on the project website along the other project 
publications: http://www.thepreciousproject.eu/.  
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4 MAIN FINDINGS 

4.1 ASSOCIATIONS BETWEEN AUTONOMOUS 
MOTIVATION, SELF-REGULATION TECHNIQUES, 
AND PHYSICAL ACTIVITY (STUDY I) 

 
Study I investigated the predictors of physical activity in two research 
traditions  self-determination theory (Deci & Ryan, 2000) and control theory 
(Carver & Scheier, 2012). The study evaluated a process model that combines 
these two theories and suggests that specifically autonomous motivation has a 
relationship with the self-regulation mechanisms proposed in the cybernetic 
loop of control theory. 

Descriptive statistics from all of the studies are shown in Table 2. Despite 
Study I participants being from seven1 vocational schools and two high schools 
from different regions in Finland, no clustering of data was detected and the 
ICC was negligible (range=.005 to .048). Vocational school training periods 
and busy academic schedules led to a 57% dropout (234 participants). 
Differences between Time 1 and Time 2 responses were detected only in 
participant age, with more of the younger students completing the Time 2 
questionnaire (t(409)=2.57, p=.011), but not in any psychological variables, 
physical activity or gender distribution. 

A structural equation model showed statistically significant associations 
between autonomous motivation and all the three self-regulatory BCTs 
examined in this study: action planning ( .53, p<.001), coping planning 
( 51, p<.001), and self-monitoring of physical activity ( .27, p<.01). 

The association between autonomous motivation and physical activity was 
mediated by the self-regulatory BCTs ( =.14, p=.042), with the strongest 
indirect pathway going through self-monitoring ( =.08, p=.050). Controlled 
motivation did not have statistically significant associations with any of the 
observed outcome variables. 
  

 
1 The published article mistakenly refers to six vocational schools. 
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Table 2. Participants in Studies I, III, and IV. 

 Study I, T1 Study I, T2 Study III Study IV 

N 411 177 12 15  
(600 observation 
days) 

Female % 57 53 67 73 
Male % 43 47 33 27 
Mean age (SD) 17.8 (0.69) 17.7 (0.70) 32.3 (11.55) 42.3 (9.32) 

Note. The meta-analyses in Study II had 19,212 participants, whose 
demographics can be found in the supplementary materials at 
https://osf.io/2fqr3/. 

 

4.2 INTERVENTION EFFECTS ON AUTONOMOUS 
MOTIVATION, INTENTION AND STAGE OF CHANGE 
(STUDY II) 

Study II meta-analytically investigated which intervention features were 
associated with changes in three prominent motivational constructs: 
autonomous motivation, stage of change, or intention to be physically active. 
Altogether 89 studies met the inclusion criteria, and these included 200 study 
arms with a total of N=19,212 participants. A total of 78 studies included data 
from more than one study arm, and 11 studies had no comparison arms. 
Outcome data on autonomous motivation was reported for 34 arms, data on 
intention for 77 arms, and data on stage of change for 96 arms. Details of all 
the included study arms, including demographic information, treatment 
descriptions, and study settings are reported in Supplementary File 1 of Study 
II. 

Table 3 displays the cumulative effect sizes, showing the size of the 
intervention effects on autonomous motivation, intention, and stage of change 
(in comparison to the control arms). As Study II detected publication bias in 
the studies measuring stage of change, unpublished studies were imputed as 
in Duval & Tweedie (2000). This led to a smaller effect size (d=0.12) than the 
original unimputed effect size of stage of change d=0.19. 
  



Main findings 

70 

Table 3. Effect sizes of interventions on motivational constructs from randomised 
controlled trial studies. 

1When accounting for publication bias for stage of change, imputation of unpublished 
data led to a cumulative effect size of d=0.12 (95% CI [0.02, 0.21]). 
 
Considerable heterogeneity was discovered in the RCTs targeting motivational 
outcomes (Table 3 of this work; Supplementary file 3 of Study II), which was 
subsequently examined using the following moderator analyses. 

 

4.3 MODERATORS OF INCREASES IN AUTONOMOUS 
MOTIVATION, INTENTION OR STAGE OF CHANGE 
(STUDY II) 

4.3.1 BEHAVIOUR CHANGE TECHNIQUES 
 

When coding the intervention features, the study team identified three BCTs 
that are not included in the v1 taxonomy 

ts of the behaviou
(descriptions in Appendix 1). These were also coded in the included studies, as 
they were deemed potential moderators of intervention effectiveness. 

The most frequently identified BCTs in all the 200 study arms were 
behavioural goal setting (k=108), providing information on health 
consequences (k=88), problem solving (k=71), action planning (k=68), 
instructing on aspects of the behaviour to be carried out (k=65), and self-
monitoring of behaviour (k=63). Of all 96 BCTs examined, 69 were coded in 
at least one study. No BCTs were identified in 42 study arms, most of which 
were control arms. The highest number of BCTs in one arm was 23 in Kim et 
al. (2004). 

Fourteen of the 96 examined BCTs were positive moderators of at least one 
of the motivational constructs. Positive moderators were found in nine of the 
sixteen groupings of BCTs in the v1 BCT taxonomy (Michie et al., 2013). The 
statistically significant BCTs (for which the confidence interval did not include 
zero) in the comparative subgroup analyses are presented in Table 4. Stage of 
change progression and intention were positively and statistically significantly 
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associated with twelve and five BCTs, respectively. Only one BCT  
demonstration of behaviour  was associated with a positive change in 
autonomous motivation (d=0.19 [95% CI 0.03, 0.35], identified in 11 study 
arms). Four BCTs (Behavioural goal setting, self-monitoring of behaviour, 
demonstration of behaviour, and behavioural practice or rehearsal) had a 
statistically significant association with two motivational constructs. Negative 
effects were identified in stage of change progression by four BCTs: Social 
support, Restructuring the social environment, Body changes, and Verbal 
persuasion about capability. Several BCTs were not included in the analyses as 

all motivation
-

or autonomous motivation). 
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Table 4. Positive and negative moderator behaviour change techniques in comparative 
subgroup analyses. 

Note. The numbers present the effect size [95% CI ]; number of study arms including this BCT with 
this motivational outcome. Bolded data indicate the 95% confidence intervals of comparisons of 
effect sizes obtained in studies in which the BCT included vs did not include zero. Autonom mot = 
Autonomous motivation. SoC = Stage of Change. Full statistics are shown in Supplementary files 
4&5 of Study II. Empty squares indicate that the BCT was present in fewer than three interventions 
with this motivational outcome. Table reproduced from Study II (Knittle et al., 2018). 
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4.3.2 PARTICIPANT CHARACTERISTICS 
 
Two participant characteristics moderated the effect sizes of the motivational 
outcomes. Studies including only overweight participants produced greater 
effects on stage of change (0.67 [95% CI 0.34, 1.00]; k=9) and autonomous 
motivation (0.25 [95% CI 0.02, 0.49]; k=4) than studies that also included 
participants with normal weight. Studies including only sedentary participants 
produced greater effect sizes on stage of change than studies that also included 
active participants (0.48 [95% CI 0.33, 0.64]; k=51). 

4.3.3 MODES OF DELIVERY 
 

Interventions that included features delivered in person had larger effect sizes 
than interventions that did not include any in-person features: autonomous 
motivation (.19 [95% CI .04, .34]; k=21), intention (0.18 [95% CI 0.06, 0.31]; 
k=34), and stage of change (0.33 [95% CI 0.17, 0.49]; k=50). Interventions 
with features delivered in a group setting had larger effects on stage of change 
(0.22 [95% CI 0.03, 0.42]; k=23) and intention (0.17 [95% CI 0.02, 0.32]; 
k=20) than those without group-based delivery. For autonomous motivation 
and stage of change, delivery in a gym or a fitness centre or by gym workers, 
as well as delivery by phone, had larger effects than delivery in other settings. 

Two modes of delivery were negative moderators of stage of change: 
[95% CI k=3) and delivery 

[95% CI k=3). Interventions 
delivered via postal mail were associated with lower participant intention 

[95% CI k= [95% 
CI k=3) than interventions that did not use postal mail. 

Finally, interventions that were based on the reasoned action approach 
theory family were associated with higher intention than interventions that 
did not build on these theories (0.25 [95% CI 0.08, 0.42]; k=10) and stage of 
change (0.28 [95% CI 0.12, 0.44]; k=5). Full details of the identified 
intervention moderators are presented in Study II and its supplementary files. 

4.3.4 META-REGRESSIONS 
 

The change in two motivational variables was positively associated with the 
change in the effect sizes of the interventions on physical activity: intention 
( 0.55, p<.001, k=54, R2=.20) and stage of change ( 0.31, p=.001, k=57, 
R2=.08). The change in autonomous motivation did not have a statistically 
significant association with physical activity in the included RCTs ( 0.31, 
p=.251, k=22, R2=.07) (Table 5).  

 



Main findings 

74 

Table 5. Meta-regression results examining associations between changes in 
motivational constructs and changes in physical activity. 

 
 

  
The continuous moderators of the motivational constructs can be seen in Table 
6. The number of BCTs used in an intervention was a positive moderator of 
both stage of change and intention, but not of autonomous motivation. A 
higher number of intervention contacts was associated with increases in stage 
of change but not the other motivational constructs. 

 

Table 6. Meta-regression analyses: Associations between continuous moderators and 
changes in motivational variables.  
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4.4 FINAL THEORETICAL FRAMEWORK OF THE 
PRECIOUS APP 

 
The iterative development work of the Precious app culminated in the pilot 
version of the app, tested in Studies III and IV, and in the formulation of a 
theoretical framework for engaging users in the behaviour change process, 
presented in Study III and reproduced here (Figure 6). 

 

Figure 6 The theoretical framework from Study III presents two pathways of motivation, (1) 
the reflective route, using motivational interviewing techniques to help individuals 
identify what kind of physical activity could satisfy their psychological needs, and (2) 
the spontaneous route, which aims to make using the app and physical activity fun 
and engaging. Figure reproduced from Study III (Nurmi et al., 2020). 

The theoretical framework suggests a method for engaging users in the 
behaviour change process, grounded on the principles of self-determination 
theory, control theory, motivational interviewing, and gamification. 
Motivation is targeted via two pathways: reflective processes that draw from 
motivational interviewing and spontaneous processes that build on 
gamification principles.  

The reflective route targets engagement, not as simple service usage time 
or frequency, but as active, cognitive involvement with the behaviour change 
process. Techniques from motivational interviewing aim to support the 
autonomous regulation styles presented in self-determination theory  
integrated and identified regulation  by encouraging users to reflect on their 
autonomously motivated goals, life values, and positive memories of physical 
activity. These reflective features may help users create their personal 
rationale for including more physical activity in their lives  having a rationale 
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has been found to promote autonomous motivation (Gillison et al., 2019). In 
the Precious app, this was implemented by inquiring about personally 
meaningful life goals and activities and reflecting these choices back to the 
users in later selection tasks. 

Gamified features aim to increase intrinsic motivation by providing 
spontaneous fun and pleasure that could augment the self-regulation or 
physical activity experience. quer the 

implemented in the Precious app could help individuals who do not enjoy 
physical activity to find positive challenges in conquering  and defending  
areas on the map by walking around them.  

Both reflective and gamified features aim to guide the user to self-
regulatory BCTs, which should also be designed and worded in an autonomy-
supportive manner. In the Precious app, the goal setting tool visualised the 

aily steps as mountains , to encourage users to be more physically 
active by wanting to create higher mountains and achieve their personal 
challenges. An action planning tool was connected to the daily mountain so 
that users could see how much each activity would help them progress towards 
their goal, by translating all exercise into steps.  

The final app design included several relational techniques (following the 
taxonomy of Hardcastle et al., 2017), which aim to build an MI spirit and create 
an accepting, client-centred atmosphere (Arkowitz et al., 2015, p. 372; Miller 
& Rose, 2009). The relational techniques in the Precious app included T1.1: 
open-ended questions, T1.2: affirmations, T1.3: reflective statements, T3.16: 
emphasise autonomy, T3.22: normalising, T4.2: consider change options, and 
T4.5: support change. A detailed description with screenshots of the Precious 
app features can be found in Study III. 

 

4.5 ACCEPTABILITY AND FEASIBILITY OF THE 
PRECIOUS APP (STUDY III AND IV) 

Several types of change talk were identified in the think-aloud interviews: 
need, desire, reason, ability, taking steps toward change, and commitment. In 
addition, some interactions revealed ambivalence towards change and sustain 
talk. Most change talk was identified when the tools that inquire about 
outcome goal setting or the importance of physical activity were used. 
However, meaningful comparisons cannot be made, as the app features were 
tested as soon as they were available, leading to a higher number of interviews 
on these two tools.  

Several autonomy support-related themes were identified in the think-

sed the users  desire for autonomy when setting their outcome 
goals and choosing their daily behavio

themes revealed that, based on 
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their previous experiences, the users anticipated that the app would prescribe 
their outcome goals and behavioural goals. The -supportive 

theme was related to the receive empathetic feedback 
instead of judgement when failing to achieve a goal.  

The factorial N-of-1 RCTs in Study IV were expected to have high 
acceptability. Every participant finished the study and adherence to the 
interventions, the activity bracelet, and EMA measurements was good, well 
above the suggested 80% threshold for sampling representativeness (Stone & 
Shiffman, 2002). On average, biofeedback measurements were conducted 
5.67 times (min 3 max 7, N = 12), and MI features were used during 5.10 
intervention periods (min 3 max 7, N = 13) of the seven times that the 
interventions were offered. 

Most features of the automated N-of-1 RCT were feasible, but technical and 
practical challenges related to the biofeedback measurements may have 
decreased the data quality and interpretability of the results. The technical 
issues are described in Supplementary table 2 of Study IV.  

 

4.6 FACTORIAL N-OF-1 RCT TESTING OF DIGITALISED 
MOTIVATIONAL INTERVIEWING AND 
BIOFEEDBACK PROVIDED BY THE PRECIOUS APP 

Altogether 600 measurement days were collected from the 15 participants. 
One participant (P09) had to be excluded because no step data was found on 
their device. Another participant (P02) had 19 days of step data missing from 
the beginning and end of the trial. Sensitivity analyses with the aggregated 
data were run with and without their data, but the differences in the results 
were negligible, and these data was therefore included in the analyses. Visual 
assessment revealed differences between the individuals  step trajectories, and 
day-to-day variation within individuals (Figure 7). 

No intervention effects were detected among the factorial RCT 
participants. Neither intervention component affected step counts in the N-of-
1 or aggregated analyses for either of the interventions (MI -246, SE 389, 
t(312) 0.63, p=.528, 95% CI -1012; 520), (Biofeedback 67, SE 384, t(311) -
0.17, p=.862, 95% CI -688; 821).  

The within- control variable was associated with less 
steps for three participants and in the aggregated sample ( -2228, SE 490, 
t(314) -4.55, p<.001, 95% CI -3191; -1265). 

The analyses were conducted on the intention-to-treat data, i.e., comparing 
the days when intervention elements were available to the days when they 
were not. Sensitivity analysis with per protocol data (comparing days when the 
intervention features were used to the control days) also failed to detect any 
statistically significant effects. 
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Figure 7 Each participant s daily steps and predicted steps. 

 

4.7 ASSOCIATIONS BETWEEN DAILY SELF-EFFICACY, 
MOTIVATION, AND STEPS 

 
orning self-efficacy and motivation predicted their steps on 

that day for four and three individuals, respectively. These variables were also 
statistically significant predictors of daily steps in the aggregated sample, even 
after controlling for perceived barriers and day of the week (self-efficacy 

=462, SE 84, p<.001, 95% CI 296; 628; motivation =390, SE 96, p<.001, 
95% CI 
control variable in both analyses. 
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4.8 EVIDENCE PRODUCED BY THIS WORK 

Table 7 summarises the associations between the core BCTs and mechanisms 
of action used in this work, and compares them to the associations identified 
in the behavioural literature by Carey et al. (2019), Connell et al. (2019), and 
Johnston et al. (2018). It also shows how the studies in this work help fill the 
gaps in the evidence, by identifying seven links for which there is no conclusive 
evidence in the literature and one link for which there has been expert 
consensus only.  
 

Table 7. Associations of selected behaviour change techniques and mechanisms of 
action triangulated from the literature and expert consensus (Carey et al., 2019; Connell et 
al., 2019; Johnston et al., 2018), and presented in this work. 

 Self-
efficacy 

Motivation Intention Goals Behavioural 
regulation 

Feedback 
processes 

1.1 Goal setting: behaviour /  0 +, ¤ + / 0 

1.2 Problem solving/coping 
planning 

+** 0, ¤ aut 0 0 + 0 

1.3 Goal setting: outcome 0 + 0 +** 0 0 

1.4 Action planning 0 0, ¤ aut 0 0 /  

1.6 Discrepancy between 
current behaviour and goal 

0 0 0 +*** / + 

2.2 Feedback on behaviour 0 + 0 0 0 + 

 

2.3 Self-monitoring of 
behaviour 

0 0, ¤ aut 0 0 +*** + 

2.4 Self-monitoring of 
outcomes of behaviour 

0 0 0 0 / 0 

2.6 Biofeedback / 0 0 0 0 0 

3.1 Social support (non-
specified) 

0 0 0 0 0 0 

3.2 Social support 
(practical) 

0 0 0 a 0 0  

3.3. Social support 
(emotional) 

0 0 0 0 0  

4.1. Instruction on how to 
perform behaviour 

+ 0 0 0 0 0 

5.1 Information about 
health consequences 

0 0 +** 0  0 
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5.3 Information about 
social/environmental 
consequences 

 0 0, ¤ 0   

6.1 Demonstration of 
behaviour  

+** 0, ¤ aut 0 0 0 0 

7.1 Prompts/cues  0 0 0 0  

8.1 Behavioural practice +* 0 0, ¤ 0 0 0 

9.2 Pros and cons 0 +*** 0 0 0 / 

10.4 Social reward / 0 0 0 0 0 

13.4 Valued self-identity 0 0 / 0 0 0 

15.1 Verbal persuasion of 
capability  

+*** 0 0 0 0  

15.2 Mental rehearsal of 
successful performance 

- / ** 0, ¤ 0 0 0 

15.3 Focus on past success +*** 0 0 0 0 0 

Note. + = links identified by expert consensus (Connell et al., 2019), * = evidence at p<.05 level, 
** = evidence at p<.01 level, *** = evidence at p<.001 level.   = non-links, / = inconclusive, 0 = 
absence of evidence, ¤ = The studies of this work found a positive, statistically significant 
association. ¤ aut = association with autonomous motivation. a  Study II found a negative 
assocation between Practical social support  and stage of change  
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5 DISCUSSION 

5.1 OVERVIEW OF THE MAIN FINDINGS  

 
This work investigated factors that predict , 
focussing specifically on behaviour change techniques and intervention 
features that may increase motivation or intention, support self-regulation or 
translate motivation into physical activity. The four studies aimed to build 
evidence and provide novel theoretical and methodological approaches for 
increasing engagement in the behaviour change process that individuals go 
through when building motivation and taking practical steps towards a more 
physically active lifestyle. Motivation was mainly examined within the 
framework of self-determination theory, with a focus on the quality of 
motivation, specifically the impact of autonomous motivation (Deci & Ryan, 
2000). 

This work found preliminary support for the model, suggesting that control 
theory-related self-regulatory BCTs, such as goal setting, action planning, 
coping planning, and self-monitoring, can help translate autonomous 
motivation into physical activity (Study I). The use of these techniques may 
also help people progress from pre-contemplative stages to contemplation and 
preparation, leading to a positive self-regulatory circle (Study II). This work 
also suggests that self-regulatory BCTs need to be delivered in an autonomy-
supportive manner, as controlled motives may reduce self-regulation and 
engagement in physical activity (Study I). 

A systematic review and meta-analysis examined the intervention 
mechanisms and techniques associated with increases in intention, 
autonomous motivation or progression from pre-intentional stages to 
intentional stages, as conceptualised in the TTM (Prochaska & Velicer, 1997). 
This work then progressed to describe the theory- and evidence-based 
development, usability, feasibility, and pilot testing of the Precious app, a 
digital smartphone platform which drew from the evidence base of the first 
two studies. As these are, to my knowledge, the first studies to examine fully 
automated motivational interviewing features on a smartphone, the feasibility 
of these features had to be estimated by observing user interactions with the 
newly-developed app. The app was tested and relatively well received in the 
feasibility and pilot studies, helping the elicitation of change talk, 
including active deliberation of their reasons to engage in physical activity. The 
users also valued the non-prescriptive interface of the Precious app, allowing 
them to choose their valued goals and favourite activities. 

including their physical activity trajectories, motivational profiles, and their 
associations. The factorial N-of-1 RCTs detected no intervention effects on the 
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number of steps from the biofeedback or digitalised MI interventions, the 
reasons for which are discussed below. Daily measured self-efficacy and 
motivation were found to associate with the  for 
four and three participants, respectively, as well as in the whole aggregated 
sample. 

 

5.2 THEORETICAL FRAMEWORKS AND THEIR 
IMPLICATIONS 

Theoretically, this work built on the self-determination theory principle that 
individuals are more likely to voluntarily engage in physical activity when it 
satisfies their basic psychological needs: autonomy, competence, and 
relatedness. Need satisfaction increases autonomous motivation, which in 
turn leads to increased physical activity. This work also perceived individuals 
as actively goal oriented, following the principles of control theory. To examine 
the interrelationships of these central psychological constructs, Study I 
suggested a multi-theory process model combining self-determination theory 
and control theory. Study I suggested that an individual who has integrated 
the reasons to engage in the target behaviour as part of their identity and 
values, or who experiences joy or pleasure from the behaviour, is more likely 

-regulatory feedback loop, in which an 
individual actively sets a goal, makes plans to achieve it, and adjusts their 
behaviour when encountering a discrepancy between the desired state and the 
status quo. 

Study III extended the model presented in Study I, suggesting intervention 
techniques that may engage service users in the behaviour change process by 
fulfilling their psychological needs, evoking their autonomous motivation, and 
increasing their self-regulation. This model introduced pathways for 
increasing user engagement in digital services, as well as practical suggestions 
on how to target the theoretical mechanisms of motivation. It presented two 
pathways that may act in synergy to satisfy basic psychological needs  a 
reflective path and a spontaneous path.  

This framework used in the development of the Precious app has been 
backed by research in recent years: a systematic review of reviews recognised 
that interventions based specifically on self-determination theory, 
motivational interviewing, and control theory increase physical activity 
(Dalgetty et al., 2019). 

The core concept of this theoretical framework was engagement in the 
behaviour change process that could be supported by reflective features such 
as motivational interviewing (Miller & Rollnick, 2012), and by gamification 
mechanisms that spontaneously and automatically address basic 
psychological needs by adding fun, excitement, and intrinsic motivation to the 
monitoring of physical activity. Motivational interviewing and gamification 
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were introduced as complementary pathways to the same goal, reminding 
users of their personally valued goals and achievements, and making their 
daily achievements tangible with visualisations and playful competition. 
Gamified factors are a novelty in behavioural frameworks as non-reflective 
behaviours and determinants of behaviour have been less well represented in 
the behavioural literature and evidence, and the focus has been on theories 
that emphasise rational, reflective decision-making (Johnston et al., 2018). 

The framework in Study III is a simplification, as motivational interviewing 

active reflection, for instance, by providing a sense of relatedness during 
psychologically safe interaction. Similarly, gamified elements may include 

conceptualised in the Precious app may include active goal-setting and action 
planning via the game challenges, with the aim of conquering a new area on 
the map, defending your own territory, or achieving a row of flags at the top of 
the mountains that represent daily steps  adding mental representations that 
may bring joy to the activity above the simple walking that is needed to achieve 
these goals. The main principle is to acknowledge that the qualitatively 
different aspects of autonomous motivation can be supported by varying 
strategies. 

 

5.3 DISCUSSION OF THE EMPIRICAL FINDINGS 

The results of Study I provide preliminary support for the model, suggesting 
that the use of the control theory-related, self-regulatory BCTs of action 
planning, coping planning, and self-monitoring may be more likely to be 
adopted when an individual s motivation is qualitatively autonomous. On the 
other hand, autonomous motivation may partly translate into physical activity 
via these techniques, which are widely and successfully used in behavioural 
interventions (McEwan et al., 2019; Michie et al., 2009). This lends support to 
the intuitive assumption that when a person has a strong urge or desire to 
perform a behaviour, supported by a strong sense of ownership, they will strive 
to formulate goals and plans that help them in this mission. They are also more 
likely to find ways to overcome barriers, like the participants of Study IV, 
whose self-efficacy and motivation predicted their daily steps over and above 
their perceived barriers. On the other hand, controlled motivation  the 
experience of external (or internalised) pressure  is less likely to spark the 
energy and effort needed for planning, setting goals or monitoring progress. 
The association between the quality of motivation and the use of the self-
regulation BCTs is one possible explanation for the finding that self-
monitoring does not work or may even have negative effects on some 
participant groups, such as older people (French et al., 2014) or adults with 
overweight or obesity (Carraça et al., 2021).  



Discussion 

84 

The findings of Study I are important in light of the meta-regressions in 
Study II, which found that physical activity interventions successfully 
increased autonomous motivation, but these changes were not associated with 
increases in physical activity in the RCT studies. Of the many possible 
explanations for this motivation-behaviour gap, one is that these studies were 
sufficiently effective to increase motivation but did not provide sufficient 
practical or psychological support for the capabilities or opportunities to be 
physically active. Adding support for self-regulatory BCTs could be one 
approach to ies to identify opportunities for 
physical activity. 

Study I discussed the possibility of a two-way effect between autonomous 
motivation and self-regulatory BCTs: if an individual sets goals and makes 
plans that support their psychological needs, their motivation for physical 
activity is likely to increase during the process of monitoring their progress. 
This hypothesis was tested in Study II's meta-analysis. No statistically 
significant effect on autonomous motivation was achieved, although there was 
no way of controlling whether the BCTs had been delivered in an autonomy-
supportive manner. However, self-regulatory BCTs were found to be among 
the techniques that moderated participants  intentions and stage of change. 
This that 
many psychological constructs are in a reciprocal relationship with behaviour 
(Bandura, 1997). It also challenges us to take a new look at the assumption 
held by several action control theories that intention is a prerequisite for 
behaviour (Rhodes et al., 2020).  

Another set of positive moderators identified in Study II related to 
practising physical activity in guided exercise sessions. These included the 

ivery in 
person or in a group, and delivery in a gym or fitness centre. This is in line with 
social psychological theory, and empirical evidence. Guided exercise can 
increase self-efficacy (or fulfil  need for competence) by making the 
behaviour familiar and achievable (Bandura & Schunk, 1981). Behavioural 
practice and demonstration of behaviour have been found to associate with 
beliefs about capabilities (for a synthesis of behavioural literature, see Carey 
et al., 2019) and with physical activity (Howlett et al., 2019). Therefore, having 
opportunities to try out new exercises with guidance and support seems to help 
many individuals build autonomous motivation or intentions to be physically 
active, as well as translate these intentions into action. 

In fact, intervention delivery in person was the only positive moderator of 
all the three motivational outcomes examined. Despite this finding, the meta-
analysis results highlight the fact that not all social interaction was 

, as well as delivery by a physiotherapist or 
a peer facilitator were found to be negative moderators of stage of change. This 
may point to the importance of autonomy-supportive interaction style and 
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hint that in some situations, what is intended as social support may in reality 
be experienced as social control (Craddock et al., 2015). However, the results 
may also be influenced by the target population, considering that 
physiotherapists often work with injured or ill patients, who may be 
experiencing pain or grieving for a loss of ability. More understanding is 
needed of the factors that make face-to-face delivery successful in increasing 

s to be physically active.  
It is also important to point out that smartphone delivery could not be 

included in the analyses because of a lack of studies observing change in 
motivational constructs. No conclusions can thus be drawn regarding 
smartphone apps on the basis of Study II, and a new systematic review would 
most likely reveal more studies than the searches conducted in 2016.  

Counterintuitively, the modular approach of a digitalised N-of-1 study may 
be suitable for identifying the impact of specific relational or autonomy-
supportive factors, as these may be more difficult to isolate in face-to-face 
interactions. Certain BCTs may also be more suitable for digital delivery than 
in person. Digital tools can make behavioural monitoring easier, more 
automatic and ubiquitous (Hardeman et al., 2019). Smartphones can remind 
users to set goals, plan activities or self-monitor behaviour. In addition, digital 
tools can automatically track behaviours such as steps and provide feedback 
that is timely and relevant. Passive monitoring of progress, such as automated 
notifications, does not appear to be less effective in goal achievement than 
active track keeping, and with digital technology, progress can be easily shared 
with other people, which is positively associated with goal achievement 
(Harkin et al., 2016). 

No effects were discovered, however, on the motivational interviewing or 
biofeedback interventions on individuals  daily steps. Two main reasons for 
the lack of effect are suggested in the following section: intervention content 
and confounding factors. 

5.3.1 A CRITICAL LOOK AT INTERVENTION CONTENT IN FACTORIAL 
N-OF-1 RCT TESTING OF THE PRECIOUS APP 

 
Although motivational interviewing has been suggested as the practical 
method for translating self-determination theory-principles into action (e.g. 
Teixeira, Palmeira, et al., 2012; Vansteenkiste et al., 2012), the meta-analysis 
in Study II revealed that MI had not been a significant moderator of 
autonomous motivation, intention or stage of change in the published physical 
activity interventions. In addition
effects on increasing physical activity overall (Frost et al., 2018), the data on 
the efficacy of technology-delivered MI interventions were limited and 
inconclusive (Friederichs et al., 2016; Jiang et al., 2017; Shingleton & Palfai, 
2016). As MI is an interaction-based, conversational technique that builds on 
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real-life rapport may be an important factor for effectiveness. Reducing MI to 
its individual components and automating the delivery strips the method from 
its core element: a trusted relationship between the participant and the 
counsellor.  

As positive examples of computer-delivered MI exist (e.g. Friederichs et al., 
2016), the apparent lack of effect of the Precious MI features may be explained 
by the brevity and infrequent availability of Precious MI interventions, 
meaning that the sufficient dose  needed for effectiveness may not have been 
reached. A higher participation in MI has been associated with higher effect 
sizes in reviews 
2014), although even single face-to-face MI sessions have been reported to 
increase self-reported physical activity (Gagliardi et al., 2015). However, the 
MI features in the Precious app were very limited, consisting of only a few 
selection tasks and written feedback. A more interactive experience could be 
produced with more content, drawn from the initial interactions introduced 
with the Precious app but builds on the users  actions over time. This type of 
feedback circle, summarising user  daily and weekly behaviours and 
connecting it to their selections and answers was conceptualised in the 
Precious project, but more extensively implemented in apps such as Woebot 
(Fitzpatrick et al., 2017) and Lark (Stein & Brooks, 2017). This is also 
supported by the finding that using a higher number of BCTs in interventions 
is associated with larger effects on behaviour (McEwan et al., 2019; Webb et 
al., 2010), although Study II only found this association for stage of change 
and not for autonomous motivation or intention. However, supporting the 
need for relatedness is not a simple task. Meta-analyses have shown only small 
(Gillison et al., 2019) or non-significant (Ntoumanis et al., 2020) effects on 
relatedness satisfaction, even when interventions are delivered face-to-face. 

Secondly, the impact of MI may not be measurable as immediate day-to-
day changes in cognitions or behaviour; the process may be gradual, and the 
change may be based on slowly building trust, self-reflection, slow and gradual 
change, or a wave-patterned change including hesitation and relapses (W. R. 
Miller & Rollnick, 2013). During the factorial N-of-1 RCTs, participan
showed only a weak average tendency to decrease over time, whereas physical 
activity often decreased significantly when the season changed to winter 
(Tucker & Gilliland, 2007). One could speculate that the MI features might 
have contributed to the high adherence throughout the six-week study period 
and to the generally positive feedback in the unpublished follow-up interviews.  

The biofeedback interventions were appealing to the participants on the 
basis of the high uptake and the results of the usability field RCT with the 
Precious app (Castellano-Tejedor et al., 2020). However, biofeedback is a 
challenging behavioural predictor, as the intervention content changes: the 
biofeedba
measurement period. It can thus include personally encouraging or 
disappointing content, making its impact difficult to standardise. In addition, 
in the N-of-1 RCTs testing of the Precious app, the trial participants were not 
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taught how to interpret or modify their heart rate variability (on which the 
biofeedback was based), and they were not instructed on the possible positive 
effects that physical activity could have on heart rate variability (Prinsloo et 
al., 2014). Training participants on the association between behaviour and 
biofeedback outcomes could potentially have more beneficial effects on their 
physical activity, as discovered in a meta-analysis by Howlett et al. (2019) 

In addition to the intervention content, confounding factors may have 
affected the outcomes of the N-of-1 trials, including the app features that were 
available on the control days. To minimise the concern of washout periods 
leading to participant dropout (Richard et al., 2014), several Precious app 
features were offered throughout the trial, also on washout days (Appendix 1.). 
For instance, the app sent positive feedback on step progress every day, 
independently of whether or not the user reached their step goal. In addition, 
on days that the users reached their step goals, visual feedback in the form of 
a flag appeared on top of the mountain, indicating their daily steps. Anecdotal 
feedback from the follow-up interviews indicated that achieving the flag had 
been a meaningful target for some participants (unpublished interviews). 
However, these feedback features, intended for maintaining user engagement, 
may have acted as motivational elements that impacted user motivation over 
and above the designed interventions. Future studies testing specific features 
could use less engaging content on control days because participant dropout 
is typically minimal in N-of-1 studies (Hobbs et al., 2013; Nyman et al., 2016; 
Perski et al., 2019; Quinn et al., 2013; Sniehotta et al., 2012).  

Another confounding factor was the availability of the biofeedback sensors 
throughout the trial, which led some participants to conduct measurements on 
control days. Most trial participants were able to conduct the measurements 
at the suggested times, but the option to deactivate the sensors would help 
optimise data.  

5.3.2 A CRITICAL LOOK AT THE FACTORIAL N-OF-1 RCT 
IMPLEMENTATION AND LESSONS LEARNED 

 
Study IV provided a very limited understanding of the effectiveness of the 
Precious app as a whole, as the factorial trials tested the effectiveness of 
biofeedback and motivational interviewing features, while all the other app 
features remained freely accessible, also on control days. A different type of 
study design would be necessary to examine the effectiveness of the whole app, 
including the tailored features and game elements. A rigorous factorial N-of-1 
randomized controlled trial does not enable the unpredictable content that 
tailoring to user choices and behaviour requires. 

In fact, a key challenge for N-of-1 RCTs is that the interventions being 
tested need to be effective enough to create a measurable and relatively 
immediate change in the outcome variable that differs from the times before 
and after the intervention. In addition, the effectiveness needs to fade away 
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before subsequent control periods (Kwasnicka et al., 2019). However, physical 
activity often requires preparatory planning or sub-actions, such as booking a 
tennis court, inviting a friend, or packing equipment (Rhodes et al., 2020), and 
in many situations, an increase in self-efficacy or motivation cannot 
immediately be converted into behaviour due to environmental factors 
(Hekler et al., 2016a). Even if the motivational interventions of the Precious 
app succeeded in increasing motivation, the impact on physical activity risks 
being gradual or delayed and thus not detectable using same-day 
measurements. 

To avoid these challenges, future factorial N-of-1 RCTs need to ensure that 
the intervention elements are noticed in time (smartphone notifications may 
need to include, for instance, repeated alarms with sound or vibration) and 
that the interventions have a low risk of carry-over effects (Kwasnicka et al., 
2019). To address these issues, a second series of N-of-1 trials conducted with 
the Precious app assesses feedback notifications based on daily activity which 
are estimated to have less carry-over effects (Kwasnicka et al., 2019), and a 
message repository has been added to the app so that users can return to see 
any notification that has been sent. 

In addition to the intervention content, the outcome variable has to be 
suitable for an N-of-1 study and to have such variability that enables the 
detection of potential intervention effects (Kwasnicka et al., 2019). Daily steps 
have a high, naturally occurring day-to-day variability, ranging from hundreds 
to tens of thousands of steps depending on the activities carried out during 
that day (for a review of reviews, see Dowd et al., 2018). Possible intervention 
effects may be easily masked by other life events. To improve measurement 
validity and reliability, the review by Basset et al. (2017) suggests measuring 
steps over three to seven days, and the review by Dowd et al. (2018) suggests 
two to five days of measurements for adults.  

As identified above, testing isolated intervention components is necessary 
in rigorous experiments, but this does not mirror real life and may undermine 
responsiveness and require support. Motivational intervention components 
risk inducing carry-over effects, and the high variability of steps creates 
challenges for statistical analysis. Possible future avenues addressing these 
challenges could be the use of machine learning techniques that draw data 
from several apps (such as social media, calendar, activity trackers) and 
identify exceptional 
provide an external intervention structure. Another future path is just-in-time 
adaptive interventions, which react to pertinent cues in the environment or in 

 
(Hardeman et al., 2019). As this type of technology may carry biases and has a 
significant risk of making false assumptions, qualitative evaluations of user 
feedback would be important. Instead of relying on best guesses of behavioural 
correlates, individual-level interventions could start incorporating participant 
views on their behavioural choices. 
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Another reason for the lack of intervention effects in Study IV may have 
been a ceiling effect in daily steps. Newspaper advertisement-based self-
selection of the participants led to a physically active participant population 
(average steps over 11, 000 steps a day) which was motivated to use a sports 
app. These active participants were optimal for providing the necessary data 
on technical feasibility. This same group may, however, benefit the least from 
the interventions. As shown in the meta-analysis of Study II, sedentary 
participants were more likely to experience intervention effects on their 
intentions to be active. They also had more room to increase their numbers of 
daily steps. Different recruiting strategies, such as referral by health 
professionals, may be needed to reach participants with low baseline 
motivation and low physical activity  who ultimately form the target audience 
of the app (Smit et al., 2021). 

 

5.4 REFLECTING UPON THE THEORETICAL, 
METHODOLOGICAL, AND PRACTICAL STRENGTHS 
OF THE STUDIES 

This work provides a multi-method perspective of physical activity motivation, 
studying three different participant groups and synthesising the literature. It 
presents a multi-theory process model that evolved over the course of the 
project (Studies I and III), and preliminary evidence to support this model 
(Study I). The framework presented in Study III takes a unique approach to 
engaging users in the behaviour change process via reflective and spontaneous 
processes. 

In addition to the novel multi-theory model, another strength of Study I 
was its data collection, as the questionnaires were administered in vocational 
and high schools during school hours in several Finnish regions, which may 
have provided a more diverse sample than if, for instance, a self-selected 
online questionnaire had been used. The data also provide a valuable insight 
into Finnish vocational school students, who represent lower SES, which is 
more poorly represented in the research literature (Hankonen et al., 2017). 

The strengths of Study II include the pre-registration of the study protocol 
and analyses, assessing diverse moderators, including theory use and certain 
combinations of BCTs, reporting the search and inclusion criteria in full detail, 
coding procedures, analyses, and open sharing of all the coded and classified 
data in an online repository. By identifying BCTs (Michie et al., 2013) in 
published studies (Study II) and describing the intervention content with 
taxonomies (Studies III, IV), this work participates in combined efforts to link 
specific BCTs to the theoretical constructs through which they may operate to 
change behaviour (Carey et al., 2019; Connell et al., 2018), as the research 
community has called for, including authors such as Gillison et al. (2019), 
Hardcastle et al. (2017), and Teixeira et al. (2020). Studies III and IV described 
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the autonomy-supportive and relational features in the intervention delivery. 
Future studies should similarly use taxonomies specifically developed for this 
purpose to enable cumulative psychological science (Gillison et al., 2019; 
Hardcastle et al., 2017; Teixeira et al., 2020). 

Study III reports the design, development and testing of a theory and 
evidence-based app, which automates the motivational interviewing process. 
While many health apps have either reflective or gamified features, no study 
to my knowledge has conceptualised their use as presented here, building on 
the synergy of self-determination theory and control theory, and automating 
motivational interviewing in a smartphone app. The novelty of the framework 
presented in Study III and implemented in the Precious app is in the way it 
targets these different motivational regulations and specifically addresses the 
playful and spontaneous nature of human beings. Study III also presented a 
new method for investigating engagement in behaviour change using health 
apps  identifying change talk from users  think-aloud interviews. This 
method can help investigate the level of engagement in behaviour change and 
whether using the app activates mechanisms of change in individuals.  

Study IV measured associations on a daily level, detecting whether higher 
levels of the psychological predictors of physical activity were associated with 
higher levels of steps. The methods in Study IV increased the understanding 
of the growing area of N-of-1 and within-person studies in social and health 
psychological research, which are predicted to be the 

(Shaffer et al., 2018). The study 
adds within-person level confirmation to behaviour change theories and 
previous group-level evidence, suggesting associations between self-efficacy, 
motivation and daily steps (Rhodes et al., 2017). It also shows that for some 
individuals, determinants such as self-efficacy can have an impact on physical 
activity at the daily level (as opposed to several days) (Dunton et al., 2009). 
Including lagged variables in the model might enable the detection of 
associations that span over several days. 

Finally, table 7 on page 76 shows how the studies of this work have filled 
some gaps in evidence, identifying associations between constructs, such as 
the BCT Mental rehearsal of successful performance  and intention and BCT 

emonstration of behaviour  and autonomous motivation, serving the joint 
scientific efforts to link intervention techniques and their mechanisms of 
action. 

 

5.5 LIMITATIONS OF THE DATA, EVIDENCE, AND 
PROCEDURES AND THEIR REMEDIES 

It must be acknowledged that the way in which the constructs of self-efficacy, 
(autonomous) motivation, intention, and self-regulatory skills were 
operationalised in this research meant that they operated mainly on a 
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relatively narrow, subjective and intra-individual level of identified predictors 
of physical activity  those related to capability and motivation (Michie et al., 
2011). These variables 
opportunities or barriers to engaging in physical activity, such as their other 
responsibilities, environmental constraints, or lack of funds (Western et al., 
2021; Withall et al., 2011). A more thorough look into participant  
backgrounds is needed to be able to identify the individuals who benefit from 
particular interventions, as factors related to socio-economic status and 
gender have been found to associate with app usage and intervention 
effectiveness in multiple ways (for reviews, see Szinay et al., 2021; Western et 
al., 2021). 

The initial multi-theory process model presented in Study I was tested in 
an adolescent population, whilst the following studies focused on adult 
populations. However, no major differences have been identified between 
these two age groups in terms of their perceived autonomy support, need 
satisfaction and autonomous motivation, although adolescents have found 
competence-based feedback, clearly communicated rules, and opportunities 
to complete expected tasks more autonomy supporting than adults (Gillison et 
al., 2019).  

Study I  conclusions are based on survey responses and not experimental 
manipulations, and thus only provide limited, preliminary evidence to support 
the model. However, the constructs were measured prospectively, planning 
measures preceded the self-monitoring and physical activity measures by 
approximately one month, which may provide slightly more conservative 
estimates than a single cross-sectional survey (Rhodes & Plotnikoff, 2005). 
More robust, experimental evidence is, however, needed to confirm the model, 
including different populations, geographical settings, SES, and age groups. 

Although a systematic review and meta-analysis aims to synthesise all the 
published literature, publication bias threatens its validity (Van Aert et al., 
2019). The included studies will have gone through a review process that may 
favour statistically significant findings that are in line with theory (Hagger, 
2022). The available data may not have been comprehensive: in Study II, 96 
studies were left out of the analyses, as appropriate data were not received 
from the study authors. For increased accuracy, Study II could have conducted 
sensitivity analyses using a range of bias-detection methods, such as the 
precision effect test (PET) and the precision effect estimate with standard 
error (PEESE) (Stanley & Doucouliagos, 2014). For a better estimate of the 
true effects in the population, researchers would need to adopt open 
publishing of trial data and non-significant findings. New initiatives also 
encourage intervention researchers to openly share and re-use evidence-based 
tools and intervention components, code and syntax, such as Open Digital 
Health (www.opendigitalhealth.org), which could lead to savings and wider 
dissemination of effective interventions (Kwasnicka et al., 2022). 

Certain mistakes were found in the publication of Study II, which have been 
corrected in this work. A passage of text in the results was based on analyses 
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that were conducted on a smaller number of studies, before receiving data 
from the study authors. The correct passage should thus read Five [not six] 
BCTs were associated with beneficial changes in intention and 12 [not 14] 
BCTs with beneficial changes in stage of change . Moreover, the upper 

hese changes. Study 
II could also have examined the degree to which the quality of the included 
studies affected the estimates, therefore accounting for the quality of, for 
example, data collection and analytic methods in the original studies (Johnson 
et al., 2015).  

In addition to the acceptability and feasibility tests conducted in Studies 
III, IV and in the early usability trial (Castellano-Tejedor et al., 2020), to assess 
the overall acceptability of the Precious app and the factorial N-of-1 RCT 
delivery, future evaluations could build on the seven dimensions of the 
acceptability framework by Sekhon et al. (2017) which includes questions on 
e.g. participant burden, perceived effectiveness, and ethicality. To solidify the 
findings that the Precious app may help users elicit change talk, the think-
aloud studies could be repeated with a larger sample of participants and 
without a researcher, whose presence might influence the time or effort put 
into using the app. 

Study IV had several limitations  the factors related to factorial N-of-1 
delivery and the availability of intervention content on control days discussed 
earlier. In addition, Study IV assessed motivation using a single item (instead 
of qualitatively different regulations) because of the usability-based decision 
to fit all the EMA questions on one smartphone screen and because of the lack 
of a validated, single-item EMA measure. Although high autonomous 
motivation often predicts physical activity, many studies have found no 
association or even negative association between controlled motivation and 
physical activity (Teixeira, Carraça, et al., 2012). Thus, a single motivation item 
risks mixing the impact of different types of motivations, as the merged items 
may counteract each other. Items measuring specifically autonomous forms of 
motivation may have revealed a stronger association with daily steps. An 
initiative presented on https://www.esmitemrepository.com/ is working to 
make experience sampling items openly accessible to researchers, possibly 
providing higher quality items for future studies. 

Missing data in the Precious trial were not imputed, as imputing values 
with such high variability risks incorporating bias. In the Precious data set the 
data did also not meet the assumptions of the missing at random MCAR test 
(Little, 1988) (Chi2 85.3, df = 25, p < .001). Most of the missing data points 
were from consecutive days at the beginning or end of the trial and were due 
to technical reasons, and thus not easily replaceable. External factors, such as 
an exceptionally busy day or an illness, could have led to both missing self-
reports and a low number of steps. A third reason complicating imputation is 
that the data included no reference points for missing values on a specific day, 
as the self-assessments were single-item questions and physical activity was 
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only measured by the activity bracelet. In a study that specifically aims to 
compare variables on specific days, the imputed values would logically need to 
be drawn from reference data from the same day. 

Finally, the hypotheses tested in Study IV did not cover the impact of 
motivational interventions on motivation nor the use of the self-regulation 
techniques. Following the framework presented in Study IV it would be 
optimal to test whether these mechanisms of action change in parallel with the 
interventions, even if no effects on steps are detected. Preliminary 
unpublished analyses of a smaller dataset showed a higher use of the goal 
setting tool on intervention days than control days, but further analyses are 
needed to confirm these findings. 

 

5.6 IMPLICATIONS FOR FUTURE RESEARCH AND 
PRACTICE 

Goal setting, action planning, coping planning, and self-monitoring are often 
considered  that follow an initial motivation 
phase and help turn intentions into behaviour (Heckhausen & Gollwitzer, 
1987; Rhodes et al., 2020; Schwarzer, 2008). Motivational interviewing 
practitioners are also faced with the question of when is the right moment to 

 from building motivation to the goal setting and planning phases 
of counseling  (Resnicow & McMaster, 2012). This work suggests that self-
regulatory BCTs may also have a motivational role, increasing intentions to act 
and helping people progress in their stage of change. Thus, supporting 

-regulation or providing them with opportunities to learn in 
guided sessions (e.g., behavioural practice) could be encouraged from the early 
stages of behaviour change, also among individuals with low intentions to be 
physically active. This requires, however, an autonomy-supportive way of 

and providing guidance and rationales. 
Measuring summative engagement, such as app use, does not give a full 

picture of the engagement in the behaviour change process and more 
qualitative research is needed on cognitive engagement while using the BCTs, 
as in Study III. Factors that support service engagement need a more 
methodologically diverse study altogether, as is shown in the study by 
Coumans et al. (2021), which found higher adherence to an online platform 
among participants with high controlled motivation. Whether this type of 
externally driven engagement in service use could still feed sustained, 
autonomous motivation for the health behaviours targeted by the service is a 
question that remains to be answered. 

Gamified elements were designed as part of the Precious app, as suggested 
in the model in Study III. This work did not analyse the effectiveness or 
participant experiences of the gamified features, as factorial N-of-1 trials can 
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only test a limited number of techniques at a time. Future testing of the game 
elements might need longer intervention periods, as they rely on interactive, 
usage-dependent feedback and surprise elements, which are difficult to 
implement in a day-based N-of-1 design. Future work is needed to test whether 
gamified elements increase engagement in self-regulation and behaviour 
change. Game elements have the potential to engage individuals who are not 
interested in traditional interventions, as shown by the huge popularity of 
games such as PokémonGo (Althoff et al., 2016). Exergames have also been 
found to produce an even more vital and positive experience for women than 
men (Mackintosh et al., 2016), and games could thus open new avenues for 
closing the gender gap in physical activity (Guthold et al., 2018). 

The motivational interviewing features of the Precious app could be 
Coping 

ctors 
related to the behaviour change process, and they are backed by empirical 
evidence of increasing self-efficacy and motivation for behaviour change 
(Carey et al., 2019). Future interventions could also time the delivery of 
individually tailored BCTs at the key moments when individuals need them 
most (Hardeman et al., 2019; Hekler et al., 2016b; Peters et al., 2015; Saponaro 
et al., 2021), as is done in just-in-time adaptive interventions (JITAIs) 
(Hardeman et al., 2019). As digital interventions move towards this 
personalised support, more understanding is needed of the factors that 
support motivation and self-regulation in specific populations. For instance, 
Warner et al. (2021) found that factors such as the specificity and 
heterogeneity of plans were associated with higher enactment of plans among 
older adults. A modular service structure and daily measured associations 
between interventions, cognitions, and behaviour, as in the Precious N-of-1 
trials, could be used to automatically identify and suggest the most pertinent 
intervention content for each user. 

Physical activity interventions are in a privileged position, as sensor 
technology is now sufficiently advanced to automatically recognise movement 
and even the type of physical activity performed, while fields such as dietary 
monitoring still mainly rely on user input (König et al., 2021). Sensor 
technology also enables the investigation of, not only the maximum amount of 
physical activity performed every day, but of its timing and frequency, as well 
as of sedentary behaviours, which associate with lower physical health-related 
quality of life (for a meta-analysis, see Boberska et al., 2018). Interventions 
that help people reduce their sedentary time with even small bouts of low 
intensity activity could therefore achieve positive health outcomes (Warburton 
& Bredin, 2017). 

It is important that the Precious N-of-1 trials are published despite their 
non-significant intervention effects, so that the methodology is presented and 
publication bias reduced (Van Aert et al., 2019). However, the several aspects 
discussed above highlight the need to conduct further tests of the app. A better 
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understanding is needed of the effectiveness of the app as a whole, and not 
only isolated features. 

5.7 CONCLUDING REMARKS 

This work proposes a theoretical framework that emphasises the importance 
of both qualitatively autonomous motivation and self-regulatory BCTs for 
successful physical activity interventions. These two factors have a reciprocal 
relationship, in which autonomy support is important for the adoption of self-
regulatory BCTs, which not only partially bridge the gap between motivation 
and behaviour, but also help people progress in their stages of change and 
form intentions.  

Secondly, the model presents two pathways for supporting engagement in 
behaviour change. The reflective pathway targets identified and integrated 
regulations by encouraging individuals to reflect on the values, identities, and 
life goals that they can achieve with physical activity. Motivational 
interviewing is suggested as a potential technique to promote this process. The 

desire for playfulness, challenges, and enjoyable interaction, in which game-
based visualisations, surprises, and challenges can support self-regulation. 

This work argues that engagement in digital health services and behaviour 
change should be studied in the light of engagement in the behaviour change 
process, and that the role of app use in helping an individual take cognitive, 
affective, or practical steps towards change should be analysed. This may be 
implemented by, for instance, identifying change talk from think-aloud 
interviews, thus revealing the psychological inner workings of engagement in 
the behaviour change process. 

 
Building on the multi-theory framework, the Precious app was developed and 
its feasibility tested by think-aloud interviews and a series of N-of-1 RCTs. 
Preliminary evidence shows that the Precious app may foster positive 
engagement in behaviour change processes, as the test users produced change 
talk and the field study users adhered well to the digitalised motivational 
interviewing and biofeedback features. The field trial did not detect any 
intervention effects on steps, but did detect daily associations between self-
efficacy, motivation, and physical activity among some participants and in the 
aggregated sample. This day-to-day fluctuation might encourage the 
application of timely support, such as interactive sensor- and user input-based 
interventions. 

The meta-analytical moderators of motivational constructs in physical 
activity interventions included face-to-face delivery, which was identified as 
more effective than other delivery modes in increasing autonomous 
motivation, intention, and stage of change. However, smartphone-based 
delivery could not be analysed due to a lack of studies measuring change in 
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motivational constructs. In addition to the self-regulatory BCTs, other positive 
moderators included those related to guided, group-based exercise sessions, 
suggesting that practical, hands-on experiences are important for building 
motivation. 

ersonal autonomy brings health psychology closer to 
its R s to 
choose their goals and behaviours, and their possible consequences. This work 
suggests tools for (digital) intervention developers to support different forms 
of autonomous motivation through all the steps of behaviour change. It also 
encourages the scientific community to move from average-based studies to 
individual-level studies and to explore the timely associations between 
predictors and behaviour, to be able to better respond to individual needs.  
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